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Abstract

Background: Crosstalk between sterol metabolism and inflammatory pathways has 

been demonstrated to significantly impact the development of atherosclerosis. Cholesterol 

biosynthetic intermediates and derivatives are increasingly recognized as key immune 

regulators of macrophages in response to innate immune activation and lipid overloading. 25-

hydroxycholesterol (25-HC) is produced as an oxidation product of cholesterol by the enzyme 

cholesterol 25-hydroxylase (CH25H) and belongs to a family of bioactive cholesterol derivatives 

produced by cells in response to fluctuating cholesterol levels and immune activation. Despite 

the major role of 25-HC as a mediator of innate and adaptive immune responses, its contribution 

during the progression of atherosclerosis remains unclear.

Methods: The levels of 25-HC were analyzed by liquid chromatography-mass spectrometry, and 

the expression of CH25H in different macrophage populations of human or mouse atherosclerotic 

plaques, respectively. The effect of CH25H on atherosclerosis progression was analyzed by bone 

marrow (BM) adoptive transfer of cells from WT or Ch25h−/− mice to lethally irradiated Ldlr−/− 

mice, followed by a Western diet (WD) feeding for 12 weeks. Lipidomic, transcriptomic analysis 

and effects on macrophage function and signaling were analyzed in vitro from lipid-loaded 

macrophage isolated from Ldlr−/− or Ch25h−/−;Ldlr−/− mice. The contribution of secreted 25-HC 

to fibrous cap formation was analyzed using a smooth muscle cell (SMC) lineage tracing mouse 

model, Myh11ERT2CREmT/mG;Ldlr −/−, adoptively transferred with WT or Ch25h−/− mice BM 

followed by 12 weeks of WD feeding.

Results: We found that 25-HC accumulated in human coronary atherosclerotic lesions 

and that macrophage-derived 25-HC accelerated atherosclerosis progression promoting plaque 

instability via autocrine and paracrine actions. 25-HC amplified the inflammatory response 

of lipid-loaded macrophages and inhibited the migration of SMCs within the plaque. 25-HC 

intensified inflammatory responses of lipid-laden macrophages by modifying the pool of 

accessible cholesterol in the plasma membrane, which altered Toll-like receptor 4 (TLR4) 

signaling, promoted nuclear factor-κB (NFκB)-mediated pro-inflammatory gene expression, 

and increased apoptosis susceptibility. Interestingly, these effects were independent of 25-HC-

mediated modulation of liver X receptor (LXR) or sterol regulatory-element binding protein 

(SREBP) transcriptional activity.

Conclusions: Production of 25-HC by activated macrophages amplifies their inflammatory 

phenotype, thus promoting atherogenesis.
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INTRODUCTION

Atherosclerosis is a metabolic and inflammatory disease, characterized by the accumulation 

of cholesterol-rich lipoproteins and inflammatory cells in the artery wall. Retention of 

native low-density lipoproteins (LDL) in the intima, favors the formation of oxidized 
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LDLs (Ox-LDL) and other modified lipoproteins, rich in bioactive lipids, that trigger 

inflammation, leading to subendothelial leukocyte recruitment1–3. Recruited monocytes 

differentiate into macrophages that proliferate4 and acquire an inflammatory phenotype5,6. 

The inflammatory mediators released by macrophages further activate vascular endothelium, 

to further promote monocyte recruitment, thus perpetuating a chronic inflammatory state 

within the artery7. Once within the vessel wall, macrophages start scavenging Ox-LDL 

via surface scavenger receptors8,9. Accumulation of cholesterol and other LDL-derived 

lipids gives rise to lipid-loaded macrophages or foam cells if they are completely filled 

with lipid droplets10. Lipid accumulation may have a beneficial impact11; however, in later 

stages foamy macrophages can be more susceptible to death, promoting a proinflammatory 

microenvironment. In advanced atherosclerosis, certain lesions evolve into a vulnerable/

unstable plaque characterized by necrotic areas rich in dying foam cells, low collagen 

content, a thin fibrous cap, and non-resolving inflammation12 that can lead to plaque 

disruption and acute thrombotic events.

Intracellular cholesterol content is tightly regulated by feedback mechanisms that involve 

two families of transcription factors, the sterol regulatory element binding proteins 

(SREBPs) and the liver X receptors (LXRs)13,14. SREBP2 drives the transcription 

of genes involved in cholesterol synthesis and uptake, e.g., hydroxy methyl glutaryl-

coenzyme A (HMG-CoA) reductase (HMGCR) and LDL receptor (LDLR), while LXR 

upregulates cholesterol efflux genes, including ATP-binding cassette A1 (ABCA1)13,14. 

Besides controlling cholesterol homeostasis, SREBPs and LXRs regulate inflammation 

to establish crosstalk with cholesterol metabolism15–21. In addition to cholesterol, other 

sterol intermediates of cholesterol biosynthesis22 and cholesterol derivatives (oxysterols), 

such as 25-hydroxycholesterol (25-HC)23,24 accumulate within the plaque. 25-HC is an 

oxidation product of cholesterol generated by 25-hydroxylase (CH25H)25, and reduces 

cholesterol biosynthesis25 via inactivation of SREBP226,27, stimulates cholesterol efflux 

through agonism of LXR13,28–30, and enhances cholesterol esterification by activating Acyl-

CoA:cholesterol acyltransferase31. However, mice deficient in Ch25h have intact cholesterol 

metabolism32, challenging the physiological role of 25-HC as a regulator of cholesterol 

homeostasis33–35. On the other hand, Ch25h expression is transcriptionally-induced, in 

macrophages, in response to various inflammatory mediators32,35–38, thus increasing 25-

HC synthesis and participating in immune-related functions. Ch25h is an interferon (IFN)-

stimulated gene that shows antiviral activities against a range of enveloped viruses37–39. 

These antiviral effects have been linked to the ability of 25-HC to inhibit SREBP237,38, 

to activate LXRs40, and to reduce cholesterol biosynthesis37,38. Other investigations 

have determined that 25-HC regulates immunoglobulin A production32, augments the 

production of some inflammatory cytokines41,42, and mediates feedback inhibition of 

interleukin-1 (IL-1) family cytokine production43 by mediating a type I IFN inhibitory effect 

on inflammasome activation through repression of SREBP2 activation and concomitant 

decrease of the cholesterol biosynthetic pathway44.

Although numerous studies have highlighted the role of 25-HC as a mediator of 

inflammation-metabolism crosstalk in macrophages, the role of 25-HC in atherosclerosis 

remains unclear45,46. While one study showed that decreased 25-HC via ATF3-mediated 

repression of Ch25h expression, protected against foam cell formation and atherosclerosis46, 
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another concluded that global Ch25h deficiency accelerated atherosclerosis45. Here we 

report that 25-HC accumulates in human coronary atherosclerotic lesions and that CH25H 
is expressed in pro-inflammatory macrophages that populate the plaque. We further show 

that hematopoietic deficiency of Ch25h attenuates the progression of atherosclerosis and 

promotes lesion stability characterized by reduced plaque necrosis and thicker fibrous cap. 

Notably, RNA-sequencing (RNA-seq) analysis of lipid-loaded elicited macrophages revealed 

that Ch25h levels, and hence 25-HC, amplifies the inflammatory response of macrophages, 

increasing the expression of pro-inflammatory genes independently of SREBP2 or LXR-

mediated gene transcription. Instead, our findings indicate that these effects were mediated 

by changes in the pool of accessible cholesterol in the plasma membrane (PM). Furthermore, 

our data demonstrate that 25-HC did not restrain cholesterol biosynthesis in activated lipid-

laden macrophages and did not alter inflammasome activation. Additionally, we demonstrate 

that activated lipid-laden macrophages release 25-HC into the extracellular media mediating 

a paracrine effect on SMCs, reducing their migratory phenotype. Altogether, our findings 

indicate that CH25H-mediated production of 25-HC by activated macrophages amplifies 

their inflammatory phenotype, thus promoting atherogenesis.

METHODS

Detailed methods are provided in the Supplemental Material. The authors declare that all 

supporting data are available within the article [and its online supplementary files]. Bulk 

RNA-seq data are accessible in NCBI Gene Expression Omnibus and through GEO Series 

accession number GSE189079. Data sets from previously published work analyzed in the 

present study are described in the Supplemental Methods. All animal studies have been 

approved by the Institutional Animal Care Use Committee of Yale University School of 

Medicine and conducted in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. Human samples used in this study are fully described 

in Supplemental Methods. Briefly, human left main coronary arteries were obtained from the 

explanted hearts of transplant recipients or cadaver organ donors as described previously47, 

and approved by the Institutional Review Boards of Yale University and the New England 

Organ Bank and were used for liquid chromatography–mass spectrometry (LC/MS-MS) and 

immunohistochemistry analysis.

Statistical analysis

The number of animals used in each study is listed in the figure legends. In vitro 
experiments were routinely repeated at least three times unless otherwise noted. Analysts 

were blinded to experimental groups. Data are expressed as average ± SD or ± SEM. 

Statistical differences were measured using an unpaired two-sided Student’s t-test, one-

way ANOVA and two-way ANOVA with Bonferroni correction for multiple comparisons. 

Normality was checked using the Kolmogorov-Smirnov test. A nonparametric test (Mann-

Whitney) was used when data did not pass the normality test or sample size was small. A 

value of P ≤ 0.05 was considered statistically significant. Data analysis was performed using 

GraphPad Prism Software Version 7 (GraphPad, San Diego, CA). For Bulk RNA-seq, the 

Differential Gene Expression-GSA algorithm was implemented. A default P-value < 0.05 
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was considered statistically significant with a fold-change > 1.5 for up-regulated transcripts 

or < −1.5 for down-regulated transcripts.

RESULTS

Human and mouse pro-inflammatory atherosclerotic plaque macrophages exhibit 
increased CH25H mRNA levels

We have previously described that 25-HC is present in atherosclerotic mouse aortas24. To 

understand the relevance of 25-HC in atherosclerosis, we analyzed the levels of 25-HC in 

human coronary arteries with mild, moderate, and severe atherosclerotic plaques (Figure 

1A) by LC/MS-MS (Figure 1B). We found that plaques with more severe atherosclerosis 

presented higher levels of 25-HC (Figure 1B). Interestingly, this finding is in line with 

higher macrophage content (CD68+ cells) in these plaques (Figure 1A), suggesting that 

25-HC levels are related to the accumulation of macrophages within the plaque.

Next, we analyzed the expression of CH25H in macrophages from human48 (Figure 1C) 

and mouse (Figure 1D and Figures S1) atherosclerotic plaques10,49. Single cell RNA-seq 

(scRNA-seq) revealed that macrophages from human atherosclerotic plaques with a pro-

inflammatory gene signature exhibited more cells with high CH25H mRNA levels (Figure 

1C). ScRNA-seq analysis from total leukocytes obtained from Ldlr−/− aortas10 showed that 

inflammatory clusters of aortic macrophages, Clusters B (Trem2lo, Tnf+) and C (Trem2lo, 

Gbp4+,Mx1+), exhibited more cells with high levels of Ch25h, whereas in non-inflammatory 

clusters, Clusters A (Trem2hi, Fabp5+) or D (Trem2lo, Mrc1+, Lyve1+) exhibited fewer 

cells expressing high levels of Ch25h (Figure 1D and Figure S1A–C). Similar results 

were obtained by analyzing a different scRNA-seq data set from cells obtained from 

Ldlr−/− aortas49 with equivalent macrophage clusters (Figure S1G–J). Furthermore, bulk 

RNA-seq analysis of intimal macrophages isolated from Apolipoprotein E (Apoe) deficient 

murine aortas10 (Figure S1D), manifested that foamy (BODIPYhi, Side Scatter/SSChi) 

non-inflammatory macrophages exhibited diminished Ch25h expression when compared to 

inflammatory macrophages with a broad range of lipid-loading but with no evident signs of 

lipid droplet accumulation (BODIPYlo,SSClo).

Collectively, these results indicate that 25-HC accumulates in the artery wall during 

atherogenesis and that CH25H is expressed at higher levels in both human and mouse pro-

inflammatory plaque macrophages, suggesting that 25-HC is associated with inflammation 

and atherosclerosis.

Hematopoietic Ch25h deficiency diminishes the progression of atherosclerosis

To determine the in vivo function of Ch25h and, hence 25-HC, during the progression 

of atherosclerosis, we transplanted bone marrow (BM) cells from WT or Ch25h−/− 

mice to lethally irradiated Ldlr−/− mice (hence forth referred to as WT→Ldlr−/− and 

Ch25h−/−→Ldlr−/− mice), followed by a WD feeding for 12 weeks. We determined the 

levels of 25-HC in lipid extracts from Ch25h−/−→Ldlr−/− mouse aortas (Figure S2A). 25-

HC was undetectable, whereas other oxysterols (e.g., 27-HC or 24-HC) and sterols such as 

desmosterol were detectable. Interestingly, 27-HC, an oxysterol produced from cholesterol 
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by cytochrome P450 family 27 subfamily A (Cyp27a), which is almost specifically 

expressed in macrophages (Figure S1E and F, see also S1B and H), was efficiently detected 

in the aortas of Ch25h−/−→Ldlr−/− mice (Figure S2A). Thus, in atherosclerotic murine 

aortas, 25-HC is mostly produced by hematopoietic cells and the contribution of other cell 

types from the recipient Ldlr−/− mice to the production of 25-HC is negligible. These results 

are in line with almost exclusive expression of Ch25h in macrophages when compared to 

other cell types present in mouse aortas (Figure S1F).

Histological analysis of the aortic root revealed that Ch25h−/−→Ldlr−/− mice developed 

smaller lesions than WT→Ldlr−/− mice (Figure 2A). Although oil red O (ORO) staining 

in the aortic root did not show differences in the accumulation of neutral lipids 

(Figure S2B), en face analysis of the whole aorta showed reduced lipid accumulation 

in Ch25h−/−→Ldlr−/− mice (Figure 2B). Additional morphological analysis of the aortic 

roots revealed that Ch25h−/−→Ldlr−/− mice had smaller necrotic cores (Figure 2C) and 

increased collagen content (Figure 2D), indicating more stable atherosclerotic lesions. All 

these effects were observed with no statistical differences in body weight, plasma lipid 

levels, or circulating leukocytes (Figure S3A–H).

Complex advanced lesions are characterized by the accumulation of macrophages, SMCs, 

and dead cells that in turn promote chronic inflammation within the artery wall12. 

Immunodetection in the aortic root for CD68 positive macrophages or smooth alpha 

actin (SMA) positive SMCs showed that Ch25h−/−→Ldlr−/− mice exhibited reduced CD68-

positive plaque area and increased SMA-positive area when compared to WT→Ldlr−/− mice 

(Figure 3A). The decrease in macrophage content within the plaques of Ch25h−/−→Ldlr−/− 

mice was accompanied by reduced inflammation, as indicated by reduced plasma levels 

of circulating pro-inflammatory mediators, including chemokine (C-X-X) motif ligand 1 

(CXCL1), 9 (CXCL9) and the monocyte chemoattractant protein-1 (MCP-1) or CCL2 

(Figure S2C), as well as reduced immunodetection of vascular cell adhesion molecule-1 

(VCAM-1) (Figure 3B). In agreement with the reduced necrotic core area (Figure 2B), 

we found that Ch25h−/−→Ldlr−/− mice had reduced numbers of TUNEL-positive CD68-

positive cells within plaques than control mice (Figure 3C). These findings indicated 

that loss of Ch25h in hematopoietic cells reduced the progression of atherosclerosis and 

promoted plaque stability by decreasing vascular inflammation and reducing macrophage 

accumulation and death within the lesions.

25-HC promotes the expression of inflammatory genes in lipid-laden macrophages

To elucidate the contribution of Ch25h in regulating atherogenic phenotypes, we isolated 

thioglycolate-elicited peritoneal macrophages (TG-EPM) from hypercholesterolemic mice, 

which accumulate and store broad amounts of lipids in the cytosol, mimicking the lipid-

loaded macrophages present in atherosclerotic lesions50–52, and profiled their transcriptomes 

by RNA-seq (Figure S4 and Figures 4 and 5). Macrophages from both Ldlr−/− or 

Ch25h−/−;Ldlr−/− mice exhibited increased neutral lipid accumulation when compared to 

mice (WT or Ch25h−/−) that were not on the Ldlr−/− background (Figure S5A). However, the 

absence of Ch25h did not affect the accumulation of neutral lipids (Figure S5B). TG-EPM 

from Ldlr−/− or Ch25h−/−;Ldlr−/− mice were stimulated for 4 or 12 h with lipopolysaccharide 
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(LPS) to increase basal expression levels of Ch25h36,37 ,38,41,53,54. As expected, LPS 

stimulation of control Ldlr−/− macrophages increased Ch25h mRNA levels (Figure 4A), 

which was accompanied with an increase in intracellular 25-HC36 (Figure 4B). This effect 

was not observed in Ch25h−/−;Ldlr−/− elicited macrophages (Figure 4A and B). In mock-

treatment conditions, ~ 200 genes were differentially and significantly expressed (FC>1.5, 

P ≤ 0.05) in Ch25h−/−;Ldlr−/− macrophages when compared to control Ldlr−/− (Figure 4C). 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed 

that extracellular matrix remodeling factors were over-represented in Ch25h−/−;Ldlr−/− 

macrophages (Figure 4D, upper panel). However, after 4 h of LPS stimulation there were 

more than 500 differentially expressed genes in Ch25h−/−;Ldlr−/− vs. Ldlr−/− macrophages 

(Figure 4C). The vast majority of these genes were downregulated, and KEGG pathway 

enrichment analysis revealed that pathways related to macrophage inflammatory response 

were over-represented in Ch25h−/−;Ldlr−/− mice (Figure 4D, lower-left panel). Interestingly, 

transcripts of the TLR4-induced transcriptional program, including NFκB, activator 

protein-1 (AP-1), and interferon regulatory factors (IRFs) (e.g., Rela, Nfkb2, Irf5, Jund), 

as well as genes that encode cytokines and chemokines (e.g., Tnf, Cxcl10, Il12a, Ccl5) were 

significantly downregulated in Ch25h−/−;Ldlr−/− macrophages (Figure 4E). Remarkably, 

within the upregulated transcripts in Ch25h−/−;Ldlr−/− macrophages, we found numerous 

anti-inflammatory genes (e.g., Il10, Arg1, Mrc1) (Figure 4E). After 12 h of LPS stimulation, 

Ch25h−/−;Ldlr−/− macrophages presented 552 differentially regulated transcripts. In this 

case, most of the genes were up-regulated (Figure 4C) and pathways related to macrophage 

phagocytic activity were over-represented (Figure 4D, lower-right panel). Specifically, genes 

involved in phagocytosis (e.g., Mrc1, Cd36, Fcgr1, Cyba), lysosomal activity (e.g., Ctsl, 
Atp6v0b, Lgmn, Psap) and intracellular cholesterol transport (e.g., Npc2, Stard3, Tspo) were 

significantly upregulated (Figure 4F). Interestingly, the genes that were downregulated in 

Ch25h−/−;Ldlr−/− macrophages were also pro-inflammatory (e.g., Il6, Il12b, Cxcl9) (Figure 

4F).

To identify molecules that potentially participate in the observed changes in gene expression, 

we used Ingenuity Pathway Analysis (IPA®) to identify potential upstream regulators and 

focused the analysis on transcription factors (TFs). Upstream regulator analysis after 4 

h of LPS stimulation predicted inactivation of the pro-inflammatory TFs NFκB, STAT1 

and IRF3 in Ch25h−/−;Ldlr−/− vs. Ldlr−/− macrophages (Figure 4G). This aligns with 

the decreased levels of Tnf, Cxcl10, Il12a, and Ccl5 in Ch25h−/−;Ldlr−/− macrophages 

(Figure 4E). On the other hand, the anti-inflammatory TF STAT6 was predicted to be 

activated (Figure 4G), in line with increased levels of some of its targets genes, such 

as Arg1 and Mrc155, in Ch25h−/−;Ldlr−/− macrophages (Figure 4E). After 12 h of TLR4 

stimulation, upstream analysis predicted that the TFs STAT3, NFE2L2, and SMAD3 

were activated in Ch25h−/−;Ldlr−/− macrophages (Figure 4H). STAT3 is crucial for the 

suppressive effect of IL-10 on LPS-induced genes56. NFE2L2-NFκB interplay regulates 

inflammatory responses57. NFE2L2 negatively regulates the transcription of Il658, which 

is also a pro-inflammatory cytokine gene downregulated in Ch25h−/−;Ldlr−/− macrophages 

(Figure 4F). SMAD3 has been shown to promote a phagocytic phenotype in macrophages59. 

Activation of SMAD3 could account for the increase in some phagocytic genes, including 

Mfge8, that are observed in Ch25h−/−;Ldlr−/− macrophages (Figure 4F).
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These results indicate that hypercholesterolemic Ch25h−/− macrophages, that do not 

synthesize 25-HC upon TLR4-stimulation, exhibit a reduced pro-inflammatory gene 

signature and a pro-resolving transcriptional profile. This suggests that 25-HC synthesis 

by macrophages during atherosclerosis amplifies inflammation.

25-HC in lipid-laden macrophages does not promote LXR activation or the repression of 
SREBP2 activation.

SREBP and LXR transcription factor families are well known as master regulators 

of cholesterol homeostasis and are also implicated in macrophage inflammatory 

response13,20,21,29,44. Previous studies have established that 25-HC acts as a ligand for 

LXRs11,13 and as a repressor for SREBPs23. However, there is only limited in vivo evidence 

that 25-HC functions via these pathways in the context of lipid-laden macrophages. We 

analyzed how the levels of LXR60 and SREBP61 target genes were altered in our RNA-seq 

data set. We found that the activation and repression of LXR target genes after TLR4 

stimulation was similar regardless of Ch25h expression (Figure 5A). Ch25h−/−;Ldlr−/− 

macrophages exhibited almost the same number of upregulated LXR target genes as 

control Ldlr−/− macrophages after 4 h of LPS stimulation. However, after 12 h of TLR4 

stimulation, more LXR target genes were upregulated in Ch25h deficient macrophages than 

in Ldlr−/− macrophages (Figure 5B), despite the latter accumulating substantial amounts 

of 25-HC (Figure 4B), suggesting that 25-HC was not required for LXR activation. 

Moreover, comparing the normalized counts of well-established LXR target genes (e.g., 

Abca1, Abcg1, Lpl, Mylip, Pltp, Plin2) at different time points after LPS treatment, did not 

reveal significant differences between the genotypes (Figure S5A).

Next, we analyzed mRNA levels of classical SREBP2 target genes in LPS treated TG-EPM 

from Ldlr−/− or Ch25h−/−;Ldlr−/− mice. We found an overall reduction in the expression 

of SREBP2 target genes after 4 hours of LPS stimulation in control Ldlr−/− macrophages 

(Figure 5C). However, after 12 hours of LPS stimulation, the expression of SREBP2 target 

genes were elevated compared to the mock-treated macrophages (Figure 5C). Interestingly, 

Ch25h deficiency did not alter this pattern of expression (Figure 5C); indeed, the mRNA 

levels of several well-known SREBP2 target genes (e.g., Hmgcs1, Hmgcr, Hmgcl, Cyp51, 
Ebp, Scd5, Dhcr7, Dhcr24) were similar in Ch25h−/−;Ldlr−/− vs. Ldlr−/− macrophages 

(Figure S6B). To further evaluate the contribution of 25-HC to the regulation of cholesterol 

biosynthesis in lipid-laden macrophages, we employed LC/MS-MS to quantify alterations 

in sterol intermediates because of 25-HC-mediated regulation of SREBP2 signaling. As 

described above, control Ldlr−/− macrophages but not Ch25h−/−;Ldlr−/− accumulated 25-

HC (Figure 4B). However, the absence or presence of 25-HC in macrophages did not 

alter the amount of key sterol intermediates such as lanosterol, 24,25-dehydrolanosterol, 

7-dehydrodesmosterol, 7-dehydrocholesterol or desmosterol. Only increased levels of 

zymosterol were found in Ch25h−/−;Ldlr−/− macrophages (Figure 5D).

Altogether, our results indicate that in activated lipid-loaded macrophages, 25-HC does not 

significantly alter SREBP or LXR-mediated gene expression and, that the accumulation 

of sterol intermediates in cholesterol biosynthesis after inflammatory stimulation is 

independent of the presence of 25-HC.
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25-HC in activated lipid-laden macrophages reduces cell survival and efferocytosis 
capacity

To explore the effect of 25-HC on cell death, we first analyzed how the absence 

of Ch25h affects susceptibility to LPS-induced apoptosis62. As shown in Figure 6A, 

after LPS stimulation, lipid-laden Ch25h−/−;Ldlr−/− macrophages presented reduced active/

cleaved caspase 3 levels when compared to Ldlr−/− counterparts, in agreement with the 

reduced TUNEL-positive CD68-positive cells found in plaques from Ch25h−/−→Ldlr−/− 

mice (Figure 3C). This suggests that a lack of 25-HC synthesis in activated lipid-laden 

macrophages reduced apoptosis susceptibility. Additionally, we studied caspase-1 activation, 

as a read-out of inflammasome activation, given that pyroptosis is an inflammasome-

dependent form of cell death that occurs within atherosclerotic plaques63, and that 25-

HC regulates inflammasome activation43,44. As shown in Figure 6B, Ch25h−/−;Ldlr−/− 

macrophages exhibited a significant increase in pro-IL-1β protein despite Il1b mRNA levels 

being unchanged. Regardless, we did not find differences in inflammasome activation or 

IL-1β secretion between Ldlr−/− and Ch25h−/−;Ldlr−/− foamy macrophages (Figure 6B). 

This is in contrast with previous work that has shown that Ch25h−/− macrophages exhibit 

increased inflammasome activation and IL-1β secretion43,44. However, in non-lipid-laden 

BM-derived macrophages, we observed increased levels of active caspase-1 and secreted 

IL-1β, in line with previous work43 (Figure S7A).

Since previous studies have correlated 25-HC synthesis to mitochondrial reactive oxygen 

species (ROS) production44,64 and because disbalance in mitochondrial ROS can lead to 

apoptosis, we also measured mitochondrial mass and mitochondrial ROS production by flow 

cytometry in LPS-stimulated TG-EPM form Ldlr−/− and Ch25h−/−;Ldlr−/− mice. As shown 

in Figure S7 B and C, there were no statistical differences in mitochondrial mass or ROS 

production. These results suggest that in lipid-laden macrophages, the reduced susceptibility 

to LPS-induced apoptosis observed in Ch25h−/−;Ldlr−/− macrophages (Figure 6A) could be 

unrelated to inflammasome activation or mitochondrial ROS production. RNA-seq analysis 

revealed that activated Ch25h−/−;Ldlr−/− lipid-laden macrophages showed reduced mRNA 

levels of Tnf (Figure 4E), and autocrine secretion of TNF has been involved in LPS-induced 

apoptosis62. Alternatively, activated Ch25h−/−;Ldlr−/− lipid-laden macrophages showed 

increased levels of Cd5l (Figure S7D), which is highly expressed in foamy macrophages 

within atherosclerotic lesions (Figure S1B,C, H and I) and protective65–67, promoting their 

survival68. These findings are in line with the diminished inflammatory and apoptotic 

phenotype exhibited by Ch25h−/−;Ldlr−/− lipid-laden macrophages.

We also found that Ch25h−/−;Ldlr−/− macrophages displayed increased efferocytotic 

capacity compared to Ldlr−/− macrophages (Figure 6C). This correlates with increased 

mRNA levels of several efferocytosis genes such as Gas6, C1q, Mfge8 and Itgb3 found 

in Ch25h−/−;Ldlr−/− macrophages (Figure 4F). Furthermore, Mertk expression was found 

in macrophage clusters with low or no detectable Ch25h expression (Figure S1B and H). 

To evaluate the biological relevance of this finding, we analyzed in situ efferocytosis by 

counting the number of macrophage-associated apoptotic cells vs. free apoptotic cells in 

individual aortic root sections69–72. As shown in Figure 6D, Ch25h−/−→Ldlr−/− mice exhibit 

a higher ratio of macrophage-associated to free apoptotic cells, consistent with the improved 
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efferocytotic activity observed in the absence of Ch25h. These results agree with the smaller 

necrotic core found in Ch25h−/−→Ldlr−/− mice (Figure 2B) and reveal that in the absence of 

25-HC production, lipid-laden activated macrophages have improved efferocytosis and are 

more resistant to inflammation-induced apoptosis.

Absence of 25-HC alters cell membrane composition, resulting in a reduction in the 
TLR4/p38/NFkB signaling cascade

As shown above, Ch25h−/−;Ldlr−/− lipid-laden macrophages had reduced expression of 

inflammatory genes after LPS stimulation when compared to control Ldlr−/− macrophages. 

Interestingly, Tnf, Il12a and Il6 were among the significantly downregulated genes (Figure 

4E), that are indeed hallmarks of both NF-κB and AP-1 activation55. Thus, we wondered 

whether TLR4 signaling was affected in Ch25h−/−;Ldlr−/− lipid-laden macrophages to 

account for the reduced expression of inflammatory genes. LPS/TLR4 signaling can be 

divided into MyD88-dependent and MyD88-independent pathways, which mediate the 

activation of pro-inflammatory cytokines and type I IFN induced genes, respectively. 

Hence, we first analyzed the activation of three key proteins in the MyD88-dependent 

and independent pathways, p65, MAP-kinase p38, and IRF3. As shown in Figure 7A, 

after long exposure to LPS, Ch25h−/−;Ldlr−/− macrophages exhibited significantly reduced 

activation (phosphorylation) of p38 and IRF3 than Ldlr−/− macrophages. Similar results 

were also observed under acute TLR4 stimulation (Figure 7B), in this case with reduced 

phosphorylation of p65. Interestingly, we also found a delay in the p38 activation peak, from 

15 minutes in Ldlr−/− macrophages to 30 min in Ch25h−/−;Ldlr−/− macrophages. The IRF3 

activation peak went from 30 min in Ldlr−/− macrophages to 60 min in Ch25h−/−;Ldlr−/− 

macrophages (Figure 7B). Altogether, these results indicate that absence of 25-HC in 

Ch25h−/−;Ldlr−/− macrophages downregulates both TLR4 signaling branches. Since the 

accumulation of free cholesterol in the PM can hypersensitize macrophages to LPS73–77, 

we used the fluorescently-labeled, non-lytic cholesterol-binding protein, Anthrolysin O 

domain 4 (ALOD4), to measure the amount of accessible cholesterol in the PM of 

Ch25h−/−;Ldlr−/− and Ldlr−/− lipid-laden macrophages by flow cytometry. As shown in 

Figure 7C, we found a diminished accumulation of accessible cholesterol in the PM of 

Ch25h−/−;Ldlr−/− macrophages in comparison to control Ldlr−/−. Although mRNA levels 

of membrane cholesterol transporters Abca1 and Abcg1 were similar in the presence 

or absence of Ch25h (Figure S5), Ch25h−/−;Ldlr−/− macrophages showed higher protein 

levels of both ABCA1 and ABCG1 (Figure S7E). Of interest, Abca1- and Abcg1-deficient 

peritoneal macrophages have enhanced inflammatory responses which is associated with 

increased membrane free cholesterol76. These results suggests that the reduction in TLR4-

mediated signaling that we observed in hypercholesterolemic Ch25h−/−;Ldlr−/− macrophages 

could be due to diminished free cholesterol in the PM. Thus, we pre-treated the cells with 

sphingomyelinase (SMase), to release cholesterol sequestered by sphingomyelin to increase 

the pool of accessible cholesterol in the PM78,79, prior to the stimulation with LPS and 

assessed p65 activation. Cells were also incubated with anthrolysin O peptide (ALOD4) to 

concomitantly measure accessible free cholesterol. SMase pre-treatment increased ALOD4 

binding in both groups of macrophages (Figure 7D). Interestingly, the SMase-mediated 

increase of free cholesterol in the PM of Ch25h−/−;Ldlr−/− macrophages rescued the reduced 

activation of p65 observed in Ch25h−/−;Ldlr−/− in the absence of SMAse (Figure 7B), 
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resulting in comparable levels of p65 activation to that present in Ldlr−/− macrophages 

in the absence of SMase (Figure 7D). These results indicate that in activated lipid-laden 

macrophages, lack of 25-HC production decreases TLR4-mediated signaling, at least in part 

by altering the accumulation of free cholesterol in the PM.

25-HC is released by activated macrophages to inhibit SMC migration

Activated macrophages release 25-HC into the extracellular space with a paracrine effect 

on cells in the immediate vicinity32,38,41. In consonance, we found that LPS-stimulated 

lipid-laden macrophages release 25-HC to the media in a time-dependent manner, while 

macrophages deficient in Ch25h did not (Figure 8A). In both cases, the secretion of other 

oxysterols (e.g., 24-HC or 27-HC) was unaltered (Figure 8A). Since migration of SMCs 

from the tunica media into the intima is a key event for fibrous cap formation, collagen 

deposition, and plaque stability, and we found an increase in SMC content within the 

plaques of Ch25h−/−→Ldlr−/− mice, we sought to investigate whether 25-HC influences 

cellular responses of SMCs during atherogenesis. We analyzed the effect of 25-HC on SMC 

migration in response to platelet-derived growth factor (PDGF) in a trans-well assay. As 

shown in Figure 8B pretreatment of VSMCs with 25-HC reduced PDGF-induced migration. 

These findings suggest that macrophage-derived 25-HC reduces SMC migration to populate 

the fibrous cap. Since PDGF receptor β (PDGFRβ) is relocated into cholesterol-rich 

domains within the PM for proper intracellular signaling transduction80 and the pool of 

free cholesterol in the PM is altered when cells are treated with 25-HC23, we investigated 

whether 25-HC alters PDGFRβ signaling in SMC. As expected, addition of 25-HC into 

the culture media reduced the amount of free cholesterol in the PM of SMC (Figure 8C) 

without affecting cell viability, since total cell number was not affected (Figure S8A). In line 

with this, SMC pretreated with 25-HC showed decreased phosphorylated protein kinase B 

(aka AKT) and extracellular signal-regulated kinase (ERK1/2) after stimulation with PDGF, 

suggesting that 25-HC diminishes PDGFRβ signaling, in part by altering the pool of free 

cholesterol in the PM. Furthermore, dorsal ruffle formation after PDGF stimulation81, an 

early event in cell migration, was reduced when SMC were pretreated with 25-HC (Figure 

S8B) These findings suggest that macrophage-derived 25-HC may alter PDGF signaling in 

SMC and thus affecting their migration.

To validate these in vitro results and to understand the contribution of macrophage-

derived 25-HC to fibrous cap formation, we used a SMC lineage tracing mouse model 

(Myh11ERT2CREmT/mG;Ldlr−/−) since SMCs within the atherosclerotic plaque cannot 

solely be identified by SMA staining82, and performed BM adoptive transfer using WT 

or Ch25h−/− mice as BM donors to study the progression of atherosclerosis. After 12 weeks 

on WD, reporter mice that received Ch25h−/− BM showed a significant increase in enhanced 

green fluorescence protein (eGFP)+ SMCs within the plaque (Figure 8E) primarily due to 

accumulation within the fibrous cap (Figure 8E). These findings suggest that expression 

of Ch25h, and consequent production of 25-HC by macrophages reduces the migration of 

SMCs that populate the fibrous cap, thus promoting plaque instability.
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DISCUSSION

In this study we determined that macrophage-derived 25-HC accelerates atherosclerosis 

progression and promotes plaque instability. We found that, in lipid-laden macrophages, lack 

of 25-HC production favors lower levels of accessible cholesterol in the PM, which alters 

TLR4 signaling, decreases NFκB-mediated pro-inflammatory gene expression, and reduces 

apoptosis susceptibility. These effects are not a result of 25-HC-mediated modulation of 

LXR or SREBP transcription. Interestingly, unlike other oxysterols, 25-HC is released by 

activated macrophages as a secondary messenger that inhibits SMC migration, contributing 

to plaque instability.

Our in vivo studies demonstrate that hematopoietic Ch25h deficiency significantly reduces 

atherosclerosis and enhances plaque stability. Our results align with a previous study 

that showed that ATF3-mediated suppression of Ch25h reduces atherosclerosis46, while 

another study by Li et al. showed that Ch25h deficiency promoted atherosclerosis45. The 

discrepancies could be due to the differences in the animal model approach used. While we 

used a BM adoptive transfer approach in Ldlr−/− mice to determine the role of Ch25h in 

hematopoietic cells, and hence macrophages, Li et al. used a global Ch25h knockout in the 

atherogenic Apoe−/− background. With this approach, the effect of Ch25h deficiency in other 

tissues (e.g., liver and adipose tissue) and its participation in atherosclerotic progression 

could not be ruled out. On the other hand, in a model of diet-induced obesity, global 

deficiency of Ch25h reduces adipose tissue inflammation83. Additionally, it has been shown 

that Ch25h−/− mice are protected against inflammatory-induced pathology in a model of 

influenza infection41. These results, together with the findings of our present study, support 

the idea that 25-HC promotes inflammation in vivo.

To understand the molecular mechanisms that underlie the proatherogenic effects of 

macrophage-derived 25-HC, we performed RNA-seq in lipid-laden macrophages. We 

stimulated macrophages with LPS for 4 or 12 h to mimic an activation phase and 

resolution phase of inflammation19. In the activation phase, Ch25h deficiency reduced 

the expression of inflammatory genes, which agrees with previous studies showing that 

BM derived macrophages (BMDMs) isolated from Ch25h−/− mice have reduced levels of 

Nos2, Il12b, Il6 and Tnf after LPS-mediated TLR4 stimulation41,83. In line with this, we 

also found that aortic macrophages from atherosclerotic mice with reduced expression of 

inflammatory genes also had reduced Ch25h levels. Mechanistically, we found that the 

absence of 25-HC synthesis decreased the accumulation of accessible cholesterol in the 

PM and increased ABCA1 and ABCG1 protein levels, altogether resulting in reduced 

TLR4 mediated signaling and diminished NFκB-mediated transcription of inflammatory 

genes. This aligns with previous studies that have demonstrated that macrophages deficient 

in cholesterol Abc transporters accumulate free cholesterol in the PM, increasing TLR4-

dependent signaling73,74, 75–77. Interestingly, the accumulation of sterols is quite different. 

While Abcg1−/− macrophages accumulate 7-ketocholesterol and desmosterol, as well as 27-

OH, the absence of Ch25h promotes the accumulation of zymosterol. This indicates that the 

underlying effect on inflammation could not be attributed to a specific sterol and that all may 

contribute to the observed effect in PM cholesterol composition, or that other factors could 

be responsible for the phenotype. Indeed, diminished p38 activation upon the absence of 

Canfrán-Duque et al. Page 12

Circulation. Author manuscript; available in PMC 2024 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25-HC synthesis in Ch25h−/−;Ldlr−/− macrophages could influence ABCG1 phosphorylation 

and degradation84 and, therefore increase ABCG1 protein levels. Altogether, our results 

indicate that deficiency in 25-HC production alters free cholesterol PM composition and 

macrophage responses to inflammatory stimulus.

In the resolution phase, lipid-laden Ch25h deficient macrophages were transcriptionally 

reprogrammed into a pro-phagocytic phenotype, which was supported by the in vitro and 

in situ efferocytosis assays. This is in contrast with recent work showing that 25-HC 

production promotes efferocytosis in alveolar and peritoneal macrophages85. However, in 

our efferocytosis experiments, macrophages were stimulated with LPS before co-culture 

with apoptotic cells to increase the expression of Ch25h and hence the amount of 25-HC 

in Ldlr−/− control macrophages. In the presence of LPS, the efferocytosis mediator MERTK 

is cleaved from the macrophage membrane surface by the metalloprotease ADAM17 in 

a p38-dependent manner, thus reducing macrophage efferocytosis capacity86. Since in 

the absence of Ch25h, TLR4 stimulated signaling and p38 activation are reduced, it is 

possible that Ch25h−/−;Ldlr−/− macrophages conserve more MERTK on the surface after 

LPS treatment, which could explain their increased efferocytotic activity. This is in line with 

the increased expression of Mertk in aortic macrophage clusters with low or nondetectable 

levels of Ch25h. Nevertheless, our in vivo data showed that absence of hematopoietic Ch25h 
reduces necrotic core area and the accumulation of dead macrophages in the plaque, due 

to more efficient efferocytosis. A second factor that influences necrosis in atherosclerotic 

plaques is extensive apoptosis that occurs in lesions87. In this regard, Ch25h−/−;Ldlr−/− 

macrophages have increased levels of the pro-survival gene Cd5l, which has been reported 

to protect lipid-laden macrophages from apoptosis68, and make them less susceptible to 

LPS-induced apoptosis65–67. Furthermore, Cd5l expression was restricted to foamy and 

non-inflammatory macrophage clusters with barely detectable levels of Ch25h expression. 

These results demonstrate that 25-HC increases cell apoptosis, reduces efferocytosis and 

promotes inflammation, three hallmarks of defective inflammatory resolution.

For many years, 25-HC has been proposed to regulate cholesterol metabolism26, and 

it has been demonstrated that 25-HC added into culture media suppresses SREBP 

proteolytic processing88, 26,89 and activates LXR-mediated gene expression30,89. On the 

other hand, animals deficient in Ch25h do not exhibit any alteration in cholesterol 

metabolism32 and there is no evidence that Ch25h knockout animals have altered SREBP 

or LXR transcriptional activity. However, a recent study showed that 2h after LPS 

inhalation, WT animals had increased 25-HC in the lungs, and several LXR target 

genes (e.g., Abca1, Abcg1, Srebf1, Nr1h3 and Nr1h2) were upregulated, while this 

response was not present in Ch25h deficient mice85. Our data obtained in TG-EPM from 

hypercholesterolemic Ch25h−/−;Ldlr−/− mice indicate unaltered LXR transcriptional activity 

in basal and stimulated conditions, i.e., no significant differences in mRNA levels of 

more than 300 validated LXR target genes60 when compared to Ldlr−/− macrophages. 

However, it is possible that the effect described by Madenspatcher et al. in some specific 

LXR target genes85 can be buffered in our model, since LXR activity is presumably 

higher in lipid-loaded macrophages. In line with this, accumulation of desmosterol, an 

endogenous LXR ligand24,50, was not altered in the absence or presence of 25-HC. 

Similarly, secreted levels of the LXR ligand, 27-HC, that normally correlate with its cellular 
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levels, were unaltered in Ldlr−/− and Ch25h−/−;Ldlr−/− macrophages. Furthermore, while 

TLR4-stimulated normolipidemic BMDMs downregulate Cyp51 expression and accumulate 

lanosterol to diminish innate immune responses36, lipid-laden peritoneal macrophages did 

not exhibit this effect regardless of the absence or presence of 25-HC. This also provides 

relevance of our results to hypercholesterolemic proatherogenic conditions.

In normolipidemia, increased 25-HC production after pathogen recognition reduces 

SREBP2 activity and cholesterol biosynthesis to prevent cholesterol-dependent 

mitochondrial dysfunction and inflammasome activation43,44. In lipid-laden macrophages, 

we did not find any alteration in mitochondrial ROS production or inflammasome activation 

in Ch25h−/−;Ldlr−/− macrophages compared to Ldlr−/− controls. This is consistent with 

unchanged mRNA levels of SREBP2 target genes, cholesterol, or desmosterol levels, which 

have also been associated with mito-ROS production and NLRP3-dependent inflammasome 

activation24, further indicating that 25-HC does not restrain SREBP2 activation and 

cholesterol biosynthesis in this setting. On the other hand, they suggested that Ch25h is 

not necessary for the initial downregulation of cholesterol biosynthesis but required to 

maintain this effect over time in a mTORC1-dependent manner44. Lysosomes are key 

for mTORC1 signaling90 and disturbances in lysosome biology have a clear impact on 

mTORC1 activation90. Interestingly, lipid-laden TG-EPM present significant differences in 

lysosome biology compared to BMDMs91. Therefore, some of the discrepancies could be 

additionally explained by a different mTORC1 response in peritoneal macrophages vs. the 

BMDMs used in their studies.

Atherosclerosis progression and plaque remodeling are determined by the crosstalk between 

vascular cells and macrophages in advanced plaques. In this regard, several chemokines 

and cytokines, among other bioactive molecules secreted by macrophages, influence the 

response of different cell types within the artery wall. Activated macrophages release 25-HC 

into the extracellular media32,38,41,92,93, this in turn promotes paracrine effects in nearby 

cells, including alterations in membrane composition38, migratory stimulation93, or NFκB 

activation92. Our present study shows that in response to LPS, lipid-laden macrophages 

secrete 25-HC, without inducing the secretion of other oxysterols. This suggests that 25-HC 

has a predominant role under inflammatory conditions. Furthermore, 25-HC blunts SMC 

migration in vitro and reduces SMC content within the fibrous cap of WT→Ldlr−/− mice, 

suggesting that 25-HC could participate as a lipid mediator in the crosstalk among these 

two cell types. Mechanistically, we found that 25-HC alters PDGFRβ signaling in SMC in 
vitro by affecting the pool of PM free cholesterol which alters PDGFRβ location within 

high-cholesterol PM microdomains and subsequent signal events80, which is in line with 

recent work that shows that SMCs that populate the fibrous cap in a PDGFRβ-dependent 

manner94.

Our work emphasizes the pro-inflammatory role of macrophage-derived 25-HC and 

demonstrates that 25-HC promotes inflammation and atherogenesis. Mechanistically, our 

experiments showed that 25-HC produced by activated lipid-loaded macrophages boosts the 

inflammatory response, increases apoptosis sensitivity, reduces efferocytotic capacity and 

promotes paracrine effects in neighbor cells. Additionally, present results show that 25-HC 

is not a major regulator of LXR or SREBP2 transcriptional activity in lipid-laden activated 
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macrophages. This work opens the door for future studies further exploring the role of 

25-HC as a biomarker of inflammation and plaque stability in human atherosclerosis.
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Non-standard Abbreviations and Acronyms

25-HC 25-hydroxycholesterol

CH25H 25-hydroxylase

BM Bone marrow

WD Western diet

SMC Smooth muscle cell

TLR4 Toll-like receptor 4

NF-κB Nuclear factor-κB

LXR Liver X receptor

SREBP Sterol regulatory-element binding protein

LDL Low-density lipoproteins

Ox-LDL Oxidized LDLs

HMG-CoA Hydroxy methyl glutaryl-coenzyme A

LDLR LDL receptor

ABC ATP-binding cassette

IFN Interferon

IL Interleukin
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RNA-seq RNA-sequencing

PM Plasma membrane

LC/MS-MS Liquid chromatography–mass spectrometry

scRNA-seq Single cell RNA-seq

Apo E Apolipoprotein E

SSC Side Scatter

Cyp Cytochrome P450 family

ORO Oil red O

SMA Smooth alpha actin

TG-EPM Thioglycolate-elicited peritoneal macrophages

TFs Transcription factors

ROS Reactive oxygen species

LPS Lipopolysaccharide

SMase Sphingomyelinase

ALOD4 Anthrolysin O peptide

eGFP Enhanced green fluorescence protein

BMDMs BM derived macrophages
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CLINICAL PERSPECTIVE

What is new?

• 25-hydroxycholesterol accumulates in human coronary atherosclerosis.

• 25-hydroxycholesterol produced by macrophages accelerates atherosclerosis 

progression and promotes plaque instability by promoting the inflammatory 

response in macrophages, and via paracrine actions on smooth muscle cells 

migratory response.

• 25-hydroxycholesterol in lipid-loaded macrophages amplifies their 

inflammatory response independently of the modulation of LXR or SREBP 

transcriptional activity.

What are the clinical implications?

• Inhibition of 25-hydroxycholesterol production might delay atherosclerosis 

progression and promotes plaque stability.

• Our study opens the door to explore the role of 25-hydroxycholesterol as a 

target to control inflammation and plaque stability in human atherosclerosis.
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Figure 1. 25-hydroxycholesterol accumulates in human coronary atherosclerotic plaque and 
CH25H is highly express in human and mouse inflammatory plaque macrophages.
A, Representative hematoxylin, and eosin (H&E) staining (upper panels) and CD68 

(macrophage marker) immunofluorescence (lower panels) of atherosclerotic plaques isolated 

from human coronary arteries. Scale bar: 1 mm. B, 25-hydroxycholesterol quantification 

in atherosclerotic plaques isolated from human coronary arteries. Data were analyzed by 

one-way ANOVA, post-hoc Bonferroni’s multiple comparison test (n= 6 mild plaques, 6 

moderate plaques and 4 severe plaques). C, Violin plots showing CH25H expression among 

different macrophages clusters presents in human plaque tissue48. D, Violin plot showing 

the expression of Ch25h withing the indicated macrophage clusters from leukocyte isolated 

from Ldlr−/− aortic tissue10 of mice fed a WD for 12 weeks.
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Figure 2. Ch25h deficiency in hematopoietic cells protects against atherosclerosis.
Analysis of Ldlr−/− mice transplanted with WT or Ch25h−/− bone marrow and fed for 12 

weeks on a WD. A, C, Representative histological analysis of cross sections of the aortic 

sinus stained with hematoxylin and eosin (H&E). Dashed lines delimit the plaque area (A) 

and show the edge of the developing necrotic core (C). Quantification of plaque size (A) 

and necrotic core (C) are shown on the right panels (mean ±SD, n=14 mice per group). 

B, Representative en face ORO staining of aortas. Quantification of the ORO positive 

area is shown in the right panel and represents the mean ±SD (n=14 mice per group). 

D, Representative histological analysis of cross sections of the aortic sinus stained with 

Picrosirius Red. Quantification of the Picrosirius Red positive area is shown at the right 

panel and represents the mean ±SD (n=10 mice per group). All data were analyzed by 

Mann-Whitney non-parametric test. Scale bar: 100 μm.
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Figure 3. Ch25h deficiency in hematopoietic cells reduces vascular inflammation and promotes 
plaque stability.
Analysis of Ldlr−/− mice transplanted with WT or Ch25h−/− bone marrow and fed for 12 

weeks on a WD. A, Representative histological analysis of cross sections of the aortic sinus 

stained with CD68 or smooth muscle actin (SMA). Dashed lines delimit the plaque area (A) 

Quantification of the CD68 or SMA positive area is shown on the right panels and represents 

the mean ±SD (n=12 mice per group). B, Representative histological analysis of cross 

sections of the aortic sinus stained with VCAM and DAPI. Quantification of the VCAM 

positive endothelium area is shown in the right panel and represents the mean ±SD (n=8 

mice per group). In the enlarged images the dashed lines show how the endothelium area 

was delimited for quantification. C, Representative histological analysis of cross sections 

of the aortic sinus stained with CD68 and TUNEL. Quantification of the CD68-positive 

cells with TUNEL-positive nuclei is shown in the right panel and represents the mean ±SD 

(n=13 mice per group). DAPI was used to stain the nuclei. All data were analyzed by 

Mann-Whitney non-parametric test. Scale bar: 100 μm.
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Figure 4. 25-hydroxycholesterol in lipid-laden macrophages promotes an inflammatory gene 
expression profile.
Analysis of lipid-laden TG-EPM isolated from Ldlr−/− or Ch25h−/−;Ldlr−/− mice (n=3 

mice per genotype), treated with LPS (100 ng/ml) for 4 or 12 hours. A, Ch25h relative 

mRNA expression levels in where n.d. means not detected B, LC/MS-MS quantification 

of 25-hydroxycholesterol, in where n.d. means not detected. C, Heatmaps of differentially 

expressed genes. A default P-value ≤ 0.05 was considered statistically significant with a 

fold-change ≥ 1.5 for up-regulated transcripts or ≤ −1.5 for down-regulated transcripts. 

D, Kyoto Encyclopedia of Gene and Genomes (KEGG) pathway enrichment analysis of 

differentially expressed genes at different time points. E & F, Heatmaps of representative 

genes differentially expressed involved in inflammation and resolution of inflammation. A 

default P-value ≤ 0.05 was considered statistically significant with a fold-change ≥ 1.5 for 

up-regulated transcripts or ≤ −1.5 for down-regulated transcripts. G & H, Upstream analysis 

using Ingenuity Pathway Analysis Software of Transcription factors in the above indicated 

macrophages treated with 100ng/ml LPS for 4 hours (G) or 12 hours (H). Transcription 

factors predicted to be activated (z-score > 0) appear in red and those that were predicted to 

be inactive (z-score < 0) appear in blue.

Canfrán-Duque et al. Page 28

Circulation. Author manuscript; available in PMC 2024 January 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 25-hydroxycholesterol in lipid-laden macrophages is not necessary for LXR or SREBP 
transcriptional regulation.
Analysis of lipid-laden TG-EPM isolated from Ldlr−/− or Ch25h−/−;Ldlr−/− mice (n=3 mice 

per genotype), treated with LPS (100 ng/ml) for 4 or 12 hours. A, Heatmaps showing 

LXR target genes differentially expressed in response to LPS treatment for 4 or 12 hours 

respectively. A default P-value ≤ 0.05 was considered statistically significant with a fold-

change ≥ 1.5 for up-regulated transcripts or ≤ −1.5 for down-regulated transcripts. B, Venn 

diagrams depicting the overlap of upregulated LXR target genes. C, Heatmaps illustrating 

the effect of LPS treatment for 4 or 12 hours on SREBP2. A default P-value ≤ 0.05 was 

considered statistically significant with a fold-change ≥ 1.5 for up-regulated transcripts 

or ≤ −1.5 for down-regulated transcripts. D, Lipidomic analysis of sterol biosynthetic 

intermediates in macrophages isolated and treated as above. Data were analyzed by two-way 

ANOVA, post-hoc Bonferroni’s multiple comparison test (n=3 mice per genotype).
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Figure 6. Ch25h deficiency in macrophage reduces LPS-induced apoptosis independently of 
inflammasome activation but increases macrophages efferocytotic activity.
A, Representative Western blot analysis of cleaved and total caspase-3 in Ldlr−/− or 

Ch25h−/−;Ldlr−/− lipid-laden TG-EPM treated with LPS (100 ng/ml) at the indicated 

times. HSP90 was used as a loading control. Relative protein quantification by band 

densitometry is shown in the right panel. Data were analyzed by two-way ANOVA, post-hoc 

Bonferroni’s multiple comparison test (n=3). n.d, not detectable. B, Representative Western 

blot analysis of caspase-1 and IL-1β as a read out of inflammasome activation of Ldlr−/− or 

Ch25h−/−;Ldlr−/− lipid-laden TG-EPM with LPS (100 ng/ml) for 8 hours. ATP (5 mM) was 

added the last 30 minutes and prior to samples collection. Relative protein quantification by 

band densitometry is shown in the right panels. β-Actin was used as a loading control. Data 

were analyzed by two-way ANOVA, post-hoc Bonferroni’s multiple comparison test (n=3). 

n.d. not detectable. C, Representative images of the in vitro engulfment of CellTracker Deep 

Red labeled apoptotic Jurkat cells by lipid-laden TG-EPM from Ldlr−/− or Ch25h−/−;Ldlr−/− 

mice (n=14 mice per group). Data were acquired by Amnis Imagestream-X MarkII Imaging 

Flow Cytometer. Right panel shows efferocytosis quantification as phagocytic index, which 

is the number of apoptotic cells (red) ingested in 1 h per F4/80-positive macrophage 

(green) × 100. Significance was determined by Mann-Whitney non-parametric test. D, 

Representative images of the in situ efferocytosis assay. Apoptotic bodies were identified 
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as TUNEL-positive nuclei (white arrow heads) and macrophages as CD68 positive cells 

(asteriscs). Free apoptotic bodies were those TUNEL-positive nuclei that do not overlap with 

CD68 (upper panels), whereas TUNEL-positive nuclei that do overlap with CD68 (lower 

panels) are considered phagocytosed apoptotic bodies. Right panel shows the quantification 

of the phagocytosed versus free apoptotic bodies ratio (n= 13 mice per group). Data were 

analyzed by Mann-Whitney non-parametric test. Scale bar: 10 μm.
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Figure 7. 25-hydroxycholesterol alters TLR4 downstream signaling by reducing the accessible 
cholesterol in the plasma membrane.
A-B, Representative Western blot of phospho-p65, p65, phospho-p38, p38, phospho-IRF3, 

IRF3 or HSP90 in Ldlr−/− or Ch25h−/−;Ldlr−/− lipid-laden TG-EPM treated with LPS (100 

ng/ml) at the indicated time points. HSP90 was used as loading control. Quantification 

of the relative phosphorylation is showing at the right panels. Data were analyzed by 

two-way ANOVA, post-hoc Bonferroni’s multiple comparison test (n=3). C, Quantification 

of ALOD4 PM binding, in lipid-laden TG-EPM from Ldlr−/− or Ch25h−/−;Ldlr−/− mice, by 

flow cytometry. Representative histogram is showing in the bottom panel. Data are average 

of the mean of Median Intensity Fluorescence (M.I.F.) in arbitrary units (a.u.) and analyzed 

by Mann-Whitney non-parametric test (n=4). D, Representative Western blot of phospho-

p65, p65, ALOD4 or HSP90 in lipid-laden TG-EPM from Ldlr−/− or Ch25h−/−;Ldlr−/− 

treated with LPS (100 ng/ml) in the presence or absence of Sphingomyelinase (200 mU/ml) 

at the indicated time points. Quantification of ALOD4 and the relative p65 phosphorylation 

is showed in the right panel. HSP90 was used as loading control. Data were analyzed by 

two-way ANOVA, post-hoc Bonferroni’s multiple comparison test (n=3).
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Figure 8. 25-hydroxycholesterol secreted by macrophages inhibits vascular smooth muscle cells 
migration.
A, LC/MS-MS quantification of several oxysterols presents in the media of cultured lipid-

laden TG-EPM from Ldlr−/− or Ch25h−/−;Ldlr−/− (n=3 mice per genotype) treated with 

LPS (100 ng/ml) for 4 or 12 hours. Data were analyzed by two-way ANOVA, post-hoc 

Bonferroni’s multiple comparison test. B, SMC migration in the presence of PDGF-BB 

(10 ng/ml) or PDGF-BB plus 25-HC (5μM). 5 images were taken randomly per trans-

well. Quantification is showing in the right panel and represent the mean ±SEM of 3 

independent experiments. Data were analyzed by one-way ANOVA, post-hoc Bonferroni’s 

multiple comparison test. Scale bar: 100 μm. C, Western blot analysis of ALOD4 binding 

into the PM in SMC treated with ethanol (EtOH) or 25-hydroxycholesterol (25-HC) at a 

concentration of 5μM for 2 hours. Quantification of ALOD4 is showed in the right panel. 

Data were analyzed by Mann-Whitney non-parametric test. D, Representative Western blot 

of phospho-AKT, AKT, phospho-ERK1/2, ERK1/2 or HSP90 in SMC pre-treated with 

EtOH or 25-HC (5μM) for 2 hours and then stimulated with PDGF-BB (10 ng/ml) for 

the indicated times. Quantification of the relative AKT and ERK1/2 phosphorylation is 

showed in the right panel. Data were analyzed by two-way ANOVA, post-hoc Bonferroni’s 

multiple comparison test (n=3). E, Representative histological analysis of cross sections 

of the aortic sinus stained with eGFP and Tdtomato of Myh11CRE;mT/mG; Ldlr−/− mice 
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transplanted with bone marrow from WT or Ch25h−/− donor mice and fed for 12 weeks a 

WD. Dashed lines define the fibrous cap area used for quantification. Scale bar: 100 μm. 

Quantification of the eGFP positive area within the whole plaque or the fibrous cap are 

shown at the right panels and represents the mean ±SD (n=8 mice per group) DAPI was 

used to stain the cell nucleus. All data were analyzed by Mann-Whitney non-parametric 

test. F, Proposed working model of 25-HC in macrophages in the context of atherosclerosis. 

Macrophages-derived 25-HC accelerates atherosclerosis progression and promotes plaque 

instability. Mechanistically we found that lack of 25-HC synthesis favors a reduction of 

accessible cholesterol in the PM, what diminishes pro-inflammatory response initiated by 

pattern recognition receptors in lipid-laden macrophages and promotes a reprogramming 

into a more pro-resolving phenotype (up). This pro-resolving phenotype is characterized 

by a better efferocytotic capacity and a lower susceptibility to stress-associated apoptosis 

in hypercholesterolemic macrophages Ch25h deficient (right). Additionally, the lack of 

macrophage-derived 25-HC released allows the migration of tunica media smooth muscle 

cells into the intima to form the fibrous cap (left).
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