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Novel Mouse Model of Coronary Atherosclerosis
With Myocardial Infarction: Insights Into
Human CAD
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BACKGROUND: Coronary artery disease is a chronic and multifactorial disease with acute manifestations. Little is known about
the concomitant impact of hypercholesterolemia and hypertension on the development of coronary atherosclerosis.

METHODS: ApoE (apolipoprotein E) and Scarb! (scavenger receptor class B, type 1), both associated with human
hypercholesterolemia, were inactivated in mice by inserting a Scarb1 knockdown cassette downstream of the ApoE promoter.
Meanwhile, a doxycycline-inducible Ang Il (angiotensin 1) expression cassette was introduced. The resultant mutant
mice (ApoE>V54), isolated arteries, and pharmacological/genetic interventions were employed to assess the impacts of
hypercholesterolemia and hypertension on coronary atherosclerosis and mechanisms.

RESULTS: ApoE>"5* mice developed mild coronary atherosclerosis with heart failure after chronic feeding with western diet.
Strikingly, additional Ang llI-induced hypertension, but not norepinephrine-induced hypertension, drastically accelerated
coronary atherogenesis, exhibiting endothelial erosion, myeloid cell infiltration, spontaneous plaque rupture, and myocardial
infarction, which was Ang Il type 1 receptor—dependent. In contrast to this severe coronary atherosclerosis, femoral arteries
were resistant to atherogenesis. Proteomic profiling revealed substantial differences in vasomotor reactivity and inflammation.
Endothelium-dependent dilatation of coronary arteries was highly susceptible to the combination of hypercholesterolemia
and hypertension compared with femoral arteries, and a similar vulnerability was also observed in human coronary arteries.
Ex vivo exposure to Ang Il markedly impaired endothelium-dependent dilatation in coronary arteries, but not in femoral
arteries. Consistent with its less coronary atherogenic activity, norepinephrine dilated coronary arteries while constricting
femoral arteries. Furthermore, dilatation of the coronary artery was more dependent on prostaglandins than that in femoral
artery. Coronary prostaglandin biosynthesis was suppressed during atherogenesis and, conversely, an elevated coronary
production of prostaglandins after methotrexate administration was associated with improved endothelial function and better
cardiovascular survival.

CONCLUSIONS: The combination of hypercholesterolemia and Ang ll-induced hypertension exerts strong synergistic effects
on coronary atherogenesis. This is attributable to a selective vulnerability of coronary endothelium-dependent vasodilator
responses to Ang Il exposure and prostaglandin inhibition. ApoES** represents a novel and convenient mouse model of
coronary atherosclerosis with spontaneous myocardial infarction.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Novelty and Significance

What Is Known?

+ Coronary artery disease is a chronic and multifactorial
disease with acute manifestations.

¢ Hypercholesterolemia and hypertension are main
risk factors of coronary artery disease, and little is
known about their concomitant impact on coronary
atherosclerosis.

+ Animal model of coronary atherosclerosis has been
sought for a long time in the field.

What New Information Does This Article

Contribute?

» The combination of hypercholesterolemia and angio-
tensin llI-induced hypertension drastically accelerates
coronary atherogenesis in mice, triggering spontane-
ous plaque rupture and myocardial infarction.

» Coronary arteries confer a selective vulnerability of
endothelium-dependent vasodilator responses to
angiotensin Il exposure and prostaglandin inhibition.

* Human coronary arteries showed an increased endo-
thelium vulnerability to hypercholesterolemia and
hypertension relative to internal mammal arteries.

This study uncovers a strong synergy of hypercholes-
terolemia and hypertension in coronary atherogenesis,
with destabilized plaques. Understanding the underly-
ing mechanisms may afford opportunities for discover-
ing new drugs for coronary artery disease, calling for
an integrated approach to the formulation of the guide-
lines for the management of both plasma cholesterol
and blood pressure. This study provides a novel mouse
model of coronary atherosclerosis with spontaneous
myocardial infarction—ApoES** for coronary artery
disease mechanistic research and drug discovery.

Nonstandard Abbreviations and Acronyms
Ang Il angiotensin |

AT1 angiotensin Il type 1 receptor

CA coronary artery

CAD coronary artery disease

COX cyclooxygenase

DEP differentially expressed protein
Early AS early-atherosclerotic mice

eNOS endothelial NO synthase

FA femoral artery

HDL high-density lipoprotein

H-H hypertension and hypercholesterolemia
ICAM1 intercellular cell adhesion molecule 1
IDL intermediate-density lipoprotein

Il interleukin

Late AS late-atherosclerotic mice

LDL-C low-density lipoprotein cholesterol
MCP monocyte chemotactic protein

ND normal laboratory diet

PKA protein kinase A

SCARB1 scavenger receptor class B, type |
Sdf-1 stromal cell-derived factor-1
VCAM1 vascular cell adhesion molecule 1
VLDL very low-density lipoprotein

WD western diet
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mortality and morbidity worldwide, is a chronic and

multifactorial disease with acute manifestations, par-
ticularly myocardial infarction. The primary cause of CAD
is atherosclerosis.?® Prospective cohort studies have
concluded that traditional cardiovascular risk factors,
such as age, sex, family history, diet, obesity, increased
LDL (low-density lipoprotein) cholesterol/APOB (apoli-
poprotein B)-containing lipoprotein cholesterol concen-
trations, and hypertension, contribute to atherogenesis
and promote CAD development.*® Hypercholesterolemia
and hypertension are 2 major modifiable risk factors of
CAD. Intensive blood pressure lowering has been shown
to reduce major adverse cardiovascular events in older
patients with hypertension® However, this effect was
not observed in an intermediate-risk population without
cardiovascular disease,” in contrast to the efficacy of
reducing cholesterol concentrations® Therefore, hyper-
cholesterolemia and hypertension might differentially
contribute to the development of coronary atherosclero-
sis with potential interactions. Their concomitant impact
on coronary atherogenesis remains unclear.

Mice deficient in genes associated with human hyper-
cholesterolemia, such as genes for APOE or LDL recep-
tor, develop atherosclerosis; however, few atherosclerotic
lesions are detected in the coronary artery (CA)° sug-
gesting its complex biology. Mice deficient in both ApoE
and Scarb1 (scavenger receptor class B, type I, an HDL
(high-density lipoprotein) receptor associated with
hypercholesterolemia and CAD'®'") develop coronary

COronary artery disease (CAD), a leading cause of
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Figure 1. Inactivation of ApoE (apolipoprotein E) and Scarb1 (scavenger receptor class B, type I) and inducible Ang Il
(angiotensin Il)-mediated hypertension in mice.

A, Schematic illustration of the gene-targeting strategy at the ApoE locus to generate ApoES>* mice. Eight-week-old female ApoES**A or
ApoE~~ mice were used (B through D). B, Tissue abundance of Scarb! mRNA was detected using quantitative polymerase chain reaction, n=6
mice per group. C, Representative immunoblots of SCARB1 in liver. Similar results were observed in 2 independent experiments with 3 mice

in each experiment (n=6 mice per group). D, Densitometry of SCARB1 abundance in liver. Eight-week-old ApoE>* or ApoE~~ mice, including
both males and females as indicated, were fed either a normal laboratory diet (ND) or western diet (WD) for 5 weeks (E and F). E and F, Plasma
cholesterol concentrations of ApoB-containing lipoproteins (E) and high-density lipoprotein cholesterol (HDL-C; F) were measured in weaned
mice, n=10 per group. Eight-week-old female ApoES*** or ApoE~~ mice were fed ND with doxycycline (G and H). G, Plasma Gaussia luciferase
activity was measured, n=5 per group. H, Systolic blood pressure was measured using a tail-cuff technique, n=5 per group. Student ¢ test (B, D
through F), and 2-way ANOVA with repeated measures (G and H) were used. AEC indicates aortic endothelial cell; PDZ1, postsynaptic density
protein-95/discs large/zonula occludens-1 domain; RLU/S, relative light units/ seconds; siScarb1, small interfering RNA for Scarb1; TET,
tetracycline; and TET-on, tetracycline-inducible gene expression on type system.
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Figure 2. Hypercholesterolemia after ApoE and Scarb1 inactivation resulted in chronic development of mild coronary
atherosclerosis in mice.
Eight-week-old female ApoE>** or ApoE~~ mice were fed a western diet (WD) for 16 weeks. Heart function, reflected by ejection fraction (A)
and fractional shortening (B), was measured using echocardiography, before or after 16 weeks of WD feeding. Pre-WD group n=10, Post-WD
group n=14. C, Representative images of the heart. D, Quantification of heart weight, n=14. E, Ratio of heart weight to body weight, n~=14. F,
Images of myocardial sections stained with Alexa Flour 594—labeled wheat germ agglutinin (Bar=100 um). G, Quantification of cardiomyocyte
size (200 cells counted per heart, n=14). H, Quantification of coronary atherosclerotic lesion area, n=14. I, Representative Oil Red O stained
myocardial sections (bar=1 mm) with magnified views of the boxed areas (bar=100 um). J, Cardiac mRNA expression was (Continued)
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atherosclerotic lesions, but also early death (at =B weeks
old),"2'® precluding their utility to assess the impact of
chronic risk factors on coronary atherosclerosis. Coro-
nary atherogenesis remains poorly understood. Despite
the fact that lesion progression in coronary arteries is
a more reliable predictor of clinical adverse events than
that in the periphery,' experimentally induced athero-
sclerotic plaques do not rupture® limiting our under-
standing of CAD symptoms.

The renin-angiotensin system plays a critical role in
the pathophysiology of cardiovascular disease, and phar-
macological inhibition of this hormonal system is the
mainstay treatment for hypertension and chronic heart
failure.' The impact of the renin-angiotensin system acti-
vation on coronary atherogenesis is currently unknown,
although Ang Il (angiotensin ), the primary bioactive
peptide of the renin-angiotensin system, augments aor-
tic atherosclerosis in hypercholesterolemic mice®'® and
increases endothelial dysfunction.?®

We aimed to investigate the combined effects of
hypercholesterolemia and Ang ll-induced hypertension
on coronary atherogenesis in mice. This study revealed
a distinctive biology of the CA that makes it selectively
vulnerable to atherogenesis, leading to advanced lesion
formation and spontaneous rupture.

METHODS

Data Availability

The data supporting the findings of the study are available
upon reasonable request from the corresponding authors. A
detailed description of materials and methods is provided in the
Supplemental Material and the Major Resources Table.

RESULTS

Construction of a Mouse Model Deficient in
ApoE and Scarb1 and with Inducible Ang Il
Overproduction

To bypass the premature death in mice with global defi-
ciency in Scarb1 and ApoE, we took a strategy of Scarb1
knockdown in a background of ApoE deficiency (Fig-
ure 1A): a Scarb1 knockdown cassette, which consists
of a coding sequence for a PDZ1 (postsynaptic density
protein-95/discs large/zonula occludens-1) domain that
blocks SCARB1 activity?" and a small interfering RNA
for Scarb1, was inserted downstream and controlled by
the endogenous ApoE promoter. The ApoE expression in

Selective Vulnerability of Coronary Atherogenesis

the resulting homozygote mutant mice (ApoES**) was
ablated (Figure S1). When ApoES#** mice were fed a
normal laboratory diet (ND), the abundance of Scarb1
mRNA showed no significant change in the heart, spleen,
kidney, aortic endothelial cells, and macrophages (Fig-
ure 1B), but it was reduced in the liver to *60% of that in
ApoE~~ mice (a commonly used mouse model of athero-
sclerosis, which exhibit no or little coronary atherosclero-
sis and have normal heart function). Scarb1 expression
was further reduced after feeding western diet (WD).
This reduction was consistent with an increase in ApoE
promoter activity in response to WD feeding (Figure S2),
which enhanced the ApoE promoter-driven transcription
of Scarb1 knockdown cassette, increasing the efficiency
of Scarb1 depletion (ApoE~~; Figure 1C and 1D). The
abundance of APOB-containing lipoprotein was similar
between ApoES*4 mice and ApoE~~ mice (Figure 1E).
As expected, ApoE>5 mice had higher HDL cholesterol
concentration than ApoE~~ mice (Figure 1F; Table S1),
indicating that hepatic SCARB1-mediated cholesterol
uptake (reverse cholesterol transport) was blocked.

To introduce Ang ll-induced hypertension, an Ang |l
overexpression cassette was placed downstream of the
Scarb1 knockdown element in the gene-targeting vector
(Figure 1A), in which the Ang Il coding sequence and
its reporter gene (gaussian luciferase) were controlled
by a Tet-on (tetracycline-inducible gene expression on
type) system for doxycycline -inducible gene expres-
sion. Doxycycline administration via drinking water
induced overproduction of Ang Il and this overproduc-
tion correlated with gaussian luciferase activity (Figure
S3). No luciferase activity was detected in the absence
of doxycycline, indicating no spontaneous leakage of
Ang Il overproduction (Figure 1G). Accordingly, doxycy-
cline administration induced hypertension in these mice
and their blood pressure returned to baseline after its
removal (Figure 1H).

Interaction of Hypercholesterolemia and
Ang ll-Induced Hypertension on Coronary
Atherosclerosis

ApoES**4 mice are fertile and develop normally (Video
S1). No cardiac dysfunction was observed in 8-week
WD-fed ApoES"5* mice. After 16 weeks of WD feeding,
ApoESA mice exhibited a reduced ejection fraction and
fractional shortening (Figure 2A and 2B), an increased
left ventricle internal diameter (Figure S4), and enlarged
heart and increased heart weight (Figure 2C through 2E).

Figure 2 Continued. assessed by quantitative polymerase chain reaction, n=6. K, Inmunoblot analyses of Apo Al in the fractions shown in
L. L, Plasma samples from individual animals were resolved by size exclusion fast protein liquid chromatography (FPLC), and total cholesterol
concentrations of fractions were determined using an enzymatic assay. Two-way ANOVA with Sidak multiple comparisons test was used

for statistical analysis (A and B). Student t test was used (D through E, G, H, and J). The images were selected based on the mean and

are representative of >3 independent experiments throughout the studies. CHOL indicates cholesterol; HDL, high-density lipoprotein; IDL,
intermediate-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein; and WT, wild type.
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Figure 3. Synergistic effects of hypercholesterolemia and Ang Il (angiotensin Il)-induced hypertension on coronary
atherogenesis with spontaneous plaque rupture.

Eight-week-old ApoES** mice were fed a western diet (WD) with and without doxycycline (Dox) administration. A, Kaplan-Meier survival curves
were plotted for mice with 8 weeks of intervention (n=18 for each sex with WD, n=27 for each sex with WD+Dox). The Log-rank (Mantel-Cox)
test, P=3.0x10~% WD+Dox vs WD in males, P=0.0064, female vs male in WD+Dox. B, Autopsies were performed on mice that died during

the intervention, revealing coronary atherosclerosis and myocardial infarction (I) and ventricular wall thinning/bulge after myocardial infarction
(1), as marked by arrows. Echocardiographic quantification of ejection fraction (C) and fractional shortening (D) for male mice with 4 weeks of
intervention, WD group: n=16, WD+Dox group: n=9. E, Representative images of cardiac blood perfusion examined by (Continued)
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The size of cardiomyocytes was increased (Figure 2F
and 2G). Oil Red O staining of the myocardium revealed
lipid-rich atherosclerotic lesions that mainly affected
small branches of coronary arteries and were distributed
sparsely, with more lesions found in ApoE®*** mice than
in ApoE~~ mice (18450+12270 versus 6180£3459
pm? Figure 2H and 2I; Figure Sb). Cardiac mRNA abun-
dance of inflammatory markers, Il (interleukin)-14, 1I-6,
Sdf-1 (stromal cell—derived factor-1), and of fibrosis-
related products (collagen | and Ill) were upregulated
in ApoESVS* mice compared with ApoE~~ mice, after 16
weeks WD feeding (Figure 2J).

To understand the dyslipidemia-induced coronary
atherosclerosis in ApoES* mice, plasma lipoproteins
were resolved using the size exclusion fast protein liquid
chromatography. A broad distribution of APOAI (a poli-
poprotein Al), the main protein component of HDL, was
observed in the plasma fractions of ApoES* and ApoE~~
mice (Figure 2K). Compared with ApoE~~ mice, ApoE>
SA mice exhibited significantly elevated cholesterol con-
centrations of VLDL (very low-density lipoprotein), IDL
(intermediate-density lipoprotein)/LDL, and HDL (Fig-
ure 2L). ApoE*5* mice also had a higher ratio of unester-
ified cholesterol to total cholesterol (Figure S6).

To investigate the effect of the concomitant presence
of hypertension and hypercholesterolemia on coronary
atherosclerosis, ApoESV>* mice were fed a WD and
administered doxycycline in drinking water. During the
induction, sudden death was noted, with only 36% of
males and 78% of females surviving for 8 weeks, whereas
all WD-fed mice without doxycycline administration sur-
vived (Figure 3A; Video S2). Comorbidity included aortic
rupture/aneurysm, kidney atrophy, and cerebral infarc-
tion (Figure S7). Notably, severe coronary atherosclero-
sis developed along with cardiac hypertrophy, myocardial
infarction (ventricular wall thinning/bulge in some infarct
regions), cardiac fibrosis, and elevation in plasma levels of
cTnl (cardiac troponin I) and CKMB (creatine kinase MB;
Figure 3B; Figure S8). Comparing ApoE>**4 mice admin-
istered WD and doxycycline for 4 weeks with those fed
on WD alone, the concomitant presence of hypercholes-
terolemia and hypertension decreased cardiac function
(Figure 3C and 3D), increased left ventricular anterior
wall thickness (Figure S9), and reduced coronary blood
flow (Figure 3E and 3F; Figure S10). Coronary athero-
sclerosis was significantly increased (25 952+1011
versus 18516 um? =140-fold increase) by 4-week

Selective Vulnerability of Coronary Atherogenesis

administration with WD+doxycycline versus with WD
alone (Figure 3G and 3H). Histological analyses (Fig-
ure 3I) revealed that coronary atherosclerotic lesions in
the ApoE>"* mice were enriched in lipids and collagen
deposition as well as elastic fiber breaks and were char-
acterized by disrupted endothelial integrity/endothelial
erosions (endothelial cells stained by CD31%). Smooth
muscle cells (a-SMA*), neutrophils (Ly6G*), and macro-
phages (F4/80%), but not T lymphocytes (CD3%), were
predominantly detected in these lesions. ICAM1 (inter-
cellular cell adhesion molecule 1) was stained diffusely.
Intralesional thrombosis was observed, as indicated by
platelet staining (CD41*). Lesions with a large lipid core
lacking a fibrous cap were observed frequently. Spon-
taneous plague rupture was indicated by evident media
tears, accompanied by red blood cell (Tre119%)/white
blood cell (F4/80*, MPO*) infiltration and by the pres-
ence of blood clots (fibrinogen*;Figure 3J; Figure S11A
and S11B). In particular, some lipid-positive occlusions
had no vascular contour, reminiscent of distal occlusion
resulting from proximate lesion rupture (Figure S11C).
We next determined the importance of Ang Il or
hypertension per se in the development of coronary
atherosclerosis. Female ApoESV* mice were infused
via mini osmotic pump with 100 ng/min norepinephrine,
Ang Il at 12.5 ng/min (low dose of Ang Il that does
not induce hypertension, Ang II-L) or 50 ng/min (high
of Ang Il dose that induces hypertension, Ang II-H),%
administered doxycycline, or doxycycline plus losartan
(an antagonist of AT1 [Ang Il type 1 receptor], 30 mg/
kg/d), for 4 weeks on WD. During the 4 weeks, blood
pressure remained high in the norepinephrine group, the
Ang II-H group, and the doxycycline group (Figure 4A).
In the Ang II-L group, blood pressure did not change.
Losartan attenuated doxycycline-induced (ie, Ang Il-
mediated) hypertension. Mice in the Ang II-L group did
not develop coronary atherosclerosis, but mice in the
Ang II-H and doxycycline groups developed similarly
severe coronary atherosclerosis (Figure 4B and 4C)
with plaques particularly evident in the main branches
of the coronary arterial tree. In contrast, norepinephrine
administration did not result in coronary atherosclero-
sis as severe as Ang lI-H or doxycycline administration,
despite causing hypertension to a similar extent as seen
in the Ang II-H group and doxycycline group. Losartan
administration abolished doxycycline-induced coronary
atherosclerosis. These results support the crucial role

Figure 3 Continued. laser doppler imaging. F, Quantification of cardiac blood flow, WD group: n=7, WD+Dox group: n=13. G, Quantification of
coronary atherosclerotic lesions, n=17. H, Representative images of coronary atherosclerotic lesions stained by Oil Red O. Student ¢ test (C and D,
F and G). Male mice (C and D). Female mice (E through G). I, Representative images of coronary atherosclerotic lesions stained with Oil Red O,
and Weigert (elastic fibers fiber: dark brown; collagen: red; arrow indicates broken elastic fibers) and for specific molecular markers as indicated

in each panel. Images are representative of at least 3 independent experiments, with similar results obtained. J, Representative images of unstable
plagues with signs of fission. Inmune staining of specific markers is indicated in each part label. See text for details. The images selected

are representative of 3 independent experiments. CD indicates cluster of differentiation; ICAM1, intercellular cell adhesion molecule 1; Ly6G,
lymphocyte antigen 6 complex, locus G; MPO, myeloperoxidase; PU, perfusion unit; SMA, smooth muscle actin; and Ter-119, terminal erythroid

marker (clone 119).

el12  August 1,2025

Circulation Research. 2025;137:e106—e123. DOI: 10.1161/CIRCRESAHA.125.326409


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409

9202 ‘6T nbny uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Chen et al

Selective Vulnerability of Coronary Atherogenesis

A 0.99  0.89 NE vs. Angll-H B =
8.5%10°° 4.6x10° Dox vs. Angll-L s 1204 085 _ 099 0012 =

2 2.5%10® 1.5%x107 Dox vs. Losartan 5 0.0002 v co)
2 160~ 0.015  0.0002 Angll-H vs. Angll-L ® —~ 90 - =
7] £ —
o -¥ Dox o g_ =
& = 1401 & AngilH 2 > 60- m
S E 1204 § X 5 =
s E Angll-L 5 — 301 2
© ~ 100- -A Dox+Losartan g

= 0-

e & & X g 0

3 80 S & & QP @

(/2] v.o v,(‘ fo'b

.» A ¥ :‘im‘,’ o~

fmm

2R

D E F G
@ 6.2x104 093  _ 6 __1.2x10™ § 40~
5 160, B 2 15— |7 40 © 2x10°
15 = 0 ~ -
3 =7 =10° = e &30
2 120- T o __ O 944 47x10% o E
a5 ‘s © J104 E “h » =
° = C = £ Qe 204
T CC0© — - O
9 £ 80+ o 5] > =
2 (%] .‘: E ] 2- © >
s E m 3 E 5- 0.55 a c — 101
L 404 o8~ S = e
]
*z 6 <g . 0- - O 0-¢ o
- = x X _—
Py $&5T @ 2
© & ) o’ & vg
v V.Q s v
H |
4 weeks doxycycllne+ND 4weeks WD
- QE;' A 7 APOE'I" +Ang i ApoESA/SA+D°)£ .
ERUAN

FoN APOESA/+ ¥e e

Figure 4. Selective susceptibility of coronary atherogenesis to Ang Il (angiotensin IlI)-induced, but not norepinephrine-induced
hypertension under hypercholesterolemia.

Eight-week-old female ApoE>** mice were infused with norepinephrine (NE), low (Ang II-L, 12.5 ng/min) or high (Ang II-H, 50 ng/min) dose of
Ang Il, or administered doxycycline (Dox) with or without losartan (30 mg/kg/d, by oral gavage) for 4 weeks (A through C). A, Blood pressure was
measured at baseline, 1 and 4 weeks of administration, n=7 (for groups NE, Ang II-L, and Dox+losartan), n=12 (for groups Ang II-H and Dox). B,
Quantification of coronary lesion area at 4-week infusion, n=7 (for groups NE, Ang II-L, and Dox-+losartan), n=9 (for groups Ang Il-H and Dox).

C, Representative images of the heart where coronary occlusions are marked by arrows. Eight-week-old female mice of indicated genotype were
administered doxycycline and normal laboratory diet for 4 weeks (D through H), n=8 (ApoE®* mice), n=10 (ApoE~~, WT, and (Continued)
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of Ang II-AT1 receptor axis-dependent hypertension,
rather than norepinephrine-induced hypertension, in
coronary atherogenesis.

We further explored an interaction between hyper-
cholesterolemia and Ang ll-induced hypertension in
coronary atherogenesis. Under doxycycline induction
with ND feeding, ApoE>"* mice (heterozygous) exhib-
ited hypertension comparable to ApoES* mice, with
similar concentrations of triglycerides, total cholesterol,
and ApoB-containing lipoprotein cholesterol to wild-type
mice and had higher HDL cholesterol concentrations
than wild-type mice (Figure 4D through 4F; Table S2).
This indicates that the single gene copy of Ang Il induc-
ible cassette was sufficiently functional. After doxycycline
administration with ND feeding, ApoE®** mice became
hypercholesterolemic and hypertensive and developed
extensive coronary lesions within 4 weeks. In contrast,
ApoE3** mice were normocholesterolemic but hyperten-
sive, and displayed coronary arterial thickening without
apparent atherosclerotic lesions, whereas ApoE~~ mice
were hypercholesterolemic and normotensive, and
showed no apparent coronary morphological abnormali-
ties (Figure 4G and 4H). Although extensive coronary
atherosclerosis developed after 4 weeks of hypercholes-
terolemia and hypertension, neither factor alone resulted
in discernible coronary atherosclerotic lesions in ApoES
SA mice. In addition, Ang ll=infused ApoE~~ mice barely
developed coronary atherogenesis, in contrast to the
exacerbated coronary atherosclerosis in the doxycycline-
administered ApoE>V** (Figure 4l), although the 2 groups
of mice had similar levels of hypertension (Figure S12).
Therefore, Scarb1 suppression and Ang Il induction were
both required for ApoE-deficient mice to develop severe
coronary atherosclerosis.

Differential Vasomotor Reactivity Underlies
Coronary Atherosclerosis Susceptibility

High Athero-Susceptibility of Coronary Arteries
Relative to Femoral Arteries and Their Distinctive
Molecular Signatures

Interestingly, although markedly increased coronary ath-
erogenesis was observed in the hypercholesterolemic
and Ang ll-induced hypertensive mice, few lesions were
found in their femoral or saphenous arterial branches
(Figure S13). The femoral arterial branches with diam-
eter similar to the CA under basal physiology, developed
media hyperplasia without obvious neointimal formation
after WD plus doxycycline intervention, in sharp contrast

Selective Vulnerability of Coronary Atherogenesis

to the occlusive neointimal formation in coronary arter-
ies (Figure bA). Understanding these dichotomous ath-
erogenic responses between the 2 vascular beds may
reveal a mechanism for the high susceptibility of coro-
nary arteries to atherosclerosis.

We next collected coronary and femoral arteries from
ApoES*4 mice fed ND (preatherosclerotic mice) or WD
plus doxycycline administration (WD+doxycycline).
These vessels were then subjected to proteomic
analysis. A total of 2657 proteins were identified with
certainty at a false discovery rate of 0.01. The sam-
ples were grouped into 6 clusters based on expres-
sion profiles: CA of preatherosclerotic mice, femoral
artery (FA) of preatherosclerotic mice, CA of early-
atherosclerotic mice (3 days WD+doxycycline: early
AS), FA of early AS, CA of late-atherosclerotic mice (28
days WD+doxycycline, late AS), and FA of late AS (Fig-
ure bB; Figure S14). The clusters formed were gener-
ally separated by vessel type. Notably, the CA clusters
exhibited a further separation of the 3 stages of coro-
nary atherogenesis (preatherosclerotic mice, early AS,
and late AS), which was not observed within the FA
clusters. In both early and late stages of atherogenesis,
the number of differentially expressed proteins (DEPs)
in CA was significantly higher than in FA (Figure 5C
through Bl; Table S3). In early AS, the number of upreg-
ulated proteins was 93 in CA and only 6 in FA, whereas
the number of downregulated proteins was 12 in FA
and 2 in CA. In late AS, CA had 28 downregulated pro-
teins compared with FA's 21 proteins, but upregulated
proteins in CA were much more than in FA (364 versus
27), indicating a higher responsiveness of CA in athero-
genesis than FA.

Multiple comparison and enrichment analyses did not
detect enrichment for downregulated gene expression
in early AS. In late AS, downregulated gene expres-
sion in CA was enriched in vascular contraction and
activation of the renin-angiotensin system, whereas
downregulated gene expression in FA was enriched in
immunity/inflammation and lipid metabolism (Figure 5J).
In response to hypercholesterolemia and hypertension,
CA exhibited upregulated expression of genes for vas-
cular remodeling, including extracellular matrix organi-
zation, peptide metabolic process, protein hydroxylation,
and fiber organization during early and late stages of
AS. The late stage of AS also showed upregulated
immunity/inflammation (Figure 5J). These data suggest
that the vasomotor reactivity might engage in coronary
atherogenesis.

Figure 4 Continued. ApoE>"** mice). D, Systolic blood pressure of mice after administration. E and F, Plasma concentrations of APOB-
containing lipoproteins (E) and high-density lipoprotein cholesterol (HDL-C; F) were measured. G, Quantification of coronary lesion area. H,
Representative Oil Red O staining of coronary arteries. Eight-week-old female ApoE~~ mice were infused for 4 weeks with Ang Il (50 ng/min)
via osmatic mini-pump, and ApoE3#5* mice were administered Dox for 4 weeks. I, Representative Oil Red O stained myocardial sections. Tissue
staining data are representative of 3 independent experiments. Two-way ANOVA with repeated measures (A) and 1-way ANOVA with Newman-
Keuls multiple comparisons post hoc test (B, D through G) were used for statistical analysis. WD indicates western diet.
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Figure 5. High athero-susceptibility of coronary arteries relative to femoral arteries and their distinctive molecular signatures in
vasomotor reactivity and inflammation.

Coronary artery (CA) and femoral artery (FA) were collected from 8-week-old male ApoES~* mice fed normal laboratory diet (ND,
preatherosclerotic mice) or western diet (WD) plus doxycycline administration (WD+ doxycycline [Dox]) for 3 days (WD+Dox-3d) or 28 days
(WD+Dox-28d). A, Representative images of HE (Hematoxylin-Eosin)-stained cross-sections of femoral and coronary arteries from ApoES"

54 mice fed either ND or WD+Dox for up to 28 days. Tissue staining data are representative of 3 independent experiments. CA and FA vessels
were subjected to proteomics analyses. B, Principal component (PC) analysis 2-dimensional scatter plot indicates differential protein expression
patterns of coronary and femoral arteries isolated from ApoES"** mice. Splashes represent different samples. Numbers (Continued)
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Selective Impairment of Coronary Vasomotor
Reaction Under Hypercholesterolemia and
Hypertension

Next, vasomotor reactivity 3 days after induction of hyper-
cholesterolemia and hypertension was examined ex vivo in
coronary and femoral arteries. Mice were fed either ND or
WD plus doxycycline administration for 3 days. Coronary
and femoral arteries of similar diameter (180-200 um)
were isolated and their vascular contraction and relaxation
were compared using wire myography. The contraction to
potassium chloride (KClI) or a thromboxane receptor ago-
nist (U46619) in both coronary and femoral arteries was
similar between ApoE>"** and ApoE~~ mice fed ND. When
hypertension was induced in ApoE* mice, coronary
arteries, but not femoral arteries, exhibited a significant
decrease in their contractile responses (Figure 6A and
6B). Moreover, the dilator response of coronary arteries to
acetylcholine was attenuated in ApoE5V** mice compared
with ApoE~"~ mice, and this endothelium-dependent relax-
ation was absent 3 days after induction of hypercholes-
terolemia and hypertension (Figure 6C). In contrast to the
coronary response, femoral arteries did not show endothe-
lial dysfunction (Figure 6D). The endothelium-independent
relaxations induced by sodium nitroprusside were similar
in both types of arteries (Figure 6E). Consistent with the
early coronary endothelial dysfunction, Oil Red O staining
showed an increase in vascular lipid deposition after the
dual atherogenic insults (Figure S15).

We further compared the vasomotor reactivity of
human coronary arteries and internal mammary arteries.
The contraction to U46619 was reduced significantly
in coronary arteries from patients with both hyperten-
sion and hypercholesterolemia (H-H), as compared
with those from subjects without H-H (control). In con-
trast, internal mammary arteries from patients with H-H
retained U46619-induced contraction (Figure 6F). Con-
versely, coronary arteries from patients with H-H did
not relax in response to acetylcholine, whereas internal
mammary arteries from patients with H-H still exhibited
endothelium-dependent relaxations (Figure 6G). Again,
the endothelium-independent relaxations induced by
sodium nitroprusside were similar in both arteries (Fig-
ure 6H). These observations on human vascular function

Selective Vulnerability of Coronary Atherogenesis

also support a high vulnerability of coronary endothelial
function to hypercholesterolemia and hypertension.

Distinctive Regulation of Coronary Vasomotor
Reactivity by Ang I, f-Adrenergic Receptors, and
Prostaglandins
To further explore the molecular basis of the differential
athero-susceptibility of coronary arteries, coronary and
femoral arteries were isolated from wild-type mice and
compared for vascular contraction and relaxation. Both
arteries contracted in response to KCl and U46619
(Figure 7A). Femoral arteries contracted in response to
Ang Il and norepinephrine, while coronary arteries did
not. Instead, norepinephrine, acetylcholine, and isopro-
terenol, produced relaxations in U46619 precontracted
coronary arteries (Figure 7B). The incubation of Ang
Il eliminated the acetylcholine-induced endothelium-
dependent relaxation of coronary arteries, but not in
femoral arteries (Figure 7C). Thus, Ang Il specifically
modifies endothelium-dependent relaxations in coro-
nary arteries. The distinction in vasomotor response to
norepinephrine/isoproterenol between coronary arteries
and femoral arteries reflects their differential signaling of
adrenergic receptor: that is, 3-adrenergic receptor domi-
nantly mediated coronary vasodilation (Figure 7D and
7E), whereas a-adrenergic receptor-mediated femoral
contraction that was also subjected to opposite modula-
tion by p-adrenergic receptor signaling (Figure 7F).
-Adrenergic receptors are known to couple with
cAMP-PKA (protein kinase A) signaling pathway or
with G/nitric oxide (NO) pathway in the heart.®> We next
compared roles of NO and prostaglandins (which regu-
late cAMP-PKA signaling) in vasodilatation between
coronary and femoral arteries. Administration with a
NO synthase inhibitor NG-nitro-L-arginine methyl ester
inhibited acetylcholine-induced relaxations in both coro-
nary and femoral arteries of wild-type mice (Figure 7G).
Treatment with SCB560, an inhibitor of the constitutively
expressed prostaglandin-synthesizing enzyme COX
(cyclooxygenase)-1, suppressed acetylcholine-induced
relaxation in coronary arteries but not in femoral arteries
(Figure 7H). In addition, coronary arteries from Cox-1 defi-
cient mice also exhibited reduced acetylcholine-induced

Figure 5 Continued. represent sample ID. Integrative analysis of the proteome of CA and FA shows differentially expressed proteins (DEPs,
defined as log[2] (fold change [FC])>1.5 or <—1.5, and F<0.05, statistical analysis of the identified proteins was done by using Perseus_2.0.3.1).
C, Volcano plot of DEPs of FA between preatherosclerotic and early-atherosclerotic mice (WD+Dox-3d). D, Volcano plot of DEPs of FA
between preatherosclerotic and late-atherosclerotic mice (WD+Dox-28d). E, Volcano plot of DEPs of CA between preatherosclerotic and
early-atherosclerotic mice (WD+Dox-3d). F, Volcano plot of DEPs of CA between preatherosclerotic and late-atherosclerotic mice (WD+Dox-
28d). Splashes represent different proteins. Green, red, blue, and purple splashes represent proteins with significantly different expression. Gray
splashes represent proteins without significantly different expression. The DEPs were used for further analysis (G through K). G, Heat map

and hierarchical clustering for DEPs of CA and FA, with differential abundances defined by the blue-to-red color table Z scores calculated from
row-wise normalization. H, Venn diagram of downregulated DEPs of CA and FA in atherosclerosis. I, Venn diagram of upregulated DEPs of CA
and FA in atherosclerosis. J, Dot plot for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment for
DEPs of CA and FA in atherosclerosis. Dot plot was generated using an online tool (https://www.helixlife.cn/). DEPs: Differentially expressed
proteins. Volcano plot and Venn diagram were generated using Bioladder (https://www.bioladder.cn/). 3d denotes mice were administrated WD
plus doxycycline for 3 days, and 28d denotes mice were administrated WD plus doxycycline for 28 days. n=5, male ApoE5** mice. AS indicates
atherosclerosis; BP, blood pressure; and P adj, P value adjusted (by Benjamini-Hochberg).
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Figure 6. Selective impairment of coronary vasomotor reaction under hypercholesterolemia and hypertension.

Eight-week-old male ApoES** and ApoE~~ mice were initiated with either normal laboratory diet (ND), or western diet (WD) with doxycycline
(Dox), for 3 days, n=9 each group. Vascular contraction to potassium chloride (KCI; A) and U46619 (B) at the indicated concentrations were
measured for isolated coronary and femoral arteries. Values are meant SEM. n=9, 6, 9, 7 coronary arteries for the groups as labeled from left
to right (same way of sample size presentation applies to other similarly labeled groups); n=8, 13, 10, 11 femoral arteries for the groups as
labeled from left to right. Concentration-response curve to acetylcholine (ACh) for coronary arteries (C) and femoral arteries (D). Relaxation
was expressed as the percentage of contraction in response to U46619. n=7, 6, 6, 7 coronary arteries; n=8, 12, 9, and 10 femoral arteries.
Concentration-response curve to sodium nitroprusside (SNP) for coronary arteries and femoral arteries (E). n=4, 4, 5, 5 coronary (Continued)
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relaxations (Figure S16). Treatment with celecoxib, an
inhibitor of the inducible isoform COX-2 did not suppress
acetylcholine-induced relaxation (Figure S17), likely due
to low expression levels of COX-2 under physiological
conditions.

Prostaglandin concentrations in the coronary perfusate
were measured in the hearts isolated from ApoES>* mice
fed a WD and administered doxycycline, as well as from
those fed ND. The induction of hypercholesterolemia and
hypertension resulted in a reduction of PGE, (prostaglan-
din E,) and 6-keto-PGF, (prostaglandin F, ) (the stable
hydrolysis product of PG, [prostacyclin]; Figure 8A and
8B). This suggests that suppression of these vasodilator
prostaglandins might contribute to the impaired coronary
endothelial function (Figure 6C). Prostaglandins have
a very short half-life and multiple receptors. Methotrex-
ate, an immunosuppressant that induces COX-2 expres-
sion,?*? was used to interrogate the role of prostaglandins
in CA function in ApoES** mice. Methotrexate signifi-
cantly improved survival rates of hypercholesterolemic and
hypertensive mice (Figure 8C), without significant chang-
ing coronary lesion size in surviving mice (Figure S18). It
did not affect blood pressure or plasma lipid concentra-
tions (Figure S19A through S19C); additionally, it reduced
systemic inflammation as evidenced by the decreased
plasma concentrations of IL-1f3, MCP (monocyte che-
motactic protein)-5, P-selectin, VCAM1 (vascular cell
adhesion molecule 1), and ICAM1 (Figure S19D through
S19H). To investigate early vascular changes and the
potential involvement of prostaglandins, ApoES** mice
were fed WD and administered doxycycline. They were
then randomly assigned to receive intraperitoneal injection
of vehicle, methotrexate, or methotrexate plus celecoxib
for 3 days. The methotrexate group showed less early
lipid deposition in the CA compared with the vehicle group
(Figure 8D and 8E). Meanwhile, methotrexate induced
coronary production of PGE, and PGl, (Figure 8F and
8G), consistent with the upregulated expression of COX-2
in the CA (Figure 8H). With an unaltered CA contraction
(Figure 8l), methotrexate improved endothelial function,
and this effect was substantially attenuated by cotreat-
ment with the COX-2 inhibitor celecoxib, albeit COX-1 or
other effects of methotrexate might still contribute to the
vasodilatation (Figure 8J).

DISCUSSION

Global knockout of both ApoE and Scarb1 resulted in
coronary complications with premature death (all mice

Selective Vulnerability of Coronary Atherogenesis

died at 5 weeks old),'?'® precluding its use in assess-
ing the effects of chronic risk factors on coronary ath-
erosclerosis. By knocking down Scarb1 predominantly
in the liver, where reverse cholesterol transport occurs,
we were able to bypass the premature death to assess
interactions of hypercholesterolemia and hypertension
on coronary atherosclerosis. Strikingly, this study uncov-
ers a strong synergistic impact of hypercholesterolemia
and Ang ll-mediated hypertension on the development
of coronary atherosclerosis, featuring many of the key
features of advanced CAD in humans. These include
multiple-vessel atherosclerotic occlusion along the coro-
nary arterial tree, unstable plaques (exemplified by endo-
thelium erosion, myeloid cell inflammation, plaque fissure,
intralesional thrombosis, and distal blockade), myocardial
infarction, and heart failure. Such severe coronary ath-
erosclerosis did not occur with either hypercholesterol-
emia or hypertension alone.

Insights into mechanisms underlying coronary athero-
genesis were gained by proteomic profiling and compar-
ing coronary arteries and femoral arteries, the 2 vascular
beds exhibiting distinctive athero-susceptibility. Coronary
arteries were highly metabolically active during vascular
remodeling. They responded readily to hypercholester-
olemia and hypertension by expressing more proteins in
structural transformation at the onset of atherosclerosis
and by expressing fewer proteins in vascular contraction
and more proteins in immune response/inflammation at
advanced stages of atherosclerosis. In contrast, femoral
arteries exhibited downregulation of lipid metabolism and
immune response after atherogenic insults, while main-
taining their resilient structure as major conduit arteries.
The molecular signature suggests potential importance
of vasomotor responses in dictating coronary arterial
susceptibility to vascular inflammation and atherogen-
esis. In fact, when hypercholesterolemia was exacer-
bated, coronary arterial endothelium function became
particularly vulnerable and was essentially abolished
shortly after Ang ll-mediated hypertension was super-
imposed to hypercholesterolemia, while femoral arterial
endothelium-dependent relaxation remained. It is worth
noting that human autopsy findings indicate that athero-
sclerosis progressed more rapidly in coronary arteries
than in femoral arteries.?®

This study reveals critical roles of Ang Il and pros-
taglandins in the coronary vasomotor reaction underly-
ing coronary atherogenesis. Hemodynamic stress is
critical in atherogenesis. Here, hypertension induced by
Ang ll, but not by norepinephrine, drastically accelerated

Figure 6 Continued. arteries; n=7, 6, 7, 6 femoral arteries. Human coronary arteries (CA) and internal mammary arteries (IMA) from patients
with both hypertension and hypercholesterolemia (H-H) and from those without H-H (Control) were assessed for vasoconstriction response to
30 nmol/L U46619 (F). n=13, 10, 9 patients. Values are meant+SEM. n=21, 16, 21 vessels. Concentration-response curves to ACh (G) and
SNP (H) in human CA and IMA. Vessels were precontracted with U46619. G, n=13, 9, 12 vessels. H, n=6, 6, 7 vessels. One-way ANOVA with
Tukey multiple comparisons test was used for statistical analysis (A, B, and F). Cumulative concentration-response curves (C through E, H) were
analyzed by comparing area under the curve with 1-way ANOVA with Tukey multiple comparisons test.

e118  August 1,2025

Circulation Research. 2025;137:e106—e123. DOI: 10.1161/CIRCRESAHA.125.326409


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.125.326409

9202 ‘6T nbny uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Chen et al Selective Vulnerability of Coronary Atherogenesis

>
o)

(—]
=
_ O Coronary artery lm.. _ K =
13 O Femoral artery 0% ! § ; i e i 2
Z |6.3x10" - ‘. =
£ 2.4x10"2 X 207 1" =
=10- o 6.7x10° c - %
g o S -40- . m
= = 3 =
8 g .60+ Coronary artery l @
E 5 O 0.0051 o v An ; l
0031 gll
3 O @ .go{e ACh ‘u 4
S | g B i =i
o - '100 .‘ L} T L] Ll T | T L] T
KCI U46619 Angll NE 9858757656555 45
60mM 100nM 100nM  3uM -LOG(M)

(9]
O

0188900 5 & R S S T
2% on - i
£-20 l o T -20- ! - i
o ~ ;
J o
2 L ¢ § S 40 & >
- (o]
&~ -60 & ® < X
< |® CA-ven il s 3 X 604 Coronary artery 3
X .go{® FA-Veh. _ : S
8015 Ca-Angl . nh.g @ .go] O Vehicle ®) s
O FA-Ang I -2 A Propranolql : g
=100+ T T T 7T T T T ¥ Phentolamine N
85 875 765 655 5 55 -100 8I5 é 7'5 ; '5 é '5 g 4'5
ACh[-Log M] ISO[-Log M] ) " NE [-Log M] '
E F
o4 m -m-m A 60+
. 'm ~ AR.a.g I |Femoralartery
R -207 Ba| @) O Vehicle xp:
c v w X404 4 Propranolol y ol E
K- -40 ﬁ 2 S v- Phentolamine =
(0] - -— &
% -804 Coronary artery v e 8 i ug.
= v & $20- 1% =
2 O Vehicle g - y? X
-804 .4~ Propranolol ‘m o o8 v
v- Phentolamine o i o
-100 T T T T T T T T T 0“."—H—Q+'_'+I_
85 8 75 7 65 6 55 5 45 85 8 75 7 65 6 55 5 45
ISO[-Log M] NE [-Log M]
G H
jeegoasggg oftogess,
2204 I 220+ . é l 6.5
c © e o
S-40- I o[ S-40- l |2
® I gl ® 4 I =
g-GO" = G-GO- l
s ®  CA-Vehicle . ¢ = . E:-‘\I/miglle 3 6
8018 CALNAME " e 018 CASCHS “ 00
'100 DI FIA-L-I T T T T T T '100 T T T T T T T T T
85 875 765 655 545 85 875 765 655 5 45
ACh[-Log M] ACh[-Log M]

Figure 7. Distinctive regulation of vasomotor reactivities by Ang Il (angiotensin Il), norepinephrine, and prostaglandins in
coronary arteries (CA) compared with femoral arteries (FA).

Signaling pathways of vasorelaxation were characterized using CA and FA isolated from 8-week-old male wild-type mice fed normal
laboratory diet. Vascular contraction to potassium chloride (KCI), U46619, Ang Il, and norepinephrine (NE), at indicated concentrations, were
determined for coronary and femoral arteries (A). n=6, 6, 6, 8. Student ¢ test was used for statistical analysis. B, Relaxation-response curve to
Ang II, acetylcholine (Ach), isoproterenol (ISO), and NE in coronary arteries, n=6, 7, 6, 6. C, Concentration-response curve to ACh in arteries
precontracted with U46619. Ang Il (100 nmol/L) significantly inhibited the coronary relaxation responses to ACh (not ISO, 3 uM), (Continued)
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coronary atherogenesis, despite their induction of simi-
lar degree of systemic hypertension. Ang Il constricted
peripheral arteries and inhibited endothelium-dependent
relaxation of coronary arteries, in contrast, norepineph-
rine dilated coronary arteries (3-receptor mediated) while
constricting peripheral arteries (a-receptor mediated).
The differential effects of Ang Il and norepinephrine on
coronary dilatation and atherogenesis support the notion
that impairment of coronary dilatation by Ang Il increases
local hemodynamic stress on the vessel wall, promoting
atherosclerosis, and increased coronary vasodilatation/
vascular compliance upon hemodynamic stimuli protects
against coronary atherogenesis. It is also suggested that
hypertension of different cause may unequally predis-
pose coronary atherogenesis and confer varied risk of
CAD.

In our study, losartan treatment reversed Ang llI—
induced hypertension, endothelial dysfunction, and coro-
nary atherosclerosis, suggesting that targeting the Ang
[I-AT1 receptor axis at the coronary endothelium may
represent an effective strategy for preventing CAD in
patients with both hypercholesterolemia and hyperten-
sion. Ang Il impairs coronary endothelium-dependent
NO-mediated dilation via AT1 receptor activation of
NADPH oxidase (nicotinamide adenine dinucleotide
phosphate oxidase) and superoxide release.?’” Ang Il at
a lower infusion rate without increasing blood pressure,
did not significantly increase coronary atherosclerosis.
This reinforces the importance of the hyperlipidemia-
hypertension interaction through the Ang II-AT1 recep-
tor activation in coronary atherosclerosis.

Prostaglandins play an important role in coronary
vascular function. PGE,-EP4 signaling constrains
coronary ischemia-reperfusion injury, consistent with
a suppressing effect of PGE, on endothelial dysfunc-
tion and neutrophil activation.?® Prostacyclin 2 interacts
with NO signaling via activating eNOS (endothelial NO
synthase) signaling, which causes vascular smooth
muscle relaxation?® Methotrexate-induced synthesis
of coronary prostacyclin 2/E, may preserve coronary
endothelium function, preventing atherogenesis and
improving lesion stability. The use of non-steroidal anti-
inflammatory drugs (NSAIDs) was associated with an
increased risk of coronary events, such as cardiovas-
cular death and nonfatal myocardial infarction, but not
with cerebral vascular events like stroke.®° Furthermore,
administration of indomethacin caused CA constriction
in patients with CAD.?" These clinical observations also
support the importance of prostaglandins in coronary

Selective Vulnerability of Coronary Atherogenesis

functionality, consistent with our experimental study.
Given multiplicity of prostanoids and their receptors,
functions of individual prostanoid signaling await future
study.

In summary, the combination of hypercholesterolemia
and Ang Il-induced hypertension drastically accelerated
coronary atherogenesis in mice, resulting in a spectrum
of CAD that recapitulates many features of human biol-
ogy. The Ang |I-AT1 receptor axis and prostaglandin
are key in modulating coronary endothelium-dependent
vasodilation that underlies the selective vulnerability of
coronary atherogenesis. A schematic illustration of the
selective susceptibility of coronary arteries to hypercho-
lesterolemia and hypertension and its mechanistic basis
is shown (Figure S20).

This study also provides a novel mouse model of
coronary atherosclerosis. ApoES»** mice develop nor-
mal and are fertile. Diet-modifiable hypercholesterol-
emia led to chronic coronary atherosclerosis in these
mice, and additional hypertension resulted in advanced
coronary atherosclerotic plaques with spontaneous
rupture and myocardial infarction. This mouse model
is useful in elucidating CAD mechanisms and has an
advantage in assessing multiple (chronic) risk factors
and their interactions and pharmacological interven-
tions for CAD. ApoES*** mice carry only 1 genetic
mutant locus, rendering it easy to breed and cross with
other strains.

Although separate guidelines are available for manag-
ing blood cholesterol concentrations and blood pressure,
with targeted values changed over time, hyperlipidemia
and hypertension often coexist. This study raises a con-
cept that when hypercholesterolemia reaches certain
extent, or results from specific genetic traits, or fails
to meet targeted value after treatment, superimposed
hypertension of certain cause could be detrimental to
coronary atherogenesis. Their interaction highlights the
necessity of developing a more integrated approach to
formulating such guidelines.

LIMITATIONS

This experimental study reveals a strong interaction
between hypercholesterolemia and hypertension in
coronary atherogenesis. Extrapolation of these animal
observations to clinical settings in subjects with different
extents/types of hypercholesterolemia and hyperten-
sion and individualized intervention await future clinical
investigation.

Figure 7 Continued. but it did not influence femoral artery relaxation responses to ACh, n=6. Relaxation-response curve to NE (D) or ISO (E)
in CA, n=6. Contraction-response curve to NE (F) in FA, n=6. Propranolol (3-adrenergic receptor antagonist) and phentolamine (a-adrenergic
receptor antagonist) were incubated at a concentration of 10 pM. NG-nitro-L-arginine methyl ester (100 uM) significantly inhibited both CA and
FA relaxation responses to ACh (G), n=6. SC560 (5 uM) inhibited coronary (not femoral) artery relaxation responses to ACh (H), n~=10 CA, n=8
FA. Cumulative concentration-response curves (A through H) were analyzed by comparing area under the curve with 1-way ANOVA with Tukey

multiple comparisons test. Veh. indicates vehicle.
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Figure 8. Coronary prostaglandin production was suppressed in atherogenesis and its upregulation by methotrexate
associated with cardiovascular protection.

To examine coronary prostaglandin biosynthesis, hearts were isolated from male ApoES5* mice fed normal laboratory diet (ND), or western diet
(WD) plus doxycycline (Dox; 4 weeks). The hearts were perfused in a modified Langendorff system. Concentrations of PGE, (A) and 6k-PGF
(B) in the effluent of ex vivo perfused hearts were determined by HPLC-MS-MS . n=b. Eight weeks old male ApoE®** mice were administered
WD with Dox and randomized to receive vehicle (Veh.)/saline (WD+Dox+Veh) or methotrexate (WD+Dox+MTX) for 8 weeks. n=23. A separate
set of ApoES*** mice fed WD and administered with MTX (WD+MTX) or vehicle (WD+Veh) were used as (Continued)
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Figure 8 Continued. control. n=12. These control mice developed no apparent atherosclerotic lesion in the short study period. C, Kaplan-Meier
survival curve, Log-rank (Mantel-Cox) Test. D, Representative images of lipid deposition in coronary arteries stained by Oil Red O. E, Quantification
of coronary atherosclerotic lesions in mice with 3 days intervention, n=8 mice. Concentrations of PGE, (F) and 6k-PGF, (G) in the effluent of

ex vivo perfused hearts were determined by HPLC-MS-MS. n=b. H, Representative histology staining of COX-2 (cyclooxygenase 2) in coronary
arteries. I, Mouse coronary artery constriction to KCI (60 mmol/L) and U46619 (100 nmol/L). n=8, 6 vessels. J, Concentration-relaxation
response to acetylcholine (Ach) of isolated mouse coronary arteries. Relaxation is expressed as a percentage of the contraction in response to
U46619, n=8, 6, 6 vessels. Tissue staining data are representative of 3 independent experiments (D and H). Values are meantSEM. Student ¢
test (A, B, E through G, and I). Cumulative concentration-response curves were analyzed by comparing area under the curve with Student ¢ test

(3). HPLC-MS-MS indicates high-performance liquid chromatography-tandem mass spectrometry; PGE,, prostaglandin E,; and 6k-PGF

prostaglandin F, .
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1o

ARTICLE INFORMATION

Received February 25, 2025; revision received May 4, 2025; accepted May 27,
2025.

Affiliations

State Key Laboratory of Cardiovascular Disease (H.C,, QW, J.Y, HR, C.X, PX,
XY, SH., M\W), Department of Pathology (H.W.), Department of Cardiovascu-
lar Surgery (W.F, LW.), and NHC Key Laboratory of Clinical Research for Car-
diovascular Medications, National Clinical Research Center of Cardiovascular
Diseases (M.W.,), Fuwai Hospital, National Center for Cardiovascular Diseases,
Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing. Translational Cardiology, Department of Medicine Solna, Karolinska In-
stitutet, Stockholm, Sweden (M.B.). Department of Pharmacology, and Biomedi-
cine Discovery Institute, Monash University, Clayton, Victoria, Australia (R.E.W.).
Shanghai Key Laboratory of Medical Epigenetics, International Co-Laboratory
of Medical Epigenetics and Metabolism, Ministry of Science and Technology,
Institutes of Biomedical of Sciences, Fudan University, China (FL.). Saha Cardio-
vascular Research Center and Department of Physiology, University of Kentucky,
Lexington (H.S.L, AD.). Department of Systems Pharmacology and Translational
Therapeutics, Institute for Translational Medicine and Therapeutics, Perelman
School of Medicine, University of Pennsylvania, Philadelphia (G.AF). State Key
Laboratory of Common Mechanism Research for Major Diseases, Department
of Biochemistry and Molecular Biology, Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences & Peking Union Medical College, Bei-
jing (D.-PL.). Department of Biomedical Sciences, The City University of Hong
Kong, China (Y.H.). Department of Neurology, SUNY Downstate Medical Center,
Brooklyn, NY (W.J.).

Acknowledgments

The mouse model of coronary atherosclerosis described in this paper was initially
reported as a conference abstract that is published in Arteriosclerosis, Throm-
bosis, and Vascular Biology. 2017;37:A187-A187. doi: doi:10.1161/atvb.37.
suppl_1.187.

Author Contributions

HC, QW, J.Y, HR, CX, PX and XY. performed experiments and analyzed
the data. SH., HW, WF and LW. contributed essential materials. H.C,, QW,
JY.HR,REW, FLHSL, AD,GAF. D-PL, YH, WJ. and MM. contributed to
the in-depth discussion of the results. H.C. and M.W. wrote the manuscript, and
all authors revised the manuscript and approved the submission. M\W. conceived
and supervised the project.

Sources of Funding

This work was supported by the National Key Research and Development
Program of China (2023YFEO118800, 2024YFF0507701), the Noncom-
municable Chronic Diseases-National Science and Technology Major Project
(2024ZD0537700/ 2024ZD0537701), the National Natural Science Founda-
tion of China (82320108002 and 92149305), Beijing Natural Science Foun-
dation (7244396), Chinese Academy of Medical Sciences (CAMS) Innovation
Fund for Medical Sciences (2021-12M-1-016, 2023-12M-2-003, and 2016-12M-
1-006), the non-profit Central Research Institute Fund of CAMS (2023-PT310-
03), and research funds (2022-GSP-GG-8, 2024GZZD-04, etc) from Fuwai
Hospital, CAMS, and Hong Kong RGC (Research Grants Council, T12-101/23-
N and SRFS2021-4S04).

Disclosures

G.A. FitzGerald is a Senior Advisor to Calico Laboratories. The other authors re-
port no conflicts.

e122  August 1,2025

Supplemental Material
Supplemental Methods
Tables S1-S6

Figures S1-S20

Videos S1-S4

Unedited Immunoblots

Major Resources Table
References 9, 21, 28, 32-34

REFERENCES

1. GBD 2021 Causes of Death Collaborators. Global burden of 288 causes
of death and life expectancy decomposition in 204 countries and territories
and 811 subnational locations, 1990-2021: a systematic analysis for the
Global Burden of Disease Study 2021. Lancet. 2024;403:2100-2132. doi:
10.1016/S0140-6736(24)00367-2

2. Libby P. The changing landscape of atherosclerosis. Nature. 2021;692:5624—
533. doi: 10.1038/541586-021-03392-8

3. Libby P, Ridker PM, Hansson GK. Progress and challenges in translat-
ing the biology of atherosclerosis. Nature. 2011;473:317-325. doi:
10.1038/nature 10146

4. Berry JD, Dyer A, Cai X, Garside DB, Ning H, Thomas A, Greenland P,
Van Horn L, Tracy RPF, Lloyd-Jones DM. Lifetime risks of cardiovascular dis-
ease. N Engl J Med. 2012;366:321-329. doi: 10.1056/NEJMoa1012848

5. Lu J, Lu Y, Yang H, Bilige W, Li Y, Schulz W, Masoudi FA, Krumholz HM.
Characteristics of high cardiovascular risk in 1.7 million Chinese adults. Ann
Intern Med. 2019;170:298-308. doi: 10.7326/M18-1932

6. Zhang W, Zhang S, Deng Y, Wu S, Ren J, Sun G, Yang J, Jiang Y, Xu X,
Wang TD, et al; STEP Study Group. Trial of intensive blood-pressure control
in older patients with hypertension. N Engl J Med. 2021;385:1268-1279.
doi: 10.1056/NEJMoa2111437

7. Lonn EM, Bosch J, Lopez-Jaramillo P, Zhu J, Liu L, Pais P, Diaz R, Xavier D,
Sliwa K, Dans A, et al; HOPE-3 Investigators. Blood-pressure lowering in
intermediate-risk persons without cardiovascular disease. N Engl J Med.
2016;374:2009-2020. doi: 10.1056/NEJMoa1600175

8. Yusuf§,Bosch J,Dagenais G, Zhu J, Xavier D, Liu L, Pais P, Lopez-Jaramillo F,
Leiter LA, Dans A, et al; HOPE-3 Investigators. Cholesterol lowering in
intermediate-risk persons without cardiovascular disease. N Engl J Med.
2016;374:2021-2031. doi: 10.1056/NEJMoa1600176

9. Daugherty A, Tall AR, Daemen M, Falk E, Fisher EA, Garcia-Cardena G,
Lusis AJ, Owens AP lll, Rosenfeld ME, Virmani R; American Heart Asso-
ciation Council on Arteriosclerosis, Thrombosis and Vascular Biology; and
Council on Basic Cardiovascular Sciences. Recommendation on design,
execution, and reporting of animal atherosclerosis studies: a scientific state-
ment from the American Heart Association. Arterioscler Thromb Vasc Biol.
2017;37:¢131-e157. doi: 10.1161/ATV.0000000000000062

10. Cadby G, Giles C, Melton PE, Huynh K, Mellett NA, Duong T,
Nguyen A, Cinel M, Smith A, Olshansky G, et al. Comprehensive genetic
analysis of the human lipidome identifies loci associated with lipid homeo-
stasis with links to coronary artery disease. Nat Commun. 2022;13:3124.
doi: 10.1038/s41467-022-30875-7

11. Zanoni P, Khetarpal SA, Larach DB, Hancock-Cerutti WF, Millar JS,
Cuchel M, DerOhannessian S, Kontush A, Surendran P, Saleheen D, et al;
CHD Exome+ Consortium. Rare variant in scavenger receptor Bl raises
HDL cholesterol and increases risk of coronary heart disease. Science.
2016;351:1166-1171. doi: 10.1126/science.aad3517

12. Braun A, Trigatti BL, Post MJ, Sato K, Simons M, Edelberg JM, Rosenberg RD,
Schrenzel M, Krieger M. Loss of SR-Bl expression leads to the early

Circulation Research. 2025;137:e106—e123. DOI: 10.1161/CIRCRESAHA.125.326409



920z ‘6T 1snfiny uo Aq Bio'seuinofeye//:dny woly papeojumoq

Chen et al

20.

21.

22.

Circulation Research. 2025;137:e106—e123. DOI: 10.1161/CIRCRESAHA.125.326409

onset of occlusive atherosclerotic coronary artery disease, spontane-
ous myocardial infarctions, severe cardiac dysfunction, and premature
death in apolipoprotein E-deficient mice. Circ Res. 2002;90:270-276. doi:
10.1161/hh0302.104462

. Pal R, Ke Q, Pihan GA, Yesilaltay A, Penman ML, Wang L, Chitraju C,

Kang PM, Krieger M, Kocher O. Carboxy-terminal deletion of the HDL recep-
tor reduces receptor levels in liver and steroidogenic tissues, induces hyper-
cholesterolemia, and causes fatal heart disease. Am J Physiol Heart Circ
Physiol. 2016;311:H1392-H1408. doi: 10.1152/ajpheart.00463.2016

. Gepner AD, Young R, Delaney JA, Tattersall MC, Blaha MJ, Post WS,

Gottesman RF, Kronmal R, Budoff MJ, Burke GL, et al. Comparison of coro-
nary artery calcium presence, carotid plaque presence, and carotid intima-
media thickness for cardiovascular disease prediction in the Multi-Ethnic
Study of Atherosclerosis. Circ Cardiovasc Imaging. 2015;8:e002262. doi:
10.1161/CIRCIMAGING.114.002262

. Te Riet L, van Esch JH, Roks AJ, van den Meiracker AH, Danser AH.

Hypertension: renin-angiotensin-aldosterone system alterations. Circ Res.
2015;116:960-975. doi: 10.1161/CIRCRESAHA.116.303587

. Daugherty A, Manning MW, Cassis LA. Angiotensin Il promotes atheroscle-

rotic lesions and aneurysms in apolipoprotein E-deficient mice. J Clin Invest.
2000;105:1605-1612. doi: 10.1172/JCI7818

. Weiss D, Kools JJ, Taylor WR. Angiotensin ll-induced hypertension acceler-

ates the development of atherosclerosis in apoE-deficient mice. Circulation.
2001;103:448-454. doi: 10.1161/01.cir.103.3.448

. Daugherty A, Cassis L. Chronic angiotensin Il infusion promotes athero-

genesis in low density lipoprotein receptor-/- mice. Ann NY Acad Sci.
1999;892:108-118. doi: 10.1111/}.1749-6632.1999.tb07789.x

. Daugherty A, Rateri DL, Lu H, Inagami T, Cassis LA. Hypercholesterolemia

stimulates angiotensin peptide synthesis and contributes to atheroscle-
rosis through the AT1A receptor. Circulation. 2004;110:3849-3857. doi:
10.1161/01.CIR.0000150540.564220.C4

Rodriguez-Porcel M, Lerman LO, Herrmann J, Sawamura T, Napoli C,
Lerman A. Hypercholesterolemia and hypertension have synergistic delete-
rious effects on coronary endothelial function. Arterioscler Thromb Vasc Biol.
2003;23:885-891. doi: 10.1161/01.ATV.0000069209.26507.BF

Fenske SA, Yesilaltay A, Pal R, Daniels K, Rigotti A, Krieger M,
Kocher O. Overexpression of the PDZ1 domain of PDZK1 blocks the activ-
ity of hepatic scavenger receptor, class B, type | by altering its abundance
and cellular localization. J Biol Chem. 2008;283:22097-22104. doi:
10.1074/jbc.M800029200

Hu C, Dandapat A, Sun L, Marwali MR, Inoue N, Sugawara F, Inoue K,
Kawase Y, Jishage K, Suzuki H, et al. Modulation of angiotensin Il-mediated
hypertension and cardiac remodeling by lectin-like oxidized low-density
lipoprotein receptor-1 deletion. Hypertension. 2008;562:556-562. doi:
10.1161/HYPERTENSIONAHA.108.115287

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Selective Vulnerability of Coronary Atherogenesis

Lohse MJ, Engelhardt S, Eschenhagen T. What is the role of beta-
adrenergic signaling in heart failure? Circ Res. 2003;93:896-906. doi:
10.1161/01.RES.0000102042.83024.CA

Cao Y, Shi H, Sun Z, Wu J, Xia Y, Wang Y, Wu Y, Li X, Chen W, Wang A, et al.
Protective effects of magnesium glycyrrhizinate on methotrexate-induced
hepatotoxicity and intestinal toxicity may be by reducing COX-2. Front Phar-
macol. 2019;10:119. doi: 10.3389/fphar.2019.00119

Aladaileh SH, Hussein OE, Abukhalil MH, Saghir SAM, Bin-Jumah M,
Alfwuaires MA, Germoush MO, Almaiman AA, Mahmoud AM. Formononetin
upregulates Nrf2/HO-1 signaling and prevents oxidative stress, inflamma-
tion, and kidney injury in methotrexate-induced rats. Antioxidants (Basel).
2019;8:430. doi: 10.3390/antiox8100430

Dalager S, Falk E, Kristensen IB, Paaske WP. Plaque in superficial fem-
oral arteries indicates generalized atherosclerosis and vulnerability to
coronary death: an autopsy study. J Vasc Surg. 2008;47:296-302. doi:
10.1016/vs.2007.10.037

Zhang C, Hein TW, Wang W, Kuo L. Divergent roles of angiotensin Il AT1
and AT2 receptors in modulating coronary microvascular function. Circ Res.
2003;92:322-329. doi: 10.1161/01.res.0000056759.563828.2¢c

Zhu L, Xu C, Huo X, Hao H, Wan Q, Chen H, Zhang X, Breyer RM, Huang Y,
Cao X, et al. The cyclooxygenase-1/mPGES-1/endothelial prostaglandin
EP4 receptor pathway constrains myocardial ischemia-reperfusion injury.
Nat Commun. 2019;10:1888. doi: 10.1038/s41467-019-09492-4
YuY,RicciottiE,ScaliaR, Tang SY,Grant G, YuZ,Landesberg G, Crichton, Wu W,
Pure E, et al. Vascular COX-2 modulates blood pressure and thrombosis in
mice. Sci TransI Med. 2012;4:132rab4. doi: 10.1126/scitransimed.3003787
Bhala N, Emberson J, Merhi A, Abramson S, Arber N, Baron JA,
Bombardier C, Cannon C, Farkouh ME, FitzGerald GA, et al; Coxib and Tra-
ditional NSAID Trialists' (CNT) Collaboration. Vascular and upper gastroin-
testinal effects of non-steroidal anti-inflammatory drugs: meta-analyses of
individual participant data from randomised trials. Lancet. 2013;382:769—
779. doi: 10.1016/S0140-6736(13)60900-9

Friedman PL, Brown EJ Jr, Gunther S, Alexander RW, Barry WH,
Mudge GH Jr, Grossman W. Coronary vasoconstrictor effect of indometha-
cin in patients with coronary-artery disease. N Engl J Med. 1981;305:1171—
1175. doi: 10.1056/NEJM198111123052002

Daugherty A, Rateri D, Hong L, Balakrishnan A. Measuring blood pres-
sure in mice using volume pressure recording, a tail-cuff method. J Vis Exp.
2009;15:1291. doi: 10.3791/1291

Daugherty A, Whitman SC. Quantification of atherosclerosis in mice. Meth-
ods Mol Biol. 2003;209:293-309. doi: 10.1385/1-59259-340-2:293
Wang L, Zhang YL, Lin QY, Liu Y, Guan XM, Ma XL, Cao HJ, Liu Y, Bai J,
Xia YL, et al. CXCL1-CXCR2 axis mediates angiotensin ll-induced cardiac
hypertrophy and remodelling through regulation of monocyte infiltration. Eur
Heart J. 2018;39:1818-1831. doi: 10.1093/eurheartj/ehy085

August 1,2025 e123

(—)
=
o
—
=
=
=
m
()
m
=
=
()
=




