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Although the use of BCR-ABL1 tyrosine kinase inhibitors (TKIs) for chronic myeloid leukemia is known to
cause vascular adverse events (VAEs), the frequency of VAEs during dasatinib administration is not high,
and the same holds for atherosclerosis-related VAEs. However, its effect on atherosclerosis remains
controversial. In this study, our primary objective was to investigate how dasatinib affects atheroscle-
rosis. Ldlr�/�/Apobec1�/� mice, which are highly prone to develop atherosclerosis, were administered
dasatinib. After 16 weeks, we evaluated their atherosclerotic lesions. We used bone-marrow-derived
macrophages to investigate the uptake of oxidized low-density lipoprotein (LDL) complexed with DiI
dye (DiI-oxLDL). RNA sequencing and quantitative reverse transcription polymerase chain reaction (RT-
qPCR) were performed to explore the potential effects of dasatinib on cholesterol metabolism. Dasatinib
administration significantly reduced atherosclerotic lesions (P < 0.001 and P ¼ 0.013) and DiI-oxLDL
uptake (P < 0.001) unlike other TKIs. RNA sequencing and RT-qPCR suggested that Sort1, which en-
codes sortilin, a known regulator of LDL uptake, and Cd36 were potential targets of dasatinib. In
conclusion, dasatinib induced elevated LDL-C levels, but oxLDL uptake in macrophages were suppressed,
resulting in reducing atherosclerotic lesions. These results further our understanding of the differences in
VAEs between dasatinib and other TKIs.

© 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Clinical outcomes in chronic myeloid leukemia (CML) have
substantially improved with the introduction of BCR-ABL1 tyrosine
kinase inhibitors (TKIs).1 Consequently, TKI-administered patients
with chronic-phase CML have a life expectancy similar to that of
age-matched subjects.2 Nonetheless, most patients with chronic-
phase CML cannot discontinue TKIs for the rest of their lives.

Nilotinib and dasatinib, second-generation TKIs, have a greater
effect on the BCR-ABL1 fusion gene than imatinib, the first-
generation TKI.3,4 Ponatinib, a third-generation TKI, affects CML via
the TKI-refractory threonine-to-isoleucine mutation at position 315
(T315I).5 These TKIs yield improved treatment outcomes in patients
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with CML. However, recent reports have shown that the long-term
administration of second- or third-generation TKIs increases the
incidence of vascular adverse events (VAEs), which can be life-
threatening.6e10 This is considered to be due to the off-target effects
of BCR-ABL1 TKIs because the adverseeeffect profile and the fre-
quency of VAEs differ among TKIs. In the clinical setting, where most
patients with CML require long-term TKI administration, the unique
VAEs must be carefully managed during each TKI administration.11

Interestingly, dasatinib is associated with a different VAE profile
compared with other TKIs. The frequency of VAEs during dasatinib
administration is not high.4,6,12 Atherosclerosis-related VAEs such
as myocardial infarction and stroke are common during nilotinib
and ponatinib administration, although their incidence does not
increase to the same degree during dasatinib administration.6 The
main reasons are considered to be the different characteristics of
dasatinib compared with other TKIs. Dasatinib has over 50 tyrosine
kinase targets, which considerably exceeds the number of targets of
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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other TKIs.13 Although details of the underlying mechanism remain
unclear, the difference may result in different frequencies of
atherosclerosis-related VAEs.

Several studies have reported the mechanisms underlying TKI-
related VAEs. For instance, aspects investigated include the
involvement of interleukin (IL)-1b in the vascular endothelium,14

anti-angiogenic blocking of vascular endothelial growth factor re-
ceptor in vascular endothelial cells,15 adverse effects on human
vascular function,16 and cardiovascular toxicity due to thrombotic
microangiopathy.17 In particular, several studies using Apoe�/�mice
or APOE*3Leiden.CETP mice have revealed the relationship be-
tween imatinib, nilotinib, and ponatinib administration and
atherosclerosis.18,19 However, despite the interesting suggestion
that the frequency of atherosclerosis-related VAEs is not high
during dasatinib administration, the association between dasatinib
and atherosclerotic lesions has never been studied in an athero-
sclerotic mouse model. In addition, these studies have reported
inconsistent findings regarding atherosclerotic lesion production
with imatinib and nilotinib administration. Moreover, although
atherosclerosis-related VAEs are often observed during ponatinib
administration in patients with CML, ponatinib reduced plasma
cholesterol level and prevented atherosclerosis lesion progression
in APOE*3Leiden.CETP mice.19 These studies have revealed that
these TKIs affect the vascular endothelial cells and coagulatory
systems. However, their mechanisms related to atherosclerosis
remain unclear. Therefore, we examined the relationships between
dasatinib and atherosclerosis using Ldlr�/�/Apobec1�/� mice. Ldlr�/

�/Apobec1�/� mice have high plasma low-density lipoprotein (LDL)
levels and a more pronounced development of atherosclerosis
when fed a normal diet, whereas Apoe�/� mice are characterized by
elevated levels of intermediate-density lipoprotein (IDL) and very-
low-density lipoprotein (VLDL) on a high-fat diet.20

The primary objective of this study was to investigate the
mechanisms of dasatinib on atherosclerosis. The present study
provides new insights into the relationships between TKIs and
atherosclerosis.

2. Materials and methods

2.1. Drugs

For comparison with dasatinib, we evaluated imatinib and
nilotinib in some of the experiments. Imatinib was obtained from
Tokyo Chemical Industry (Tokyo, Japan). Nilotinib and dasatinib
were obtained from ChemScene (Monmouth Junction, NJ). These
TKIs were diluted with dimethyl sulfoxide (DMSO) (SigmaeAldrich,
St. Louis, MO). DMSO was used as the vehicle control.

2.2. Evaluation of atherosclerotic lesions and plasma cholesterol
levels in Ldlr�/�/Apobec1�/� mice

Ldlr�/�/Apobec1�/� mice were back-crossed with C57Bl6/J mice
(Jackson Laboratory, Bar Harbor, ME) for at least seven generations
before cross-breeding. Eight-week-oldmale Ldlr�/�/Apobec1�/� mice
were randomized in four groups as follows: control (n ¼ 11),
administered 200 mL of DMSO as the vehicle control; imatinib
(n ¼ 10), administered imatinib (50 mg/kg/day); nilotinib (n ¼ 11),
administered nilotinib (45 mg/kg/day); and dasatinib (n ¼ 10),
administered dasatinib (50 mg/kg/day). The dose settings of TKIs
were quoted from the monograph for each TKI. These TKIs were
diluted with 200 mL of DMSO. The drugs were administered via oral
gavage for 16 cycles in total, with one cycle lasting a week with 2
consecutive days off and 5 consecutive days of administration. The
mice were sacrificed by isoflurane overdose (Pfizer, New York City,
NY). Their blood was then collected in a tube containing sodium
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citrate. The heart, aorta, and liver samples were obtained after
perfusion in saline. The heart and aorta samples were evaluated for
atherosclerotic lesions, and the liver samples were stored at �80 �C
until use. All animal experiments were approved by the Animal Care
and Use Committee of Hamamatsu University School of Medicine
and were performed according to the guidelines of this committee.

2.3. Histopathology

The hearts were quickly removed, fixed in 10% buffered formalin
(Kanto Chemical Co., Inc., Tokyo, Japan), and embedded in paraffin.
Subsequently, 3-mm-thick heart sections containing the aortic root
with valve leaflets were stained with hematoxylineeosin and
Masson's trichrome stain to evaluate atherosclerotic lesions. These
sections were scanned and observed using a BX53 microscope
(Olympus, Tokyo, Japan). The atherosclerotic lesion area was
measured using ImageJ.21 The percentage of atherosclerotic lesions
in the aortic root sections was assessed by dividing the athero-
sclerotic lesion area by the entire aortic root area.

The aortas were cut longitudinally and fixed in 10% buffered
formalin. After rinsing with phosphate-buffered saline (PBS) and
70% ethanol, the aorta sections were stained with Sudan Ⅳ (Sig-
maeAldrich) and photographed using a digital camera (Nikon
D7200; Nikon Corporation, Tokyo, Japan). The atherosclerotic
lesion areawasmeasured using ImageJ.20 The atherosclerotic lesion
percentage in the aortic atherosclerosis was assessed by dividing
the atherosclerotic lesion area by the entire aortic area.

2.4. Plasma cholesterol analysis

Blood samples were collected from the inferior vena cava at the
time of sacrifice and placed into sodium citrate-containing tubes.
After centrifuging, the plasma was stored at �80 �C until use.
Plasma total cholesterol (TC), LDL-C, and high-density lipoprotein-
cholesterol (HDL-C) levels were measured using a direct assay by
Oriental Yeast Co., Ltd (Tokyo, Japan).

2.5. Cell culture

We used bone-marrow-derived macrophages. Bone marrow
cells were collected from the femurs of male 8-week-old Ldlr�/

�/Apobec1�/� mice. These cells were cultured in RPMI-1640 (FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan) supple-
mented with 20% fetal bovine serum (Life Technologies, Carlsbad,
CA), 20 ng/mL macrophage colony-stimulating factor (FUJIFILM
Wako Pure Chemical Corporation), and antibiotic/antimycotic so-
lution (100 U/mL penicillin G, 100 mg/mL streptomycin, and 250 ng/
mL amphotericin B) (FUJIFILM Wako Pure Chemical Corporation)
for 7 days. Finally, bone-marrow-derived macrophages were
collected using Accumax (Innovative Cell Technologies, San Diego,
CA) and used to measure DiI-oxLDL uptake.

2.6. Measurement of DiI-oxLDL uptake by bone-marrow-derived
macrophages under TKI administration

Bone-marrow-derived macrophages were resuspended
(5.0 � 106 cells/mL), and 100 mL of cell suspension was placed into
each well of a 96-well plate with DMSO as the vehicle control,
imatinib (1000 nmol/L), nilotinib (1000 nmol/L), or dasatinib
(100 nmol/L) for 24 h. These concentrations were based on visual
observation of cells subjected to trypan blue staining following each
TKI administration (Fig. S1). The researchers who analyzed cell
proliferation were blinded to TKI administration to curtail bias. We
eliminated the effect of cell proliferation on reduced uptake by
normalizing the rate of cell proliferation. After incubationwith these
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TKIs, the cells were incubated with oxidized LDL complexed with DiI
dye (DiI-oxLDL) (Life Technologies) for 3 h and washed with PBS
according to the manufacturer's instructions. The cells were photo-
graphed using Celldiscoverer 7 (Carl Zeiss, Jena, Germany). The
fluorescence intensity at 592 nm was analyzed using ImageJ.

2.7. RNA sequencing

To further study the mechanism underlying the reduction of
atherosclerotic lesions and cholesterol uptake suppression during
long-term dasatinib administration, RNA sequencing was con-
ducted in mice treated with long-term dasatinib or vehicle. The
total RNAwas extracted from the mice livers using the RNeasy Mini
Kit (Qiagen, Valencia, CA) according to the manufacturer's in-
structions. The total RNA quality was checked using NanoDrop
1000 (Thermo Fisher Scientific, Waltham, MA), and the RNA
integrity of the samples was assessed. All samples cleared the
quality checks. Libraries were constructed using a TruSeq Stranded
mRNA LT Sample Prep Kit (Illumina, San Diego, CA) and sequenced
on the Illumina platform. Raw data were trimmed using Trimmo-
matic 0.38 (http://www.usadellab.org/cms/?page¼trimmomatic).
Trimmed data were mapped to a reference genome (mm10) using
HISAT2 v. 2.1.0 and Bowtie2 v. 2.3.4.1 (ccb.jhu.edu/software/hisat2/
index.shtml). Differentially expressed genes (DEGs) were identified
using StringTie v. 2.1.3b (ccb.jhu.edu/software/stringtie/). The sig-
nificance threshold was P < 0.05, and fold change of >2 or <0.5 was
used to identify DEGs. These processes were supported by Macro-
gen Japan Corp. (Tokyo, Japan).

2.8. Western blotting

The expression of proteins was evaluated by western blotting to
confirm the results obtained from RNA sequencing. Liver lysates
were prepared by placing liver homogenates in Cell Lysis Buffer
(FUJIFILM Wako Pure Chemical Corporation) containing protease
inhibitors. The supernatant after centrifugation was used for SDS-
polyacrylamide gel electrophoresis and immunoblotting. We used
antibodies specific to b-actin (66009-1-Ig; Proteintech, Rosemont, IL)
and sortilin (EPR23093-58; Abcam plc, Cambridge, UK) according to
the manufacturers’ instructions. Anti-b-actin and anti-sortilin anti-
bodies were diluted to 1/20,000 using 5% skim milk and 1/1000
using tris(hydroxymethyl)aminomethane-buffered saline with
Tween 20 (TBS-T), respectively. We used anti-mouse IgG (H þ L),
horseradish peroxidase (HRP)-linked (074e1806; Kirkegaard& Perry
Laboratories, Inc., Gaithersburg, MD), and anti-rabbit IgG, HRP-
linked antibodies (7074S; Cell Signaling Technology, Danvers, MA)
as secondary antibodies for b-actin and sortilin, respectively. Both
secondary antibodies were diluted to 1/4000 using TBS-T. Protein
bands were visualized using Amersham ECL Prime reagent (Cytiva,
Tokyo, Japan) and analyzed using GelAnalyzer v. 2010a freeware
(www.gelanalyzer.com). b-Actinwas used as an internal control, and
sortilin band intensity was normalized to b-actin intensity.

2.9. Quantitative reverse transcription polymerase chain reaction
(RT-qPCR)

To examine the expression of Sort1, Cd36 and Msr1 mRNA,
reverse transcription was performed using a ReverTra Ace qPCR RT
Master Mix with gDNA Remover (TOYOBO, Tokyo, Japan). The total
RNA was extracted from livers and peritoneal macrophages using
the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the man-
ufacturer's instructions. RT-qPCR was performed using the THUN-
DERBIRD SYBR qPCR Mix (TOYOBO) and QuantStudio 3 (Thermo
Fisher Scientific). The Sort1 primer sequences were 50-ACTT-
CACTGGGCTTGCTTCC-3` (forward) and 50-CCTCTTCACAATTCCG
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CTCA-3` (reverse). The Cd36 and Msr1 primer sequences were 50-
CAAAACGACTGCAGGTCAAC-3` (forward) and 50-CCAATGGTCC-
CAGTCTCATT-3` (reverse) and 50-GGAATAAGAGGTATTCCAGGT-3`
(forward) and 50-TTTGTCCTTTAGGTCCAGGAC-3` (reverse), respec-
tively. The relative target gene transcript levels were standardized
to that of 18S rRNA and are expressed as fold changes derived from
the DDCt values. The 18S rRNA primer sequences were 50-
GGTAACCCGTTGAACCCCAT-3` (forward) and 50-CAACGCAAGCT-
TATGACCCG-3` (reverse). All primers were provided by Eurofins
Genomics (Tokyo, Japan).

2.10. Evaluation of mRNA expression in peritoneal macrophages
under dasatinib administration

Peritoneal macrophages were collected from 24-week-old male
Ldlr�/�/Apobec1�/� mice. First, 3% thioglycolate (BD Biosciences,
Franklin Lakes, NJ) was injected intraperitoneally. Four days after the
injection, peritoneal cells were collected from the peritoneal cavity
using PBS. These cells were cultured in RPMI-1640 supplemented
with 20% fetal bovine serum and antibiotic/antimycotic solution (100
U/mL penicillin G, 100 mg/mL streptomycin, and 250 ng/mL
amphotericin B) for 1.5 h in the cell culture dish. After washing twice
with PBS, the adherent cells were considered peritoneal macro-
phages. Peritoneal macrophage suspension was placed equally into
each well of a 6-well plate with DMSO or dasatinib (100 nmol/L) for
24 h. The number in each group was as follows: control (n ¼ 6) and
dasatinib (n¼ 6). After incubation, the total RNAwas extracted from
these samples and RT-qPCR was conducted.

We further evaluated the effect of dasatinib on peritoneal
macrophages after oral gavage. The number of mice in each group
was as follows: control (n¼ 8) and dasatinib (n¼ 8). First, DMSO or
dasatinib (50 mg/kg/day) were administered via oral gavage for 7
days. Second, 3% thioglycolate was injected intraperitoneally on the
third day of administration. Third, peritoneal macrophages were
collected on the seventh day of administration. The total RNA was
extracted from these samples and RT-qPCR was conducted.

2.11. Statistical analysis

Differences between two groups were compared using the t-
test. For multiple group comparisons, a one-way ANOVA followed
by Dunnett's test was performed. The significance threshold was
P < 0.05. All statistical analyses were conducted using GraphPad
Prism v. 8.10 for Windows (GraphPad Software, La Jolla, CA).

2.12. Data availability

The data supporting the findings of this study are available from
the corresponding author upon reasonable request.

3. Results

3.1. Dasatinib reduced plaque lesions in the aortic root sinus and
aorta

First, we evaluated plaque lesions in the aortic root sinus. Few
plaque lesions were observed in the dasatinib group (Fig. 1A), which
had significantly smaller lesions than the control group (�146%,
P < 0.001; Fig. 1B). While there was a significant reduction in
response to treatment with dasatinib, the total area of plaque lesions
did not significantly change among the groups treatedwith imatinib,
nilotinib, and the control. Owing to technical issues, the number of
specimens obtained from each group was as follows: control
(n ¼ 10), imatinib (n ¼ 10), nilotinib (n ¼ 11), and dasatinib (n ¼ 9).

http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
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Fig. 1. Effects of BCR/ABL1 tyrosine kinase inhibitors on atherosclerotic lesions. (A) Aortic root section. The images were captured using a BX53 microscope; scale bar ¼ 200 mm.
Representative images of hematoxylineeosin (left) and Masson's trichrome (right) staining for atherosclerosis of the aortic root in the control, imatinib, nilotinib, and dasatinib
groups. (B) Aortic root lesion area measured using ImageJ. The lesions were significantly smaller in the dasatinib group than in the control (�146%, P < 0.001). However, there was
no difference between the control and non-dasatinib groups. The number of mice in each group was as follows: control (n ¼ 10), imatinib (n ¼ 10), nilotinib (n ¼ 11), and dasatinib
(n ¼ 9). (C) Aortic atherosclerosis samples stained with Sudan Ⅳ. The images were captured using a digital camera (Nikon D7200). (D) Size of aortic lesions measured using ImageJ.
The lesions were also significantly smaller in the dasatinib group than in the control group (�124%, P ¼ 0.013). In contrast, there was no significant difference between the control
and non-dasatinib groups. The number of mice in each group was as follows: control (n ¼ 11), imatinib (n ¼ 10), nilotinib (n ¼ 11), and dasatinib (n ¼ 10). The single asterisk (*)
indicates a statistically significant difference from control by P < 0.05.
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Second, we evaluated the plaque lesions in aortic atheroscle-
rosis (Fig. 1C) and observed a significant reduction following
treatment with dasatinib compared with that in the control; these
results were consistent with those for the aortic root sinus lesions
(�124%, P ¼ 0.013; Fig. 1D).

3.2. Dasatinib increased the TC and LDL-C levels

The TC and LDL-C levels were higher in the dasatinib group than
in the control (P ¼ 0.017 and P ¼ 0.023, respectively; Fig. 2). In the
imatinib and nilotinib groups, the TC and LDL-C levels did not differ
161
from those in the control. The HDL-C level did not differ between
any of the TKI groups and the control.

3.3. Dasatinib suppressed DiI-oxLDL uptake in bone-marrow-
derived macrophages

To assess cholesterol uptake under each TKI administration, we
assessed oxLDL uptake using DiI-oxLDL. DiI-oxLDL uptake by bone-
marrow-derived macrophages was significantly lower in the
dasatinib group than in the vehicle group (P < 0.001; Fig. 3).
Dasatinib was more effective than the other TKIs in reducing



Fig. 2. TC, LDL-C, and HDL-C levels in each group. (A) The TC level was higher in the dasatinib group than in the control group (P ¼ 0.017). In contrast, the TC level did not differ
among the control, imatinib, and nilotinib groups. (B) The LDL-C level was higher in the dasatinib group than in the control group (P ¼ 0.023). In contrast, the LDL level did not differ
among the control, imatinib, and nilotinib groups. (C) The HDL-C level did not differ between any of the TKI groups and the control. The number of mice in each group was as
follows: control (n ¼ 11), imatinib (n ¼ 10), nilotinib (n ¼ 11), and dasatinib (n ¼ 10). The single asterisk (*) indicates a statistically significant difference from control by P < 0.05. TC:
total cholesterol, LDL-C: low-density lipoprotein cholesterol, HDL: high-density lipoprotein cholesterol.
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cholesterol uptake. In contrast, there was no difference among the
control, imatinib administration, and nilotinib groups in terms of
cholesterol uptake.
3.4. RNA sequencing

In total, 752 DEGs were identified using the specified selection
criteria (P < 0.05; fold change >2 or < 0.5). Among these, the
expression of 387 DEGs was upregulated, whereas that of 365 DEGs
was downregulated compared with the control levels (Table S1).
We compared the dasatinib and control groups via a hierarchical
clustering heat map and volcano map of DEGs (Fig. S2). Although
hierarchical clustering heat maps revealed similar DEG patterns
between the dasatinib and control groups, different DEG patterns
were observed between them (Fig. S2A). The volcano map showed
Fig. 3. DiI-oxLDL uptake by bone-marrow-derived macrophages exposed to
different BCR/ABL1 tyrosine kinase inhibitors. DiI-oxLDL uptake by the bone-
marrow-derived macrophages was significantly lower in the dasatinib group
compared with that in the control (P < 0.001), and it was the lowest in the dasatinib
group. DiI-oxLDL uptake did not differ among the control, imatinib, and nilotinib
groups. The single asterisk (*) indicates a statistically significant difference from
control by P < 0.05. DiI-oxLDL: oxidized low-density lipoprotein complexed with DiI
dye.
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similar numbers of upregulated and downregulated DEGs
(Fig. S2B). These results suggested that the expression of Sort1,
which encodes sortilin, was lower in the dasatinib group than in the
control group.

3.5. Dasatinib suppressed the expression of sortilin protein and
Sort1 mRNA in the liver

To confirm the expression of sortilin, we performed western
blotting. The number of samples including the RNA sequencing
samples was as follows: control (n ¼ 6), imatinib (n ¼ 5), nilotinib
(n ¼ 6), and dasatinib (n ¼ 6). Western blotting revealed lower
sortilin expression in the dasatinib group than in the control
(P¼ 0.006; Fig. 4A). In the imatinib and nilotinib groups, the sortilin
level did not differ from that in the control. These results support
that dasatinib treatment also suppressed the expression of sortilin.

We further conducted RT-qPCR to investigate the expression of
Sort1, Cd36, and Msr1 mRNA in the liver. The number of samples
including the RNA sequencing samples was as follows: control
(n ¼ 6) and dasatinib (n ¼ 6). RT-qPCR revealed lower Sort1
expression in the dasatinib-treated group than in the control
(P ¼ 0.041; Fig. 4B). In contrast, Cd36 mRNA expression was higher
in the dasatinib-treated group than in the control group (P¼ 0.002;
Fig. 4B). The expression ofMsr1mRNAwas not detectable (data not
shown).

3.6. Dasatinib suppressed the expression of Cd36 mRNA in
peritoneal macrophages

We also conducted RT-qPCR using total RNA from peritoneal
macrophages and explored the effect of dasatinib on macrophages.
These results revealed that Cd36 expression was lower in the
dasatinib administration than in the control after incubation
(P ¼ 0.001; Fig. 4C) and oral gavage (P < 0.001; Fig. 4D). In contrast,
Sort1 expression in dasatinib administration had no significant
changes after incubation (P ¼ 0.38; Fig. 4C) and oral gavage
(P ¼ 0.93; Fig. 4D).

4. Discussion

In this study, we evaluated atherosclerotic lesions with TKI
administration in Ldlr�/�/Apobec1�/� mice. Dasatinib administra-
tion significantly reduced the atherosclerotic lesions compared



Fig. 4. Relative expression of sortilin protein, Sort1mRNA, and Cd36 mRNA. (A) The relative expression of sortilin protein in livers. The expression of sortilin, detected by western
blotting, was lower in the dasatinib-treated group than in the control group (P ¼ 0.006). In contrast, sortilin expression did not differ between the control and imatinib groups, and
between the control and nilotinib groups. The number of mice in each group was as follows: control (n ¼ 6), imatinib (n ¼ 5), nilotinib (n ¼ 6), and dasatinib (n ¼ 6). (B) The relative
expression of Sort1 and Cd36 mRNA in livers. Sort1 mRNA expression, detected using RT-qPCR, was lower in the dasatinib-treated group than in the control group (P ¼ 0.041). In
contrast, Cd36 mRNA expression was higher in the dasatinib-treated group than in the control group (P ¼ 0.002). The number of mice in each group was as follows: control (n ¼ 6)
and dasatinib (n ¼ 6). (C) The relative expression of Sort1 and Cd36 mRNA in peritoneal macrophages after incubation. Sort1 mRNA expression in dasatinib administration had no
significant changes after incubation (P ¼ 0.38). In contrast, Cd36 mRNA expression was lower in the dasatinib administration than in the control after incubation (P ¼ 0.001). (D) The
relative expression of Sort1 and Cd36 mRNA in peritoneal macrophages after oral gavage. Sort1 mRNA expression in dasatinib administration had no significant changes after oral
gavage (P ¼ 0.93). However, Cd36 mRNA expression was lower in the dasatinib administration than in the control after oral gavage (P < 0.001). The number of mice in each group
was as follows: control (n ¼ 8) and dasatinib (n ¼ 8). The single asterisk (*) indicates a statistically significant difference from control by P < 0.05.
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with the control and other TKI-administered groups. This result
showed that dasatinib exerts an atheroprotective effect in this
murine model. We then assessed oxLDL uptake by macrophages
using DiI-oxLDL. The results showed that dasatinib was more
effective than the other TKIs in reducing cholesterol uptake. These
findings suggest that the reduction in oxLDL uptake by macro-
phages with dasatinib administration may inhibit the development
of plaque lesions.

Several studies have reported various effects of dasatinib on
macrophages.22,23 For examples, anti-inflammatory effect has been
described as a change in macrophage polarization toward the M2
phenotype, which expresses anti-inflammatory cytokines such as
interleukin (IL)-10, and is involved in inflammation control and
tissue repair after inflammation.22 In addition, anti-inflammatory
and anti-fibrotic effects of dasatinib via the reduction of infiltra-
tion of macrophages have been described.23 Our study also showed
a significant reduction in oxLDL uptake by macrophages under
dasatinib administration. Therefore, it is possible that the mecha-
nism of dasatinib involves multiple factors associated with
atherosclerosis besides the reduction in oxLDL uptake via the effect
on macrophages.

We conducted RNA sequencing using liver samples to explore
the effects of dasatinib on cholesterol metabolism, and Sort1 was
identified as one of the targets. We then confirmed that dasatinib
suppressed sortilin expression unlike other TKIs. Sort1 is expressed
163
ubiquitously, for example, in neurons, hepatocytes, andwhite blood
cells, including macrophages.24 Sortilin has various functions,
among which, the main one is protein transport. It can act as a
multiligand receptor with functions that include LDL uptake in the
liver, macrophages in vessel walls,25 and various other cells.26 The
overexpression of sortilin increases cell surface binding and LDL
internalization.27 Sort1 expression in macrophages promotes
atherosclerosis,25e29 and sortilin deficiency in mice protects
against atherosclerosis by reducing macrophage LDL uptake.25

Therefore, it is possible that one of the potential effects of dasati-
nib on cholesterol metabolism could be affected via hepatic sortilin.
However, the relationship between Sort1 and dasatinib has not
been reported so far and future studies are required to identify the
kinase targets.

Cd36 and Msr1, scavenger receptors which play an important
role in the uptake of oxLDL, showed no significant findings in RNA
sequencing using the specified selection criteria. However, Cd36
expression was increased by dasatinib administration in livers.
Msr1 mRNA expression was not detectable. These results showed
that dasatinib affected various factors including Cd36 because it
has a significant number of kinase targets. The reason for the
increased expression of Cd36 in livers remains unclear. In contrast,
the decreased expression of Cd36 under dasatinib administration
was observed in peritoneal macrophages unlike livers. Sort1
expression under dasatinib administration had no significant
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changes. Taken together, dasatinib may have potential effects on
atherosclerotic lesions by reducing cholesterol uptake via Cd36 in
macrophages.

Atherosclerotic lesions generally exacerbate when plasma
cholesterol levels increase. However, dasatinib attenuated the
atherosclerotic lesions, although the TC and LDL-C levels were
higher in the dasatinib group than in the control. The relationships
between plasma cholesterol levels and sortilin are inconsistent and
controversial because hepatic sortilin plays an important role in
both cholesterol uptake and secretion. Some studies have reported
that Sort1 deficiency reduces plasma cholesterol levels in both
western diet-fed Ldlr�/� mice and western diet-fed wild type
mice.28,30 However, elevated plasma LDL-C levels were observed
with Sort1 knockdown in Apobec1�/� mice.31 In contrast, Cd36
deficiency increases plasma cholesterol levels in western diet-fed
Apoe�/� mice.32 In our study, dasatinib administration decreased
hepatic sortilin and increased Cd36 expression in the liver but
attenuated it in peritoneal macrophages. Therefore, the increased
plasma cholesterol levels in our model were attributed to be the
results of the complex function of various factors in each organ.
Suppression of atherosclerotic lesions was thought to be mainly
due to the reduction in cholesterol uptake of macrophages rather
than the involvement of plasma cholesterol levels.

In conclusion, our study demonstrated that dasatinib induced
elevated LDL-C levels, but oxLDL uptake in macrophages were
suppressed, resulting in reducing atherosclerotic lesions in amouse
model of hypercholesterolemia. Our findings regarding the effects
of dasatinib provide new insights into the relationships between
TKIs and atherosclerosis.
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