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Abstract

Endothelial cells (ECs) senescence is critical for vascular dysfunction, which leads to age-related disease. DHCR24, a 3f-hydroxysterol & 24
reductase with multiple functions other than enzymatic activity, has been involved in age-related disease. However, little is known about the
relationship between DHCR24 and vascular ECs senescence. We revealed that DHCR24 expression is chronologically decreased in senescent
human umbilical vein endothelial cells (HUVECs) and the aortas of aged mice. ECs senescence in endothelium-specific DHCR24 knockout
mice was characterized by increased P16 and senescence-associated secretory phenotype, decreased SIRT1 and cell proliferation, impaired
endothelium-dependent relaxation, and elevated blood pressure. In vitro, DHCR24 knockdown in young HUVECs resulted in a similar senes-
cence phenotype. DHCR24 deficiency impaired endothelial migration and tube formation and reduced nitric oxide (NO) levels. DHCR24 sup-
pression also inhibited the caveolin-1/ERK signaling, probably responsible for increased reactive oxygen species production and decreased
eNOS/NO. Conversely, DHCR24 overexpression enhanced this signaling pathway, blunted the senescence phenotype, and improved cellular
function in senescent cells, effectively blocked by the ERK inhibitor U0126. Moreover, desmosterol accumulation induced by DHCR24 deficiency
promoted HUVECs senescence and inhibited caveolin-1/ERK signaling. Our findings demonstrate that DHCR24 is essential in ECs senescence.
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Age-related cardio-vascular disease is the leading cause of lar disorders (3,4). Endothelial cells (ECs), as a monolayer
death among older people in developed countries (1,2).  lining the inner layer of blood vessels, maintain physiological
Vascular aging significantly contributes to age-related vascu- homeostasis and regulate organ function (5). Recent research
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indicates that senescent ECs are associated with endothelial
dysfunction, which increases the risk of age-related vascular
diseases (5-7). However, the underlying mechanisms of ECs
senescence and endothelial dysfunction remain unknown.

Endothelial cells senescence is a pathophysiological pro-
cess characterized by structural and functional changes (8,9).
Senescent ECs exhibit typical features, such as decreased
nitric oxide (NO) bioavailability, cell cycle arrest, decreased
proliferation, increased senescence-associated-f3-galactosidase
(SA-B-gal) activity, senescence-associated secretory phenotype
(SASP), and expression of senescence-associated proteins
(P16 and SIRT1) (6,10,11). ECs senescence and endothelial
dysfunction are primarily caused by oxidative stress and
inflammation (5). Nonetheless, the precise molecular regula-
tory mechanisms remain unknown.

DHCR24 is a xanthine adenine dinucleotide-dependent
oxidoreductase, 3B-hydroxysterol & 24 reductase, and the
final reactive enzyme catalyzing cholesterol synthesis from
desmosterol (12,13). DHCR24 is selectively down-regulated
in brain regions affected by Alzheimer’s disease (AD), the
most common age-related neurodegenerative disease (14).
Similarly, cholesterol synthesis is reduced in the aged human
brain and aged mouse brain (15). Down-regulated DHCR24
is probably associated with aging, but evidence linking cause
and effect is lacking. Recent studies indicated that DHCR24
has more complex effects than enzymatic activity, such as
modulating oxidative stress (12). Down-regulated DHCR24
may contribute to endothelial cellular senescence because oxi-
dative stress is a known cellular senescence mechanism.

Caveolin-1, a hallmark structural protein of caveolae, is
found abundantly in ECs and specialized plasma membrane
subdomains. It plays an important role in lipid metabolism
and signal transduction (16-18). A study demonstrated that
DHCR24 knockdown decreased caveolin-1 protein expres-
sion (19), indicating that DHCR24 might modulate it. In
contrast, caveolin-1 is required to bind integrins to the ERK
pathway and promote cell-cycle progression (20,21), which
is linked to senescence. Caveolin-1 suppression also inhibited
the activation of the ERK signaling pathway (22). In addi-
tion, some studies have demonstrated that caveolin-1 can
prevent cell senescence by inhibiting reactive oxygen species
(ROS) production (18,23,24). Therefore, we hypothesized
that decreased caveolin-1 due to DHCR24 deficiency might
induce ECs senescence through ERK signaling during senes-
cence. The present study aimed to investigate the effects of
DHCR24 deficiency on ECs senescence and endothelial dys-
function in endothelial-specific DHCR24 knockout mice and
endothelial senescent cell models and explored the potential
mechanisms in cultured ECs.

Materials and Methods

Cell Culture

Human umbilical vein endothelial cells (HUVECs) were
freshly isolated from 3 to 5 human umbilical cord veins, as
previously described (25). The umbilical cord was collected
from the donor (age 25-30) with informed consent, as
approved by the Human Experimentation Ethics Committee
of Tongji Hospital, Huazhong University of Science and Tech-
nology (T]J-IRB20230419). Isolated HUVECs were resus-
pended in medium 199 supplemented with 10% fetal bovine
serum (FBS; Biological Industries, Israel) and 2% low serum
growth supplement (Gibco, USA) before being inoculated in

culture flutes (T25). Cells were cultured in a constant tem-
perature incubator at 37°C with a 5% CO, atmosphere and
subcultured with 0.05% trypsin-EDTA (Gibco) at 80% con-
fluence. Replicative senescence model was established by
consecutively passaging the young HUVECs until the cell
proliferation was nearly arrested. Young and old HUVECs
used in the experiments were from passage 5 (P5) and passage
13 (P13), respectively.

Pulmonary Microvascular Endothelial Cells
Isolation and Culture

Primary pulmonary microvascular endothelial cells
(PMVECs) were isolated from lung tissues in DHCR24
flox/flox-Tie2Cre- mice and DHCR24 flox/flox-Tie2Cre*
mice, as previously described (26). Hundred microliter of
sheep anti-rat IgG Dynabeads (Thermo Fisher, USA) were
mixed with 5 pg anti-mouse PECAM-1 (BD Pharmingen,
USA). The beads and antibody were incubated overnight at
4°C. Fresh mouse lung tissue was isolated and washed with
PBS, before being transferred to cryopreservation tubes
and cut into pieces with sterile scissors. The lung tissue
fragments were digested with collagenase for 45 minutes
in a 37°C shaker. The cells were filtered through sterile
70-um nylon mesh and washed twice with 0.1% bovine
serum albumin (BSA; Solarbio, China).

To allow binding to cells, 30 pL of coated Dynabeads were
added to cells and incubated for 25 minutes at room tem-
perature. All bead-bound cells were resuspended in DMEM
containing 20% FBS before plating and purified with Anti-
ICAM-2 (BD Pharmingen) antibody-conjugated Dynabeads
when the cell confluences reached 70% to 80% or above.

Senescence-Associated [-Galactosidase Activity
Assay

Senescence-associated f-galactosidase (SA-B-gal) staining
was examined using a Senescence (-Galactosidase Staining
Kit (Beyotime, China) according to the manufacturer’s pro-
tocol. Briefly, cells were seeded and grown in 12-well plates.
Whether stimulated or not, when the cells confluences reached
about 60%, they were washed once with PBS, fixed with fix-
ing solution for 15 minutes at room temperature, and then
incubated in a new staining solution without CO, overnight
at 37°C. The cells were examined using an inverted ordinary
light microscope (OLYMPUS CKX41). Image | was used to
count blue-stained cells and total cells. The percentage of
[B-galactosidase positive cells was calculated.

Cell Proliferation Assay

Cell proliferation was measured by Edu staining using an
iClickTM Edu Andy Flour 488/555 Imaging Kit (Wuhan
ABP-Biosciences Co., Ltd, China), according to the manu-
facturer’s instructions. Briefly, cells seeded in 12-well plates
were grown to about 70% before being incubated with 10
pM Edu for 2 hours. The cells were washed once with PBS,
fixed with 3.7% formaldehyde PBS for 15 minutes, and
then treated with 0.5% Triton X-100 permeable membrane
for 20 minutes. After washing, they were incubated for 30
minutes away from light with an iClick reaction buffer at
room temperature. Cells were then counterstained with 5
pg/mL Hoechst 33342 and examined using an inverted flu-
orescence microscope (OLYMPUS IX71). Edu-positive and
DAPI-positive nuclei were counted automatically using
Image ].
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Western Blot

Total protein was extracted using RIPA lysis (Boster, China)
buffer containing protease and phosphatase inhibitors. The
BCA Protein Assay Kit (Boster) was used to determine protein
concentrations. Equal quantities of proteins were separated
by electrophoresis on sodium dodecyl sulfate-polyacrylamide
gels and transferred to polypropylene difluoride membranes
(Millipore, USA). At room temperature, the membranes were
blocked in 5% nonfat milk for 1 hour. Primary antibodies
against GADPH (#10494-1-AP, 1:4 000, Proteintech, China),
DHCR24 (#2033S, 1:1 000, Cell Signaling Technology,
USA), SIRT1 (#8469S, 1:1 000, Cell Signaling Technology),
P16 (#ab51243, 1:1 000, Abcam, UK), caveolin-1 (#A1555,
1:1 000, ABclonal, China), p-ERK (#4370T 1:1 000, Cell
Signaling Technology), ERK (#4695T 1:1 000, Cell Signaling
Technology), p-c-myc (#AP0989, 1:1 000, ABclonal), c-myc
(#A19032, 1:1 000, ABclonal), and eNOS (#32027S, 1:1 000,
Cell Signaling Technology) were incubated at 4°C overnight.
The membranes were then incubated for 1 hour at room
temperature with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5 000; Promotor, China). Finally,
chemiluminescence was detected with an enhanced chemilu-
minescence kit (Beyotime).

siRNA Interference

The DHCR24 siRNA-targeting sequence was 5-GCTG
AATAGCATTGGCAAT-3’, designed and synthesized by
Ribobo (Guang Zhou, China). The nontargeting siRNA
(5-TTCTCCGAACGTGTCACGTATAT-3") that served as a
negative control was obtained similarly. Transfection was per-
formed with 30 nmol/L siRNA using lipo3000 transfection
reagent (Invitrogen). When HUVECs (P5) density reached
50%-70%, lipo3000 transfection reagent (Invitrogen) and
siRNA were added to the starvation medium containing 2%
FBS. Furthermore, the complete medium containing 10%
FBS was replaced 6 hours later. Gene silencing efficiency was
assessed by q-PCR and western blot.

Lentiviral Overexpression of DHCR24

Lentiviral production was purchased from GeneChem
(Shanghai, China). The lentivirus for DHCR24 overex-
pression was named “OE-DHCR24,” whereas the control
lentivirus was named “CON.” HUVECs (P13) were trans-
fected with the lentiviral using the manufacturer’s proto-
col. The vector name is “GV492,” and the element order is
“UB-MCS-3FLAG-CBH-gcGFP-IREs-puromycin.” A mix-
ture of virus diluent (MOI = 100), HitansG, and complete
medium was allowed to stand for 10 minutes before adding
to HUVECs. Notably, a complete medium should be replaced
8 hours after transfection, and puromycin at 0.5 pg/mL could
be used for screening 72 hours after transfection. The effi-
ciency of gene overexpression was confirmed using q-PCR
and western blot.

Measurement of Intracellular NO

Nitric oxide release was measured using 3-amino,4-
aminomethyl-2’,7-difluorescein, diacetate (DAF-FM DA;
Beyotime) according to the standard protocol. The cells were
seeded on confocal small dishes and washed thrice with
calcium- and magnesium-containing Hank’s balanced salt
solution (HBSS). The cells were then incubated for 20 min-
utes at 37°C with DAF-FM DA (5 mM). After 3 more HBSS

washes, the fluorescence intensity was measured using a
Nikon C2 confocal microscope.

Measurement of Intracellular ROS

The fluorescent probe dihydroethidium (MCE, China) was
used to assess intracellular ROS generation. HUVECs were
washed with M199 and incubated in a dark chamber for 30
minutes with dihydroethidium (10 pmol/L) at 37°C. After
washing thrice with M199, the fluorescent signal intensity
was measured using an inversion fluorescence microscope.

Cell Tube Formation

Matrigel tube formation assay was used to determine
HUVECs tube formation capacity. Matrigel (Corning, USA)
was thawed at 4°C overnight. The liquid Matrigel was spread
into 96-well plates (50 pL per well) and incubated in a 5%
CO, incubator at 37°C for 40 minutes. Cell suspensions were
counted using a Cellometer-Mini Automatic Cell Counter
(Nexcelom Bioscience, Lawrence, MA, USA). HUVECs
(5 x 10° per well) were seeded on the Matrigel-coated plates
and incubated for 6 hours. The network formation in Matri-
gel was observed using an inverted light microscope. The
Image J software plugin “Angiogenesis Analyzer” quantified
the extent of tube formation before statistical analysis.

Cell Migration Assay

A transwell chamber (Corning) with a pore size of 8.0 pm was
used to measure migration. In brief, 5 x 10* cells were seeded
in 200 pL serum-free medium in the upper chamber. A com-
plete medium (600 pL) containing 10% FBS was placed in
the bottom chamber. Cells were cultured for 24 hours to pass
through the polycarbonate to the lower surface of the upper
chamber. The upper chamber was fixed with 4% paraformal-
dehyde, washed thrice with PBS, and stained for 15 minutes
with crystal violet solution. Cells that did not migrate were
removed with a cotton swab, and the membrane was imaged
under an inverted light microscope. Bound crystal violet was
dissolved in 95% ethanol solution for quantification, and the
absorbance at 570 nm was measured.

Animals

Vascular endothelium-specific DHCR24 knockout mice were
developed in a C57BL/6 background using standard Cre-
LoxP-based gene targeting strategies. Mice carrying loxP-
flanked DHCR24 alleles (DHCR24flox/flox) and Tie2-Cre
transgenics were interbred. DHCR24flox/flox mice and Tie2-
Cre mice were purchased from Gempharmatech Co., Ltd
(Jiangsu, Nanjing, China). In brief, according to the structure
and exon size of the DHCR24 gene, exon3 of the DHCR24
transcript could be conditionally removed. Cas9 mRNA and
gRNA (CAGGGACCAGAATACTGCCC) were cloned into
the pX458 plasmid vector for transcription in vitro. Then
they were injected into mouse fertilized eggs for homologous
recombination. The FO mice verified by PCR and sequenc-
ing were backcrossed with C57BL/6] mice to obtain F1 mice
(DHCR24flox/flox). The flox region of DHCR24flox/flox
mouse was eliminated through crossing with a mouse express-
ing endothelium-specific Cre recombinase. The DHCR24
deletion in vascular endothelium was confirmed by PCR of
genomic DNA isolated from mouse tails. Mice were kept in a
pathogen-free environment with constant room temperature
(22 = 2°C) and humidity (40%-60%). They were fed a stan-
dard mouse diet and water ad labium with a 12:12-h light/
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dark cycle. After 10 months of feeding, mice were divided
into 2 groups based on their genotypes: DHCR24 flox/flox-
Tie2Cre- and DHCR24 flox/flox-Tie2Cre*. Male C57BL/6
mice at different ages (3 and 14 months) were purchased
from Vital River Laboratories. Animals were anesthetized
with an intraperitoneal injection of 1% sodium pentobarbi-
tal (30 mg/kg) at the time of sacrifice. All animal procedures
were approved by the Laboratory Animal Welfare and Ethics
Committee of Tongji Hospital, Huazhong University of Sci-
ence and Technology (TJH-202108010).

Assessment of Vascular Function
Measurement of blood pressure

Mouse blood pressure was measured in vivo and vascular
ring tension was measured in vitro to assess vascular func-
tion. Noninvasive blood pressure was measured by using a
CODA monitor noninvasive blood pressure system (Kent Sci-
entific Corporation, Torrington, CT, USA). Awake mice were
placed on a heated panel for 10 minutes before being placed
in a fixer to acclimatize to their environment. The mouse tail
was occluded by a tubular cuff attached to the tail-cuff device.
Each recording session included 15 inflation and deflation
cycles and 5 initial “acclimation” cycles. Take at least 5 con-
secutive blood pressure readings and calculate the average.

Measurement of vascular reactivity

The measurement of vascular reactivity in the mouse tho-
racic aorta has been previously described (27). In brief, an
intact thoracic aortic ring (2 mm) was mounted on an isomet-
ric wire myograph (DMT620M, ADInstruments, Australia)
filled with physiological saline solution aerated with 95% O,
and 5% CO,. The aortic ring was gradually stretched to an
optimal baseline tension of 5 mN while equilibrating for 60
minutes. The aortic ring was constricted twice with 60 mM
KCl, and the maximum amplitude of the contractile response
was similar. To assess endothelium-dependent vasodilatation,
relaxation was achieved by cumulative addition of acetyl-
choline (Ach, 10~ to 10 M, A6625, MCE) at maximum
amplitude.

Immunofluorescence

The paraffin-embedded sections of the thoracic aorta were
stained by immunofluorescence. In brief, the sections were
dewaxed with xylene and gradient alcohol before being
repaired for 2 minutes at high temperature and pressure with
EDTA antigen retrieval solution (pH 9.0). The sections were
washed thrice with TBST buffer and blocked with 3% H,O,
at room temperature for 30 minutes. After being immersed
in distilled water, the sections were incubated with 10% goat
serum at 37°C for 30 minutes. The serum was discarded, the
primary antibody anti-CD31 (#ab182981, 1:200, Abcam)
was added and left at 4°C overnight. After washing with
TBST, the secondary antibody Goat Anti-Rabbit IgG H&L
(HRP; #ab2057188, 1:4 000, Abcam) was incubated at 37°C
for 45 minutes. The working solution of iFluor 488 tyramide
(#11060, 1:300, aatbio, USA) was then incubated at room
temperature for 10 minutes. After elution and blocking again,
primary antibodies against DHCR24 (#GTX103712, 1:300,
GeneTex), P16 (#ab51243, 1:200, Abcam), and secondary
antibodies were incubated and stained with Cy5-Tyramide
(#11066, 1:400, aatbio). The nucleus was stained, and the sec-
tions were sealed with an anti-British photoquenched tablet

binder (containing DAPI). The sections were visualized and
imaged using fluorescence confocal microscopy (Nikon C2).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
9.0. The data were presented as means = standard deviation
(SD) and were analyzed by Student’s ¢ test, 1-way ANOVA or
2-way ANOVA. Each experiment was repeated thrice. Statis-
tical differences were considered significant at p values < .05.

Results

DHCR24 Was Decreased in Senescent HUVECs and
Aged Blood Vessels

We used a replicated senescence cell model and aged mice to
investigate how DHCR24 expression changes with age. Senes-
cent cells exhibit a positive staining for SA-B-gal, increased
senescence marker P16 expression, and decreased prolifera-
tion and SIRT1 expression (10,28-30). The old group (P13)
had more SA-f3-gal-stained cells (Figure 1A and B) and lower
cell proliferation capacity (Figure 1C and D), suggesting a
successful replicative senescence cell model. Furthermore,
the senescence marker P16 was increased and SIRT1 was
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Figure 1. Decreased DHCR24 expression in senescent human

umbilical vein endothelial cells (HUVECs) and aged blood vessels. (A, B)
Senescence-associated-f-galactosidase (SA-p-gal) staining of young (P5)
and old (P13) HUVECs. Scale bar: 100 pm. Statistical significance was
determined using Student’s t test. (C, D) Edu for young (P5) and old (P13)
HUVECs proliferation. Scale bar: 100 um. Statistical significance was
analyzed using Student’s t test. (E, F) Verification of DHCR24, P16, and
SIRT1 expression in young (P5) versus old (P13) by western blot analysis.
The statistical significance was measured using 2-way ANOVA. (G)
Immunofluorescent staining for DHCR24 (red), CD31 (green), and nuclei
(blue) in paraffin-embedded aorta tissue sections from young (3 months)
and aged (14 months) mice. Scale bar: 50 pm. (H) Expression of p16
(red) and CD31 (green) in paraffin-embedded aorta tissue sections from
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(blue). Scale bar: 50 um. n = 3. The values are presented as mean + SD.
*p < .05, *p < .01
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decreased in the old group (P13) compared to the young
group (PS5; Figure 1E and F). We found that the DHCR24
protein expression level was lower in the old HUVECs
(P13; Figure 1E and F). In addition, we used immunofluo-
rescence staining to examine DHCR24 in the thoracic aorta
of 3-month-old and 14-month-old mice. The aortic DHCR24
and P16 protein signals are inversely related to age (Figure
1G and H). The findings indicated that DHCR24 expression
is down-regulated with age.

DHCR24flox/flox-Tie2Cre* Mice Present ECs
Senescence and Endothelial Dysfunction

To determine whether the deficiency of DHCR24 contributes
to endothelial senescence and dysfunction, we established a
vascular endothelium-specific DHCR24 knockout mouse
model using CRISPR/Cas9 technology. There was no differ-
ence in body weight between DHCR24flox/flox-Tie2Cre
and DHCR24flox/flox-Tie2Cre* mice, and no defect was
observed in DHCR24flox/flox-Tie2Cre* mice (Figure 2A).
We then performed an ex vivo vascular ring tension assay
and noninvasive blood pressure measurement to assess vas-
cular endothelium-dependent vasodilatation function and
blood pressure. The vasodilation of aorta rings in response to
Ach was significantly reduced in DHCR24flox/flox-Tie2Cre*
mice (Figure 2B). DHCR24flox/flox-Tie2Cre* had higher sys-
tolic blood pressure than DHCR24flox/flox-Tie2Cre~ mice
(Figure 2C). Endothelium-specific deletion of DHCR24 was
confirmed by genotype identification (Supplementary Figure
S1A). We also confirmed DHCR24 expression in the aortas
of DHCR24flox/flox-Tie2Cre* mice (Figure 2D). Western
blot analysis of pulmonary microvascular endothelial cells
(PMVECs) revealed that SIRT1 decreased with DHCR24
deficiency, and the senescence marker P16 increased
(Figure 2E and F). This is consistent with the P16 protein
signals detected by immunofluorescence staining of paraffin-
embedded aorta tissue sections from DHCR24flox/flox-
Tie2Cre mice and DHCR24flox/flox-Tie2Cre* mice
(Figure 2G). Meanwhile, the PMVECs from DHCR24flox/
flox-Tie2Cre* mice had reduced proliferative capacity
(Figure 2H and 1), and increased SASP mRNA including
MMP3, MMP10, MMP13, PAI-1, PAI-2, CCL8, and so on
(Supplementary Figure S1B). Endothelial nitric oxide synthase
(eNOS) produces nitric oxide (NO), which regulates systemic
blood pressure and vasodilator function (31,32). Here, we
showed that DHCR24flox/flox-Tie2 Cre* mice PMVECs had
lower eNOS and NO than controls (Figure 2E,F, J,and K). These
findings suggest that a deficiency of vascular endothelium-
specific DHCR24 causes vascular aging and endothelial dys-
function. DHCR24 may be protective in senescent ECs.

DHCR24 Protects Against ECs Senescence and
Endothelial Dysfunction

Our in vivo studies revealed that DHCR24 is important in
ECs senescence and endothelial dysfunction. Furthermore,
we investigated the mechanism of DHCR24 in vitro. The
DHCR24 was knocked down with siRNA in young HUVECs
(P5), and its expression was reduced significantly than the
NC group (Figure 3A and B). The senescence marker P16
(Figure 3A and B), SA-B-gal activity (Figure 3C and D), and
SASP mRNA levels (including MMP3, MMP10, MMP13,
PAI-1, etc.; Supplementary Figure S2A) were increased in
DHCR24-konckdown cells compared to the NC group. In
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contrast, the senescence-associated gene SIRT1 (Figure 3A
and B) and cell proliferation capacity (Figure 3E and F) were
decreased. Furthermore, the reduction of eNOS (Supplemen-
tary Figure S2B and C) and NO (Figure 3G and H) levels
in DHCR24-knockdown cells was confirmed. We also inves-
tigated the function of HUVECs through a migration assay
and a tube formation assay. DHCR24 knockdown impaired
endothelial migration (Supplementary Figure S2D and E).
The NC group cells appeared elongated and tubular, whereas
DHCR24-knockdown cell tube formation was inhibited,
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Figure 3. Increased endothelial cell senescence by DHCR24 gene
knockdown. (A, B) DHCR24, SIRT1, and P16 expression in young human
umbilical vein endothelial cells (HUVECs) (P5) treated with siRNA
targeting the human DHCR24. (C, D) SA-p-gal staining in young HUVECs
(P5) transfected with siDHCR24 and quantitative data for SA-B-gal-
positive cells. Scale bar: 100 um. (E, F) Edu for DHCR24-knockdown
HUVECs proliferation. Scale bar: 100 pm. (G, H) Fluorescence images
of intracellular NO of young HUVECs (P5) transfected with siDHCR24
staining with 3-amino,4-aminomethyl-2’,7’-difluorescein, diacetate
(DAF-FM DA). Scale bar: 50 um. The Student’s t test was used to
determine the statistical significance. n = 3. The values are presented as
mean + SD. *p < .05, **p < .01.

resulting in an incomplete or sparse tubular network (Supple-
mentary Figure S2F and G).

To investigate the protective role of DHCR24, we analyzed
the effects of lentivirus-induced DHCR24 overexpression
in senescent HUVECs (P13). Similarly, detecting DHCR24
protein expression was used to assess the overexpression
efficiency (Supplementary Figure S3A and B). The senes-
cence marker P16 (Supplementary Figure S3A and B), SA--
gal activity (Supplementary Figure S3C and D) and SASP
mRNA levels (including MMP3, MMP10, MMP13, PAI-1,
etc.; Supplementary Figure S30) were significantly reduced in
DHCR24-overexpression cells than in the CON group. The
senescence-associated gene SIRT1 (Supplementary Figure S3A
and B) and cell proliferation capacity (Supplementary Figure
S3E and F) were recovered in the senescent cells. DHCR24-
overexpression cells produced more eNOS (Supplementary
Figure S3G and H) and NO (Supplementary Figure S31 and J)
than the CON group. DHCR24 overexpression improved cell
migration compared to senescent cells from the CON group
(Supplementary Figure S3K and L). Similarlyy, DHCR24

overexpression restored tubule formation and increased the
total branching length and number of junctions in senescent
cells (Supplementary Figure S3M and N). These findings
strongly suggest that DHCR24 protects ECs from senescence
and dysfunction.

Caveolin-1/ERK is Critical to Developing DHCR24
Deficiency-Induced ECs Senescence and
Dysfunction

Caveolin-1 is an indispensable protein of caveolae, which are
sphingolipids and cholesterol-rich invaginated microstruc-
tures of the plasma membrane (16). We investigated whether
DHCR24 affects caveolin-1 and downstream signaling mol-
ecules expression because DHCR24 deficiency restricts cho-
lesterol synthesis (33). Compared to the negative control
group, DHCR24 knockdown significantly reduces caveolin-1,
decreased the phosphorylation of ERK and its downstream
molecule c-myc in young HUVECs (P5; Figure 4A and B).
In contrast, we identified that after DHCR24 overexpression
in old HUVECs (P13), the above levels are higher than in
the senescence control group (Figure 4C and D). In addition,
inhibiting ERK signaling using U0126 increased the P16
expression (Figure 4E and F) and SA-B-gal activity (Figure
4G and H) while attenuating cell proliferation (Figure 41 and
J). ROS production is a determinant of ECs senescence and
dysfunction, so the ERK/ROS pathway may be involved in
this process. Therefore, dihydroethidium staining was used to
assess ROS production. DHCR24-knockdown cells fluoresced
more red than control cells (Supplementary Figure S4A), indi-
cating higher intracellular ROS levels. The high level of ROS
was indirectly confirmed by MDA, a marker of lipid peroxida-
tion (Supplementary Figure S4B), 8-OHdG, a marker of DNA
oxidative damage (Supplementary Figure S4C), and protein
carbonyl content, a marker of protein oxidative damage (Sup-
plementary Figure S4D). However, DHCR24-overexpression
cells demonstrated the opposite effects (Supplementary Figure
S4E-H). These findings suggest that caveolin-1/ERK signaling
is involved in the DHCR24 depletion-induced ECs senescence
and dysfunction.

Desmosterol Accumulation in DHCR24 Deficiency
Induces ECs Senescence and Endothelial
Dysfunction
DHCR24 catalyzes cholesterol synthesis via Kandutsch—
Russell pathway and Bloch pathway, with lanosterol and
desmosterol as precursors, respectively, and mutations in
DHCR24 result in high desmosterol levels (34). Consistently,
the cholesterol and desmosterol in DHCR24-konckdown
cells reduced and increased, respectively, compared to the
NC group (Figure SA). Similar changes in cholesterol and
desmosterol were observed in old HUVECs (P13; Figure 5B).
However, there was no significant difference in lanosterol
(Supplementary Figure SSA and B). To investigate whether
DHCR24 deficiency-induced ECs senescence is mediated by
desmosterol accumulation, we treated HUVECs with desmo-
sterol. We found that senescence marker P16 (Figure 5C and
D) and SA-B-gal activity (Figure SE and F) increased with
desmosterol concentration. The senescence-associated gene
SIRT1 (Figure 5C and D) and cell proliferation capacity (Fig-
ure 5G and H) were decreased with increasing desmosterol
concentrations.

Next, we examined whether caveolin-1/ERK is a des-
mosterol target. Western blot analysis revealed that the
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Figure 4. Caveolin-1/ERK is critical to developing DHCR24 deficiency-
induced endothelial cells (ECs) senescence and dysfunction. (A, B)
Western blot analysis of caveolin-1 and p-ERK expression in young
human umbilical vein endothelial cells (HUVECSs) (P5) transfected

with siDHCR24. (C, D) Western blot analysis of caveolin-1 and p-ERK
expression in old HUVECs (P13) transfected with DHCR24 lentivirus.
The statistical significance was measured using Student’s t test. (E, F)
Western blot analysis of p-ERK, p-myc, and P16 expression in HUVECs
transfected with the DHCR24 lentivirus and then treated with the

ERK inhibitor U0126. (G, H) SA-p-gal staining in HUVECs transfected
with the DHCR24 lentivirus and then treated with the ERK inhibitor
U0126. Percentage of SA-B-gal-positive cells was calculated. Means
are compared using 1-way ANOVA. Scale bar: 50 pm. (I, J) Edu for

cell proliferation of HUVECs transfected with DHCR24 lentivirus and
followed by ERK inhibitor U0126 treatment. Means are compared using
1-way ANOVA. Scale bar: 100 um. n = 3. The values are presented as
mean = SD. *p < .05, **p < .01.

caveolin-1, ERK, and c-myc phosphorylation levels decreased
with desmosterol concentration (Figure 5C and D). Similarly,
we investigated whether desmosterol accumulation affects
endothelial functions. We observed that eNOS and NO lev-
els decreased with an increase in desmosterol concentration
(Figure 5C, D, M, and N), whereas intracellular ROS (Figure
STand J) and 8-OHdG (Figure 5K and L) increased, doing the
opposite. These findings indicate that desmosterol accumula-
tion may contribute to endothelial senescence and dysfunc-
tion caused by DHCR24 depletion.
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Figure 5. Desmosterol accumulation in DHCR24 deficiency induces
endothelial cells (ECs) senescence. (A, B) Cholesterol and desmosterol
levels were measured by GC-MS in human umbilical vein endothelial
cells (HUVECSs). (C, D) Western blot analysis of SIRT1, P16, eNOS,
caveolin-1, p-ERK, and p-myc expression in desmosterol-treated HUVECs
(P5). (E, F) Senescence-associated-p-galactosidase (SA-B-gal) staining in
desmosterol-transfected HUVECs (P5) and quantitative data for SA--
gal-positive cells. Scale bar: 50 um. (G, H) Edu for the cell proliferation
of desmosterol-transfected HUVECs (P5) and quantitative data. Scale
bar: 100 um. (I-N) Fluorescence images of intracellular reactive oxygen
species (ROS), 8-OHdG, and nitric oxide (NO) of desmosterol-treated
HUVECs (P5). Scale bar: 50 um. Statistical significance was determined
using 1-way ANOVA. n = 3. The values are presented as mean = SD.

*p < .05, **p < .01

Discussion

The present study demonstrates that the DHCR24 expres-
sion decreased chronologically and promotes ECs senescence
and endothelial dysfunction through the caveolin-1/ERK sig-
naling axis. Furthermore, desmosterol accumulation caused
by DHCR24 deficiency may significantly contribute to the
pathological process.

Vascular ECs senescence is important in vascular aging,
which is closely related to the occurrence and progression of
age-related diseases (6,8,35). The findings of the present study
confirmed DHCR24 down-regulation in senescent cells and
aortic endothelium. Senescent ECs were also found in ves-
sels isolated from the dorsolateral prefrontal cortex of AD
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patients (35). Greeve et al. demonstrated that DHCR24 was
down-regulated in the susceptible brain area of AD (34,36).
However, previous studies have failed to provide significant
evidence for link between DHCR24 and ECs senescence. The
relationship between DHCR24 in senescent ECs and other
age-related diseases remains unknown. Regardless, DHCR24
down-regulation in senescent ECs may play an important role
in age-related disease. Exploring the mechanism of DHCR24
in ECs senescence is expected to find a therapeutic target for
age-related diseases.

Endothelial cells senescence is critical for vascular age-
related endothelial dysfunction, such as vascular tone dysreg-
ulation, arterial stiffness, and systolic hypertension (8). The
present study demonstrated that DHCR24flox/flox-Tie2Cre*
mice had higher systolic blood pressure and an impaired dia-
stolic response of the aortic ring to Ach. NO is responsible
for maintaining vasodilator function (5). Similarly, we iden-
tified that PMVECs from DHCR24flox/flox-Tie2Cre* mice
had down-regulated NO levels. We also found that PMVECs
from DHCR24flox/flox-Tie2Cre* mice exhibit distinct
senescent features, such as reduced proliferation potential,
decreased expression of senescence-related protein SIRTT,
and increased expression of cyclin-dependent kinase inhib-
itory protein P16.

Moreover, the knocking down DHCR24 in young HUVECs
resulted in phenotypes similar to the PMVECs senescence.
Furthermore, DHCR24 deficiency impaired tubule formation,
migration, and NO levels. While overexpression of DHCR24
in the senescent HUVECs recaptures these senescence-
associated alterations. The classically recognized endothelial
function of cultured cells includes cell migration, prolifera-
tion, angiogenesis, and eNOS-derived NO bioavailability.
Therefore, DHCR24 plays a key role in improving ECs senes-
cence and dysfunction. DHCR24 could be a promising thera-
peutic target for age-related diseases.

Caveolin-1 is a signature structural protein of caveolae
that is rich in cholesterol (16,17). DHCR24 is also involved
in cholesterol biosynthesis. Therefore, the expression level
of caveolin-1 is influenced by the content or activity of
DHCR24. The findings revealed that DHCR24 deficiency
decreased caveolin-1 expression, which is consistent with the
results of Xiuli Lu (19). Studies revealed that the caveolin-1/
ERK signaling axis plays an important role in cell prolifera-
tion (21,37-40), a key feature of senescent cells. The results
of the present study indicate that DHCR24 deficiency atten-
uated ERK phosphorylation, whereas DHCR24 overex-
pression reversed these effects. Moreover, U0126 treatment
increased SA-B-gal activity while reducing proliferation in
DHCR24-overexpressing cells. Thus, the caveolin-1/ERK
pathway was involved in DHCR24 deficiency-induced
senescence.

Traditionally, oxidative stress induced by ROS accumu-
lation has been identified as a driver of cell senescence. In
this study, we observed that DHCR24 knockdown in young
cells increased ROS production, whereas overexpression of
DHCR24 in senescent cells reduced it. ERK phosphoryla-
tion induces catalase activity and decreases ROS levels, such
that ERK signaling activation are inversely related to ROS
(41,42). Therefore, ECs senescence caused by DHCR24
deficiency via the caveolin-1/ERK pathway may be related
to oxidative stress. This may provide additional avenues to
explain the role of DHCR24 in scavenging ROS and protect-
ing against oxidative stress (12). ROS production increased

significantly, with a decrease in eNOS and NO levels (43,44).
Similarly, we identified that DHCR24 deficiency significantly
inhibited eNOS and NO levels, whereas DHCR24 overex-
pression produced the opposite results. Endothelial dysfunc-
tion induced by DHCR24 deficiency may be due to oxidative
stress. Therefore, these findings imply that the caveolin/ERK
signaling axis is a key mechanism by which DHCR24 regu-
lates endothelial senescence and dysfunction.

Previous studies have shown that DHCR24 acts as the final
step reaction enzyme in the cholesterol synthesis from desmo-
sterol and that its deletion induces desmosterol accumulation
(19,44,45), consistent with our findings. We treated HUVECs
with desmosterol to explore whether the endothelial senes-
cence and dysfunction caused by DHCR24 deficiency were
associated with increased desmosterol. The results revealed
that desmosterol increased the SA-f3-gal activity while inhib-
iting cell proliferation. Previous studies have demonstrated
that the replacing of cholesterol with desmosterol does not
preserve the caveolae integrity (19), but the mechanism is
unknown. In our study, it was first found that desmosterol
inhibited caveolin-1 expression.

Meanwhile, desmosterol treatment inhibited ERK signal-
ing, increased ROS production, and inhibited eNOS/NO
production, implying that desmosterol accumulation is one
of the causes of DHCR24 deficiency-induced ECs senescence
and endothelial dysfunction. These findings suggest that
DHCR24 plays an important role in vascular endothelial
senescence and dysfunction. This is essential for discovering
novel therapeutic and preventive strategies for age-related
vascular diseases.

Although cholesterol is obtained in mammalian cells mainly
through 2 pathways: exogenous uptake and endogenous
synthesis (46), it has been shown that the endogenous syn-
thesis of DHCR24 is important for maintaining cholesterol
homeostasis in plasma (47). This suggests that the endoge-
nous cholesterol synthesis pathway is essential for maintain-
ing cholesterol homeostasis in plasma. Furthermore, we show
that DHCR24 in ECs regulates cellular cholesterol/desmo-
sterol expression and is involved in cell senescence. Given the
role of cholesterol in normal eukaryotic cell membrane struc-
ture and function, DHCR24 may regulate senescence in other
cell types. Moreover, endothelial cell senescence is associated
with systemic aging (48), and DHCR24 in ECs may play an
important role in systemic aging.
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