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A B S T R A C T

Background and Aims: Inhibition of Δ24-dehydrocholesterol reductase (DHCR24) leads to accumulation of the 
cholesterol biosynthesis intermediate desmosterol, which is the endogenous ligand for liver X receptors (LXRs). 
Activation of LXRs is considered to be atheroprotective as it suppresses inflammation and stimulates cholesterol 
efflux in macrophages via upregulation of ATP-binding cassette transporters A1 and G1. In the current study we 
aimed to investigate the effect of the selective DHCR24 inhibitor SH42 on regression of atherosclerotic plaques in 
APOE*3-Leiden.CETP mice, a well-established model for human-like lipid metabolism.
Methods: Mice were fed a Western-type diet (16% fat, 0.15% cholesterol) for 20 weeks to promote plaque 
development. Subsequently, treatment was started with vehicle or SH42 for 8 weeks while the animals were kept 
on a regular chow diet.
Results: Treatment with SH42 significantly upregulated desmosterol levels in liver and plasma, and led to a small 
reduction in plasma triglyceride, nonHDL-cholesterol and HDL-cholesterol levels on top of the lipid-lowering 
effect caused by the dietary switch. While SH42 treatment did not affect immune cell numbers in blood, bone 
marrow, or spleen, SH42 strongly reduced the number of macrophages found in the peritoneum after thio
glycolate injection.
Conclusions: While the dietary switch halted atherosclerotic lesion progression, SH42 treatment did not accel
erate atherosclerotic lesion regression further.

1. Introduction

Atherosclerosis refers to build up of lipid-rich plaques in and on ar
teries, and is a common disease that hampers blood flow and comes with 
the risk of heart attack or stroke when plaques rupture. Dyslipidemia (i. 
e. high triglycerides, high LDL-cholesterol, and low HDL-cholesterol) 
and inflammation are major risk factors as they drive atherosclerotic 
plaque progression. Currently available treatments in primary and 

secondary prevention of atherosclerotic cardiovascular diseases are 
primarily directed at preventing progression through lowering circu
lating cholesterol levels (e.g. statins and inhibitors of NPC1L1 and 
PCSK9). Very recently low-dose colchicine (0.5 mg daily) was approved 
as the first anti-inflammatory therapy to be used on top of statins. [1] A 
therapeutic approach that not only halts lesion development but actu
ally promotes regression of atherosclerotic lesions is highly desirable.

Targeting liver X receptors (LXRs) has been identified as an approach 
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to facilitate lesion regression. [2–4] LXR activity interferes with 
atherosclerosis via regulation of gene expression of at least two relevant 
signaling pathways. Firstly, LXR promotes reverse cholesterol transport 
through upregulation of cholesterol exporters ATP-binding cassette 
transporters A1 (ABCA1) and G1 (ABCG1). Secondly, LXR has a general 
inhibitory effect on proinflammatory gene expression, by recruiting co- 
repressors to NF-κB. [5] Indeed, treatment of mice with LXR agonists has 
been shown to protect against atherosclerosis development [6,7] and, 
most importantly, promote regression of existing atherosclerotic pla
ques. [8,9] A major disadvantage of the use of synthetic LXR agonists, 
however, is that they cause hepatic steatosis and hyperlipidemia via 
activating sterol regulatory element-binding protein 1c (SREBP-1c), 
fatty acid synthase (FAS), and stearoyl-CoA desaturase 1 (SCD1) in he
patocytes. [10,11] We thus need a strategy to specifically activate LXR in 
macrophages. In fact, the liver-selective LXR inverse agonist SR9238 is 
currently being evaluated as a treatment for metabolic dysfunction- 
associated steatotic liver disease (MASLD). [12,13]

Intriguingly, desmosterol was identified as the endogenous ligand for 
LXR in macrophages but not hepatocytes, [14,15] and we previously 
demonstrated that inhibition of Δ24-dehydrocholesterol reductase 
(DHCR24), the enzyme catalyzing the conversion of desmosterol into 
cholesterol, leads to accumulation of desmosterol in livers and blood of 
mice. [16,17] Subsequent experiments with the steroidal inhibitor of 
DHCR24, namely SH42, provided further evidence for a role of des
mosterol in stimulating cholesterol efflux from macrophages in vitro and 
inflammation resolution in vivo. [18,19] In contrast to our expectations, 
however, we did not observe protection from atherosclerosis develop
ment upon treatment of APOE*3-Leiden.CETP mice or LDLr− /− mice 
with SH42. [20] A plausible explanation for the lack of atheroprotective 
effects of DHCR24 inhibition relates to the model used to investigate 
atherosclerosis. This model relies on a high cholesterol-diet, potentially 
causing severe, perhaps even unphysiological hypercholesterolemia and 
lesion progression. [21] Therefore, in the current study we evaluated the 
potential of SH42 in APOE*3-Leiden.CETP mice under regressive, 
cholesterol-free diet, conditions.

2. Materials and methods

2.1. Animals and treatments

The animal experiments have been performed in compliance with 
the guidelines of the Dutch Act on Animal Experimentation and EU 
Directive 2010/63/EU, and received prior approval by the Animal 
Welfare Body Leiden and Central Authority for Scientific Procedures on 
Animals (CCD; license number AVD11600202010187).

APOE*3-Leiden.CETP mice (C57BL/6 J background) were generated 
by crossbreeding hemizygous APOE*3-Leiden transgenic mice with 
homozygous human cholesteryl ester transfer protein (CETP) transgenic 
mice as previously described. [22] All mice were housed under a stan
dard 12-h light-dark cycle at 22 ◦C with ad libitum access to water and 
food, unless indicated otherwise. At 8–12 weeks of age, female APOE*3- 
Leiden.CETP mice were switched from a regular chow diet to a Western- 
type diet (WTD; containing 16% fat and 0.15% cholesterol; Ssniff, 
Germany) to induce hyperlipidemia and promote atherosclerotic lesion 
development. After 20 weeks of WTD feeding, mice were divided into 
three blocks (n = 19 per block) that were balanced for body weight, 
body composition, and 4 h-fasted plasma triglyceride (TG) and total 
cholesterol (TC) levels using RandoMice v1.0.9. [23] These blocks were 
randomly assigned to the experimental groups. A first ‘baseline’ group of 
mice was killed without further intervention. The two remaining groups 
were switched from the WTD back to a regular chow diet, and mice of 
those groups were three times per week (i.e., Monday, Wednesday, and 
Friday) intraperitoneally injected with either vehicle (7.5 μL ethanol and 
7.5 μL Cremophor EL added to 135 μL saline) or SH42 (0.5 mg in 150 μL 
vehicle) for another 8 weeks. At the start of week 4 and 8 of treatment, 
body weight, and body composition were determined, and 4 h-fasted 

blood was collected for measurement of plasma lipids and blood 
leukocyte subsets with flow cytometry. Four days before the end of the 
experiment, a subset of mice received an intraperitoneal injection with 
thioglycolate medium (3% in sterile PBS) to induce sterile inflammation. 
All animals were killed after 8 weeks of treatment to collect hearts for 
assessment of atherosclerotic lesions. The mice that had received the 
thioglycolate medium (n = 5 per group) were additionally used to isolate 
immune cells after peritoneal lavage. The remaining mice (n = 14 per 
group) were used to collect additional blood via heart puncture and 
tissues including spleen and bone marrow for flow cytometry, and liver 
for histological assessment and molecular analyses.

2.2. Body weight and composition

Body weight was determined on a 2-decimal weighing scale. Body 
composition (i.e. lean mass and fat mass) was assessed using an 
EchoMRI-100 analyzer (EchoMRI, USA).

2.3. Plasma lipids

Blood collected in EDTA-coated tubes was centrifuged at 2100 rcf for 
10 min to obtain plasma, in which TG and TC levels were measured 
using enzymatic kits (Roche Diagnostics, Germany). HDL-C was quan
tified following precipitation of apolipoprotein B (ApoB)-containing li
poproteins. Briefly, plasma was mixed with 20% polyethylene glycol 
(PEG)6000 (Sigma-Aldrich, USA) prepared in 200 mM glycine-buffered 
saline (pH 10, 1:2, v/v), followed by centrifugation at 6000 rpm for 30 
min. HDL-C concentrations were determined by measuring TC in the 
obtained supernatant as described above. Plasma non-HDL cholesterol 
(non-HDL-C) was calculated by subtracting HDL-C from TC levels. [24]

2.4. Liver lipids

Hepatic lipids were isolated from frozen liver samples as previously 
reported. [25] Briefly, approximately 50 mg of liver tissue was ho
mogenized in CH3OH (10 μL/mg tissue). An aliquot of the homogenate 
(45 μL) was mixed with 1800 μL CH3OH:CHCl3 (1:3, v/v) and centri
fuged at 20,000 g for 15 min at room temperature. The resulting organic 
phase was collected and dried under a gentle stream of N2, and resus
pended in 100 μL of 2% Triton X-100 in CHCl3. Following a second 
drying step under N2, the samples were reconstituted in 100 μL of H2O 
for biochemical analyses. TG and cholesterol (Roche Diagnostics, Ger
many) and phospholipids (Instruchemie, The Netherlands) were 
measured via enzymatic kits. Protein concentrations were measured 
using a BCA Protein assay kit (ThermoFisher, USA). Hepatic lipids were 
expressed as nmol per mg protein. All samples were measured in 
duplicate with an acceptable coefficient of variation below 15%.

2.5. Liver gene expression

Total RNA from snap-frozen liver samples was extracted by Tripure 
RNA isolation reagent (Sigma-Aldrich, USA) based on the manufac
turer's instructions. Moloney Murine Leukemia Virus Reverse Tran
scriptase (Promega, USA) was added to initiate reverse transcription 
from 1 μg RNA into complementary DNA. Quantitative real-time PCR 
was performed using SYBR green (Promega, USA) and fluorescence 
signal was detected by a qPCR CFX96 Bio-Rad machine. mRNA 
expression levels were normalized to Gapdh mRNA level and expressed 
as fold change compared with the baseline or vehicle group using the 2- 

ΔΔCt method. Primer sequences are listed in Table S1.

2.6. Peritoneal cell cultures

Peritoneal cells were collected from the animals that received an 
intraperitoneal injection with thioglycolate (3% in sterile PBS). To this 
end, the peritoneal cavity was flushed with 10 mL of ice-cold phosphate- 
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buffered saline (PBS). Red blood cells were removed by 1 min incubation 
with red blood cell lysis buffer (Invitrogen, USA) and peritoneal cells 
were subsequently cultured in Roswell Park Memorial Institute (RPMI) 
1640 Medium containing 25 mM HEPES and supplemented with 2 mM L- 
glutamine (Gibco, USA), 10% fetal calf serum (Gibco, USA), penicillin 
(100 U/mL, Gibco, USA), and streptomycin (100 mg/mL, Gibco, USA) in 
a density of 1*10^6 cells/ml in either 24 wells (500 μL) or 96 wells (150 
μL) tissue culture plates (Greiner Bio-One, Netherlands). After a three- 
hour adherence period the cells were either washed and stained with 
Oil Red O or stimulated with the following cytokines: 24 h with IL-4 (50 
ng/mL, Peprotech, USA) and 6 h with lipopolysaccharide (LPS; 10 ng/ 
mL, Sigma, O55:B5, USA) for RNA analysis, or 24 h with LPS (10 ng/mL) 
for protein analysis, or left unstimulated.

2.7. Peritoneal cell gene expression

Total RNA was isolated from peritoneal cells using the GeneJET RNA 
Purification Kit (Thermo Fisher, USA) following the manufacturer's 
protocol. Obtained RNA was reverse transcribed into cDNA with use of 
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
USA). Real-time quantitative PCR (qPCR) was conducted using 4 ng of 
cDNA and Fast SYBR™ (Applied Biosystems, USA) on a QuantStudio 5 
real time PCR system (Applied Biosystems, USA). Relative gene 
expression levels were calculated by normalizing them to the averaged 
expression level of CYCLO and ARBP. Primer sequences are listed in 
Table S2.

2.8. Oil red O staining

To visualize foam cell formation, peritoneal cells were plated on the 
8-well Nunc Lab-Tek Chamber Slide System (Thermo Scientific, USA), 
and lipids were stained with an Oil red O staining (0.3% in 60% iso
propanol, Sigma-Aldrich, USA). Pictures were made with a Leica DM6B.

2.9. Flow cytometry

Blood was obtained via a tail cut and collected into EDTA-coated 
tubes. A whole blood analysis was conducted using a Scil Vet abc 
plus+ veterinary hematology analyzer with 10 μL of blood to assess 
white blood cells, red blood cells, and platelets. Subsequently, the 
remaining blood was centrifuged at 2100 rcf for 10 min at 4 ◦C to 
separate the blood cells from the plasma. The spleen was homogenized 
and filtered through a 70 μm cell strainer (Corning, USA) and bone 
marrow was flushed from femurs using PBS. Next, blood cells, spleen, 
and bone marrow were subjected to red blood cell lysis (150 mM 
ammonium chloride and 10 mM sodium bicarbonate, 5 mM EDTA, pH 
7.4) until cell pellets were white. Peritoneal cells were washed with PBS 
and incubated with TrypleE (Gibco, USA) for 15 min at 37 ◦C and 
hereafter lifted and neutralized using FACS buffer (PBS, 0.5% BSA, 5 
mM EDTA). All cells were blocked and stained in FACS buffer containing 
fluorescently labeled antibodies (Table S3–10) and Fc receptor block 
(1:1000 Biolegend, 101330, USA), for 30 min at 4 ◦C. Before analysis, 7- 
AAD (1:1000 Thermo Fisher Scientific, #A1310, USA) or DAPI 
(1:10,000 Thermo Fisher Scientific, D21490, USA) was added to exclude 
dead cells. To visualize lipid uptake by flow cytometry, peritoneal cells 
were stained with LipidTOX (1:200 Invitrogen, H34476, USA) to visu
alize lipid content in combination with LIVE/DEAD Fixable Near IR 
(780) (1:1000 Invitrogen, L34994, USA) to exclude dead cells. Stained 
cells were analyzed on a LSR Fortessa Cell Analyzer (BD Biosciences, 
USA), Symphony A1 Cell Analyzer (BD Bioscience, USA), or Cytoflex S 
(Beckman Coulter, USA) and analyzed using FlowJo version 10 (BD 
Biosciences, USA).

2.10. Desmosterol measurement

Tail vein plasma and a fixed weight (50–100 mg) liver piece were 

isolated and total desmosterol levels were quantified. Liver tissue was 
homogenized in H2O to a final concentration of 0.2 mg liver/μL ho
mogenate with a Bullet Blender Gold (Next Advance, USA) for 5 min at 
4 ◦C using stainless steel beads (0.9–2.0 mm blend; Next Advance, USA). 
Homogenized liver (12.5 μL) or plasma (10 μL) samples were further 
saponified at 70 ◦C for 1 h using 1 M sodium hydroxide in 80% ethanol 
containing desmosterol-d6 (Avanti Research, USA). Samples were 
further processed by solid phase extraction (SPE) on Strata™-X 33 μm 
polymeric reversed-phase cartridges (Phenomenex, USA) using methyl 
formate (Sigma-Aldrich, Germany) as elution solvent. The extracts were 
dried and desmosterol was derivatized into its trimetylsilyl ether de
rivative before gas chromatography–mass spectrometry (GC–MS) anal
ysis. The GC was equipped with a VF-5 ms column (Agilent, USA). The 
MS was equipped with an electron ionization source and operated in 
single ion monitoring mode. As quantifier ions for desmosterol and 
desmosterol-d6 m/z 327.2 and 333.3 were used, respectively. The full 
step-by-step protocol containing all the materials, method details and 
instrumental settings are described elsewhere. [26]

2.11. Atherosclerotic lesion quantification

Formaldehyde-fixated, paraffin embedded hearts were cross- 
sectioned at the level of the aortic root with 50 μm intervals. Sections 
were stained with hematoxylin-phloxine-saffron (HPS) for quantifica
tion of atherosclerotic lesion size. Lesion severity was scored subjec
tively after blinded according to the guideline of the American Heart 
Association adapted for mice as we previously reported (mild lesion: 
type I-III, plaque with infiltrated foam cells and probably with a fibrotic 
cap; severe lesion: type IV-V, media fibrosis and the presence of 
cholesterol clefs/mineralization/necrosis). [27] Smooth muscle cells 
within the media were stained using an anti-a-actin antibody (M0851, 
Dako, Denmark) and a secondary antibody EnVision System-HRP 
Labeled Polymer (Dako, Denmark). Macrophages area were stained 
with a rat monoclonal anti-Mac-3 antibody (BD Pharmingen, USA). 
0.1% Sirius Red (Sigma-Aldrich, USA) was used to quantify collagen 
distribution. Stability index was calculated as (smooth muscle cells area 
% + collagen area %) / macrophage area % within the lesion area. All 
specific stained areas were quantified using Image J software v1.52a.

2.12. Statistical analysis

GraphPad Prism Software, v9.3 was applied for all data assessment. 
Differences between vehicle and SH42 groups were compared using 
unpaired two-tailed Student's t-tests, Mann Whitney U test or Two-way 
ANOVA. One-way ANOVA with Tukey post-hoc analysis was used to 
compare the different parameters among baseline, vehicle and SH42 
treatments. Statistical outliers within the group were excluded by 
Grubb's test. Data are presented as mean ± SEM. P values less than 0.05 
were considered statistically significant; P values greater than 0.05 and 
less than 0.10 were considered as a trend.

3. Results

3.1. SH42 increases desmosterol and lowers plasma lipids levels in a 
mouse model of atherosclerosis regression

APOE*3-Leiden.CETP mice were fed a cholesterol-containing WTD 
to promote atherosclerotic lesion development. After 20 weeks, a group 
of animals was killed to establish the baseline atherosclerotic lesion size 
and composition. The remaining animals were switched to a regular 
chow diet to stop lesion progression, and facilitate lesion regression. 
During this 8 week period, mice were treated with either vehicle or the 
DHCR24 inhibitor SH42 (Fig. 1A). We first confirmed accumulation of 
desmosterol in liver (Fig. 1B) and plasma (Fig. 1C) after 8 weeks of 
treatment with SH42. Interesting enough, in the absence of excessive 
dietary cholesterol, treatment with SH42 that inhibits the enzyme 
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facilitating the final step in de novo cholesterol synthesis, also led to a 
reduction in plasma TG (− 26%; Fig. 1D) and TC (− 25%; Fig. 1E) on top 
of the lipid-lowering effects of the switch from WTD to regular chow 
diet. The reduction in circulating TC levels in SH42 compared to vehicle 
treated mice was explained by lower HDL-C (− 13%; Fig. 1F) and non- 
HDL-C (− 29%; Fig. 1G) levels. Body weight (Fig. S1A), fat mass 
(Fig. S1B) and lean mass (Fig. S1C) were not different between the 
groups at baseline, and the switch from WTD to regular chow led to a 
reduction in fat mass similarly in vehicle and SH42 treated mice. 
Consistent with this observation we observed equally lowered white 
adipose tissue weights in vehicle and SH42 treated mice compared to 

animals of the baseline group (Fig. S1D). Subcutaneous brown adipose 
tissue (sBAT) and skeletal muscle (Fig. S1D) weights were slightly 
elevated in SH42 compared to vehicle treated mice at the end of the 
study.

3.2. SH42 does not promote hepatic steatosis or inflammation in 
APOE*3-Leiden.CETP mice

As synthetic LXR agonists are known to promote hepatic steatosis 
and inflammation as a side effect, we next performed a histological 
assessment of the liver. In line with previous reports, [19,20] we found 

Fig. 1. DHCR24 inhibition increases desmosterol levels in the liver and plasma, while decreases plasma lipid levels in APOE*3-Leiden.CETP mice. 
APOE*3-Leiden.CETP mice received a Western-type diet containing 16% fat and 0.15% cholesterol for 20 weeks (baseline), before they were switched to a 
cholesterol-free chow diet while receiving intraperitoneal injections with either SH42 (0.5 mg/mouse) or vehicle 3 times per week for 8 weeks (A). Liver (B) and 
plasma (C) desmosterol concentrations were measured by GC–MS. Plasma triglycerides (TG) (D), total cholesterol (TC) (E), high-density lipoprotein-cholesterol 
(HDL–C) (F) and non-high density lipoprotein-cholesterol (non-HDL-C) (G) were measured at week 4 or week 8. n.d., non-detectable. Data are presented as mean ±
SEM. B-C: 6 mice per group; D-G: n = 17–19 mice per group. B-G: data were analyzed by two-tailed Mann Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001.
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no evidence for SH42 to cause such effects (Fig. 2A). The switch from 
WTD to regular chow led to a significant reduction in lipid area hepatic 
TG and TC levels, although to a lesser extent in SH42 compared to 
vehicle treated mice (Fig. 2B). The dietary switch caused a strong 
reduction in the hepatic expression of genes involved in de novo lipo
genesis (Srebf1c, Fasn, Acc1), cholesterol efflux (Abca1, Abcg1, Abcg5), 
and inflammation (F4/80, Tnf-α, Il-1b). However, hepatic gene expres
sion involved in these pathways, in addition to lipolysis (Hl, Atgl, Hsl) 
and VLDL production (Apob, Mttp), was not different between vehicle or 
SH42 treatment (Fig. 2C).

3.3. SH42 attenuates peritoneal macrophage accumulation upon 
induction of sterile inflammation in APOE*3-Leiden.CETP mice

To investigate the effect of SH42 on immune cell function under a 
regressive, cholesterol-free dietary condition, we continued with 
studying the accumulation of peritoneal monocytes and macrophages 
after induction of sterile inflammation with thioglycolate. Most strik
ingly, four days after induction only few peritoneal cells could be har
vested from SH42 mice compared to vehicle treated mice (Fig. 3A). After 

subsequent cell culture, 41% were classified as macrophages (i.e. CD11b 
+ F4/80+) compared to 79% in the vehicle treated mice (Fig. 3B-C). 
This was further supported by decreased mRNA expression of macro
phage markers CD68 and F4/80 (Fig. 3D). Together these data clearly 
show a decrease of macrophages in the peritoneum of SH42 treated 
mice. Next, to better explain the peritoneal inflammatory status, anti- 
inflammatory surface markers CD206 and CD301 were measured with 
no difference found between vehicle and SH42 after IL-4 activation 
(Fig. 3E). Finally, we quantified the lipid content of peritoneal macro
phages by LipidTox and Oil red O staining, and interestingly we found a 
dramatic reduction of foam cells after SH42 treatment (Fig. 3F-G).

3.4. SH42 does not affect immune cell subsets in blood, spleen or bone 
marrow in APOE*3-Leiden.CETP mice

We next examined immune cell subsets in blood, spleen and bone 
marrow using flow cytometry. After 8 weeks of treatment, we found no 
differences between vehicle and SH42 treated mice with respect to the 
number or composition of whole blood cells (Fig. 4A), circulating 
myeloid cells (Fig. 4B) or lymphoid cells (Fig. 4C), nor was there a 

Fig. 2. DHCR24 inhibition does not promote hepatic steatosis or inflammation in APOE*3-Leiden.CETP mice. APOE*3-Leiden.CETP mice received a Western- 
type diet containing 16% fat and 0.15% cholesterol for 20 weeks (baseline), before they were switched to a cholesterol-free chow diet while receiving intraperitoneal 
injections with either SH42 (0.5 mg/mouse) or vehicle 3 times per week for 8 weeks. Hematoxylin and eosin (H&E) staining was performed to quantify lipid area in 
liver (A) and triglycerides (TG), total cholesterol (TC) and phospholipids (PL) levels in liver were enzymatically determined (B). Relative mRNA expression of hepatic 
genes related to lipid synthesis and catabolism, transport and inflammation (C). Srebf1c, sterol regulatory element-binding factor 1c; Fasn, fatty acid synthase; Acc1, 
acetyl coenzyme A carboxylase 1; Abca1, ATP binding cassette subfamily A member 1; Abcg1, ATP binding cassette subfamily G member 1; Abcg5, ATP binding 
cassette subfamily G member 5; Lxrα, liver X receptor α; Hl, hepatic lipase; Atgl, adipose triglyceride lipase; Hsl, hormone-sensitive lipase; Apob, apolipoprotein B; 
Mttp, microsomal triglyceride transfer protein; Tnf-α, tumor necrosis factor α; Il-1b, interleukin-1b; F4/80, EGF module-containing mucin-like receptor. Data are 
presented as mean ± SEM. A-C: n = 13–17 mice per group. A-C: data were analyzed by one-way ANOVA with Tukey post-hoc analysis. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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change in classical Ly6Chigh or non-classical Ly6Clow monocytes 
(Fig. 4D). Likewise, splenic myeloid -, B cell - and T cell subset com
positions were comparable between the treatment groups, as were the 
compositions of the bone marrow progenitors and mature bone marrow 
cells (Fig. 4E-I). Overall, this shows that treatment of mice with SH42 
does not affect immune cell proliferation nor change immune cell 
composition in the blood, spleen, and bone marrow of APOE*3-Leiden. 
CETP mice during regression induced by regular chow diet.

3.5. SH42 does not accelerate atherosclerotic lesion reversal in APOE*3- 
Leiden.CETP mice

HPS staining was performed to quantify atherosclerotic lesion size in 
the aortic root (Fig. 5A-C) and plaque severity (type I-IV; Fig. 5D). As 

expected, switching mice from WTD to a regular chow diet halted 
atherosclerotic lesion progression. However, in contrast to our expec
tations, SH42 administration did not result in lesion regression (Fig. 5A- 
D). Next, we studied lesion composition (i.e. relative contents of smooth 
muscle cells, macrophages and collagen), which was altered by the 
switch from WTD to regular chow diet. Compared to baseline, both 
treatments reduced the macrophage content of the plaques while 
increasing collagen and smooth muscle content (Fig. 5E-H), resulting in 
an increased stability index of the plaques (Fig. 5I). Nonetheless, no 
difference in atherosclerotic plaque composition was observed between 
vehicle and SH42 treated mice. Together these data show that SH42 
does not promote atherosclerotic lesion regression in APOE*3-Leiden. 
CETP mice.

Fig. 3. DHCR24 inhibition attenuates peritoneal macrophage accumulation upon induction of a sterile inflammation in APOE*3-Leiden.CETP mice. 
APOE*3-Leiden.CETP mice received a Western-type diet containing 16% fat and 0.15% cholesterol for 20 weeks (baseline), before they were switched to a 
cholesterol-free chow diet while receiving intraperitoneal injections with either SH42 (0.5 mg/mouse) or vehicle 3 times per week for 8 weeks. Four days before the 
end of the experiment, a subset of mice (n = 5 per group) received an intraperitoneal injection with thioglycolate medium to induce sterile inflammation. Total 
peritoneal cell count (A) and macrophage count (B–C, CD11b+ F4/80+) based on flow cytometry. mRNA expression level of CD68 and F4/80 as determined by qPCR 
(D). Quantified surface expression values (MFI: Median Fluorescent Intensity) of CD206 and CD301 on macrophages (CD11b+, F4/80+) (E). Oil red O staining (F) and 
LipidTox staining (G) of in vitro differentiated foam cells. F4/80, EGF module-containing mucin-like receptor; Cd68, cluster of differentiation 68; CD301, cluster of 
differentiation 301; CD206, cluster of differentiation 206. Data are presented as mean ± SEM. A-G: n = 3–5 mice per group. A-C,G: Data were analyzed by unpaired 
two-tailed Student's t-test; D-E: data were analyzed by two-way ANOVA with Šídák's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Anti-inflammatory lipid mediators hold promise in the treatment of 
cardiometabolic diseases. Desmosterol is an effective endogenous LXR 
ligand, which promotes excretion of cholesterol and suppresses 
inflammation in macrophages, but in contrast to synthetic LXR agonists 

does not lead to hyperlipidemia or hepatic steatosis. [15,28–31] Here we 
evaluated whether inhibition of DHCR24 as the enzyme facilitating the 
conversion of desmosterol into cholesterol, promotes atherosclerosis 
regression in APOE*3-Leiden.CETP mice. Whilst we found strongly 
elevated desmosterol concentrations in liver and plasma upon treatment 
with the selective small molecule DHCR24 inhibitor SH42, accompanied 

Fig. 4. DHCR24 inhibition does not affect immune cell subsets in blood, spleen or bone marrow in APOE*3-Leiden.CETP mice. APOE*3-Leiden.CETP mice 
received a Western-type diet containing 16% fat and 0.15% cholesterol for 20 weeks (baseline), before they were switched to a cholesterol-free chow diet while 
receiving intraperitoneal injections with either SH42 (0.5 mg/mouse) or vehicle 3 times per week for 8 weeks. Total white blood cells (WBC) (A) counts and the 
percentages of blood myeloid populations (B), lymphoid populations (C), Ly6Chigh or Ly6Clow expressed monocytes (D) based on flow cytometry. Heamatopoietic 
stem cells (E) and diverse progenitor cells (F) in bone marrow; CD3+ T cell (G), B220+ CD19+ B cells (H), and Ly6Chigh CD11b+ cells (I) in spleen measured by flow 
cytometry. LSK, Lineage-negative, Sca-1-positive, c-Kit-positive; CMP, common myeloid progenitors; GMP, granulocyte-monocyte progenitor; MEP, megakaryocyte- 
erythrocyte progenitor; CLP, common lymphoid progenitors. Data are shown as mean ± SEM. A-I: n = 12–19 mice per group. A-H: data were analyzed by two-way 
ANOVA with Šídák's multiple comparisons test; I: data were analyzed by unpaired two-tailed Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. DHCR24 inhibition does not accelerate the atherosclerotic lesion reversal in APOE*3-Leiden.CETP mice. APOE*3-Leiden.CETP mice received a 
Western-type diet containing 16% fat and 0.15% cholesterol for 20 weeks (baseline), before they were switched to a cholesterol-free chow diet while receiving 
intraperitoneal injections with either SH42 (0.5 mg/mouse) or vehicle 3 times per week for 8 weeks. Hearts were isolated and the aortic root valve areas were stained 
with hematoxylin-phloxine-saffron (HPS), and representative pictures are shown (A). The average atherosclerotic lesion area (B), lesion area at 50 μm intervals from 
the aortic valves (C), and lesion severity (D). Plaque composition based on MAC-3, Sirius red and α-actin to respectively assess macrophage (F), collagen (G) and 
smooth muscle cell (H) content. Plaque stability index (i.e., area of smooth muscle cells and collagen divided by the area of macrophages) (I). Data are presented as 
mean ± SEM. n = 17–19 mice per group. Data were analyzed by one-way ANOVA with Tukey post-hoc analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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by a modest reduction on plasma TG and TC levels, no effect on 
atherosclerotic plaques was observed.

DHCR24 is the crucial limiting enzyme bridging the Kan
dutsch–Russell (K–R) pathway and the Bloch pathway of cholesterol 
biosynthesis, converting intermediates eventually into desmosterol. 
[32] In the post-lanosterol pathway, it eventually turns desmosterol into 
cholesterol. The vast majority of cholesterol is synthesized de novo by 
hepatocytes in the liver. Therefore, DHCR24 inhibition with SH42 leads 
to desmosterol accumulation in hepatocytes and excess of the desmos
terol, similar to cholesterol, may be excreted as component of very low- 
density lipoprotein (VLDL) into the circulation. In addition, under 
cholesterol-free diet conditions, treatment of APOE*3-Leiden.CETP mice 
with SH42 leads to a modest reduction in circulating cholesterol levels. 
This is different from previous studies in which a cholesterol-containing 
diet was responsible for keeping plasma total cholesterol levels elevated. 
[20] Importantly, this lipid-lowering effect of SH42 treatment is 
completely different from the use of synthetic LXR agonists, which has 
been associated with hyperlipidemia, hepatic lipogenesis, and even 
fibrosis. [33] In contrast, SH42 did not influence hepatic neutral lipid 
accumulation and gene expression related to lipid lipogenesis and 
lipolysis in the current or any of the previous studies. [20]

Immune cells need cholesterol for activation and proliferation. 
Therefore we next studied the effects of DCHR24 inhibition on the im
mune landscape. Reassuring was that treatment with SH42 did not lead 
to changes in immune cell subsets in blood, spleen or bone marrow. We 
did, however, observe a much lower number of peritoneal cells after 
thioglycolate injection in mice treated with SH42. More specifically, the 
number of peritoneal macrophages was strongly reduced and the lav
aged cells showed attenuated capacity to acquire lipids and differentiate 
into foam cells. It is unclear whether this effect is due to reduced 
recruitment or activation of monocytes, or a result of accelerated 
clearance of the inflammatory reagent. In a previous study we used 
Zymosan A as model of peritoneal cell elicitation and found enhanced 
clearance of the sterile infection. [18] Either way, the data combined 
suggest that SH42 treatment can impact immune cell function in severe 
inflammatory conditions, which may even be used to its advantage in 
the treatment of diseases of severe inflammation including sepsis. 
However, in more subtle, low-grade chronic inflammation, SH42 
apparently has limited to no impact on the immune system.

We previously showed that SH42 treatment does not prevent 
atherosclerotic lesion development in hyperlipidemic female APOE*3- 
Leiden.CETP mice or male LDL receptor deficient mice, which we sus
pected to be caused by the cholesterol-containing diet provided to the 
mice to promote atherogenesis. Exogenous cholesterol suppresses he
patic de novo cholesterol synthesis, and as such also desmosterol pro
duction. In addition, excess cholesterol is known to suppress DHCR24 
expression in macrophages and foam cells, to promote cholesterol efflux 
and slow down lesion development, [30] which would limit the effi
ciency of SH42. Therefore, in the current study we switched to regres
sive, cholesterol-free diet, conditions also with the idea that LXR 
activation via upregulation of ABCA1/ABCG1 would mainly facilitate 
lesion regression rather than slowing down progression. This idea was 
substantiated by an early study showing that a synthetic LXR agonist 
facilitates atherosclerotic lesion regression in APOE*3-Leiden mice. [8]
Nevertheless, we did not find accelerated lesion regression upon SH42 
treatment in APOE*3-Leiden.CETP mice while switching mice from a 
cholesterol-containing Western-type diet to a cholesterol-free regular 
chow diet did lead to stabilization of the plaques. A limitation of the 
APOE*3-Leiden.CETP model is that only female mice develop hyper
cholesterolemia -in response to a cholesterol-containing Western-type 
diet- to an extend at which it induces atherosclerosis development. 
Given that previous work also demonstrated no effect of SH42 treatment 
on atherosclerosis development in male LDL receptor deficient mice, 
while it consistently did in both male and female mice in other diseases 
models, we believe sex not to be a critical determinant of the outcome of 
the current work.

To summarize, we demonstrated that treatment with DHCR24 in
hibitor SH42 increases desmosterol levels in the liver and circulation, 
and under cholesterol-free diet conditions additionally lowers circu
lating cholesterol levels in APOE*3-Leiden.CETP mice. Those effects, 
however, did not have an impact on the immune landscape, nor did it 
promote atherosclerotic lesion regression.
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