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Abstract

Objective: To evaluate the protective effect of pravastatin on atherosclerotic development and
inflammatory monocyte subset in atherosclerotic apolipoprotein E (ApoE) '~ mice after myo-
cardial infarction (MI).

Methods: Male ApoE '~ mice (8 weeks old) were fed a high-fat diet for 14 weeks throughout
the experiment. A Ml model was produced using 18-week-old ApoE '~ mice. They were ran-
domly divided into three groups: sham group, Ml group, and MI+Pra group (40 mg/kg/day prav-
astatin). After 4 weeks (at the end of the study period), the mice were sacrificed and cardiac
function was evaluated by echocardiography. Aortic lesion areas were evaluated using oil red O
staining. Plaque macrophage in aortic sinus was analyzed by immunofluorescence staining. Flow
cytometry was used to explore the proportions of monocyte subsets in the blood, spleen, and
bone marrow.
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Results: Pravastatin improved cardiac function and reduced lesion areas. It also attenuated the
supply of monocytes in spleen, especially the inflammatory Ly6C"&" monocyte subset. Pravastatin
also subsequently reduced macrophage accumulation in atherosclerotic lesions.

Conclusions: Ml accelerated chronic atherosclerosis progress. Pravastatin suppressed athero-
sclerotic development and inhibited inflammatory monocytosis after Ml in ApoEfl* mice.
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Introduction

Myocardial infarction (MI) can cause a sig-
nificant increase in the risk of recurrent car-
diovascular events.! After MI, the risk of
recurrent MI or stroke from non-culprit
atherosclerotic lesions is elevated by
several-fold over the following 6 to 12
months.>* Clinical research showed that
patients with ST segment elevation myocar-
dial infarction (STEMI) with angiography
evidence had a faster progression of non-
culprit coronary artery lesions compared
with a cohort without MI.° These findings
suggest that an acute ischemic event can
accelerate chronic atherosclerosis. Animal
studies have further demonstrated that
acute MI triggers Ly6C™&" monocyte accu-
mulation in the spleen and accelerates infil-
tration of these inflammatory immune cells
into a pre-existing arterial plaque, which
persists for 12 weeks after the initial
event.® Once they are inside the plaque,
inflammatory monocytes differentiate into
macrophages and produce proteases, such
as metalloproteinases and cysteinyl cathe-
psins, which can erode the extracellular
matrix of the fibrous cap in the plaque
and render atherosclerotic plaques unstable
resulting in ML’

Numerous clinical studies have shown
that statins, which are a standard treatment

for MI, have markedly improved the prog-
nosis after ML.%° However, the influence of
statins on inflammation beyond a direct
lipid-lowering effect, such as reducing low-
density lipoprotein cholesterol (LDL-C),
remains controversial.'’ Previous research
has shown that carotid atherosclerotic pla-
ques from patients who have taken statins
demonstrate a significant reduction in mac-
rophage infiltration."" In  addition,
nanoparticle-mediated delivery of pitavas-
tatin could inhibit monocyte mobilization
from the spleen and attenuate left ventricle
remodeling in mice after MI.'?> We, there-
fore, hypothesized that statins might inhibit
the progression of atherosclerosis and
improve cardiac function after MI through
inhibiting inflammatory Ly6C™€" monocy-
tosis. In this study, we evaluated the protec-
tive effects of pravastatin on atherosclerotic
plaques and monocyte infiltration after MI
using an apolipoprotein E (ApoE) ™/~
mouse model.

Materials and methods

Reagents

Pravastatin sodium was purchased from
Sigma-Aldrich (St. Louis, MO, USA).
BV421-conjugated anti-mouse Ly6C (clone
AL-21), PE-conjugated anti-mouse CDI11b
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(clone M1/70), APC-conjugated anti-mouse
Ly6G (clone 1A8), BV605-conjugated anti-
mouse CDI115 (clone T38-320), and anti-
mouse CD16/32 (clone 2.4G2) were pur-
chased from BD Pharmingen (Franklin
Lakes, NJ, USA). Monoclonal antibodies
against mouse F4/80 were obtained from
Abcam (Cambridge, UK). Mounting
medium with DAPI, hematoxylin—eosin
(H&E) and Masson’s trichrome staining
reagents were purchased from Wuhan
Servicebio Technology (Wuhan, China).
Oil Red O (ORO) was obtained from
Sangon Biotech (Shanghai, China).

Animal model

ApoE~/~ male mice (8 weeks old) with a
C57BL/6 background were purchased
from Cavens Laboratory Animal Co., Ltd
(Changzhou, China). Mice that were fed a
high-fat diet (1.25% cholesterol and 20%
fat) were maintained under the specific
pathogen-free conditions and housed in
the animal facility at Fudan University
(Shanghai, China), in compliance with the
guidelines for the care and use of laboratory
animals and in accordance with to institu-
tional animal care and use committee
(IACUC) of Fudan University. The MI
model was produced on ApoE '~ mice
after 10 weeks of feeding a high-fat diet.
They were randomly divided into the fol-
lowing three groups: sham group (sham
surgery and carboxymethylcellulose
sodium [CMC-Na]), MI group (MI and
CMC-Na), and MI+Pra group (MI and
pravastatin). Pravastatin was dissolved in
0.5% CMC-Na before administration.
Pravastatin (40 mg/kg/day) or 0.5%
CMC-Na was intragastrically administered
to mice for 4 weeks after MI. Body weight
changes were recorded weekly. At the end
of the treatment period, mice were eutha-
nized and blood samples were obtained
from the portal vein. Plasma lipid profiles,
including total cholesterol (TC), LDL-C,

and triglyceride (TG) levels, were measured
using an automatic analyzer (Hitachi,
Tokyo, Japan). The study scheme is
shown in Figure 1la.

The protocols for animal handling were
previously approved by our institutional
animal  ethics committee in  the
Department of Laboratory Animal Science
of Fudan University (approval number
20160835A214).

Myocardial infarction procedure

Mice were intubated and ventilated with
2% isoflurane and additional oxygen.
After thoracotomy that was performed in
the fourth left intercostal space, the
left anterior descending (LAD) branch of
coronary artery was identified and
permanently ligated with a monofilament
nylon 8-0 suture. Myocardium below the
ligation turned pale and local myocardial
movement was weakened. Mice in the
sham group received tracheotomy without
performing LAD ligation. The thorax
was closed with nylon 6-0 suture. The
success of the MI procedure was
confirmed by an increase in the ST-
segment on an electrocardiogram (ECG)
recording (Figure 1b).

Echocardiography

Echocardiographic studies were performed
4 weeks after MI using a Vevo 2100 ultra-
sound system (Visual Sonics, Toronto,
Canada). Mice were anesthetized by
inhalation of 2% isoflurane. The left para-
sternal short-axis view was recorded at the
level of papillary muscles. Simultaneous
transversal M-mode tracings were recorded
in the middle of Ileft ventricular (LV)
cavity. LV diameter at end diastole/systole
(LVDd/s) was determined by M-mode
measurement and LV volumes at end dias-
tole/systole (LVEDV and LVESV)
were calculated. Ejection fraction (EF)
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Figure |. Cardioprotective effects of pravastatin in ApoE '~ mice after MI. (a) Experiment design scheme.
Eight-week-old male ApoE ™'~ mice were fed a high-fat diet (1.25% cholesterol and 20% fat) for 14 weeks as
an animal model of in vivo atherosclerosis. Ml was induced when they were fed the high-fat diet for 10 weeks.
Mice were randomly assigned to one of three groups including the Sham group (sham surgery and CMC-Na),
Ml group (Ml surgery and CMC-Na), or MI+Pra group (Ml surgery and 40 mg/kg/day pravastatin). All animals
received the assigned study drug via intragastric gavage for an additional 4 weeks after MI. (b) Representative
electrocardiogram showing ST segment elevation after LAD ligation. (c) Cardiac function was determined by
echocardiography 4 weeks after surgery. Both EF% (d) and FS% (e) were evaluated 4 weeks after surgery. (f)
The survival rates in the three groups (Sham: n=6, MI: n =10, MI+Pra: n=12). Data are shown as the
mean + SEM. #P < 0.01 versus Sham group; *P < 0.05, *P < 0.01 versus Ml group.

ApoE, apolipoprotein E; MI, myocardial infarction; CMC-Na, carboxymethylcellulose sodium; Pra, prava-
statin; LAD, left anterior descending; EF, ejection fraction; FS, fractional shortening; SEM, standard error of
the mean.

and fractional shortening (FS) were Oil red O staining

calculated using the following
formulas: EF (%)= (LVEDV — LVESV)/  After blood samples were drawn from the
LVEDYV x 100; and FS (%) = portal vein, the aortic root and aorta were

(LVDd — LVDs)/LVDd x 100. excised. For en face analysis, aortas were
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fixed in 4% formalin before oil red O
(ORO) staining for 40 minutes. Images
were obtained using Image-Pro Plus
8 (Media Cybernatics, Silver Spring, MA,
USA) to quantify the lesion area, as
described previously."?

Histology and immunofluorescence study

For aortic sinus analysis, hearts were fixed in
4% formalin, dehydrated, embedded with
paraffin, and sliced into 5-um-thick sections
from the aortic region towards the apex of
the heart. H&E staining (Servicebio) was
then performed. For plaque analysis, fibrous
caps and necrotic cores were examined using
Masson’s trichrome staining (Servicebio).
To measure fibrous cap thickness, at least
three measurements of the thinnest fibrous
cap within one atherosclerotic plaque were
taken and averaged, as described previous-
ly."* The necrotic core area was analyzed by
measuring the total acellular area in athero-
sclerotic plaque, as described previously.'*
F4/80 staining was performed to determine
the macrophage content in the atherosclerot-
ic plaque. Sections were stained with anti-
F4/80 antibody (1:500, rat anti-mouse
monoclonal antibody) followed by incuba-
tion with goat anti-rabbit (1:300) antibody.
Slides were mounted with mounting medium
containing DAPI (Servicebio). Images were
analyzed in the area of atherosclerotic
lesions using a confocal fluorescence micro-
scope (Olympus, Tokyo, Japan) and Image-
Pro Plus software (Media Cybernatics).

Flow cytometry

Blood was obtained via the portal vein using
50 mmol/L EDTA. The erythrocytes were
lysed using fluorescence-activated cell sort-
ing (FACS) lysing solution (BD
Biosciences, Franklin Lakes, NJ, USA).
Spleen and bone marrow were processed in
phosphate buffer saline (PBS) with 2% fetal
bovine serum (FACS buffer), and red blood

cells were then removed. The mixture was
then filtered through a 70-um cell container.
After incubation with anti-CD16/32 mono-
clonal antibodies for 5 minutes at 4°C, cell
suspensions were incubated with CDI11b,
CDI115, Ly6G, and Ly6C. Samples were
analyzed using a BD FACSCelesta Flow
Cytometer (BD Biosciences) and FlowlJo
software (Treestar, Ashland, OR, USA).
Monocytes were identified as CDI11b",
Ly6G, CDI115" and Ly6Chieh/low,

Statistical analysis

All results are presented as the mean+tstan-
dard error of the mean (SEM). Differences
between two groups were assessed using an
unpaired Student’s #-test, and comparison
among multiple groups was evaluated
using a one-way analysis of variance
(ANOVA). Statistical analysis was per-
formed using GraphPad Prism 8 (San
Diego, CA, USA). A P value of 0.05 or
less was considered statistically significant.

Results

Effects of pravastatin on body weight and
plasma lipids in ApoE~'~ mice after MI

Body weight did not show significant differ-
ences among the groups. However, after 4
weeks of pravastatin treatment, plasma TC
in ApoE~/~ mice was significantly lower
compared with the MI group (P<0.05).
Pravastatin also significantly reduced the
LDL-C level compared with the MI group
(P<0.05), but there was no significant effect
on the TG level (Table 1).

Pravastatin improves cardiac function in
ApoE~"" mice after M

After MI, visualization of wall movement
was weakened and the ventricle was
enlarged. After pravastatin treatment, cardi-
ac function was improved after MI by
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Table I. Body weight and plasma lipids at 4 weeks after MI.

Groups Body weight (g) TC (mmol/L) LDL-C (mmol/L) TG (mmol/L)
Sham (n=6) 31.44+0.5 23.1+1.8 20.2+1.4 1.94+0.2
MI (n=10) 30.1+0.4 257+1.1 229+1.3 2.0+0.1
MI+Pra (n=12) 29.24+0.3 20.2+1.1% 17.4+0.9% 1.8+0.1

Data are shown as the mean 4 SEM.
*P < 0.05 versus Ml group.

MI, myocardial infarction; Pra, pravastatin; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, trigly-

cerides; SEM, standard error of the mean.

echocardiography (Figure 1¢). EF or FS was
significantly decreased after MI compared
with sham (P<0.01); however, pravastatin
treatment reversed the cardiac dysfunction
compared with the MI group (P<0.01 and
P<0.05, respectively; Figure 1d and e). At
day 28 after MI, the survival rates of the
MI group and MI+Pra group were 66.6%
(n=10) and 80.0% (n=12), respectively.
However, all mice in the sham group
(n=06) survived throughout the observation
period (Figure 1f). Postmortem examination
indicated that the main cause of death was
cardiac rupture.

Pravastatin inhibits atherosclerotic
plaques in ApoE~"~ mice after MI

Atherosclerosis developed slowly in the
sham group. MI can facilitate atherosclerot-
ic plaque development, but pravastatin
inhibited the process in en face aortas
(Figure 2a). We analyzed different parts of
the aorta and there were similar findings
(Figure 2b). In particular, atherosclerotic
plaques in aortic sinuses were shown with
H&E staining (Figure 2¢). Pravastatin treat-
ment significantly reduced atherosclerotic
plaques in aortic sinuses after MI compared
with the MI group (P<0.001; Figure 2d).

Pravastatin improves atherosclerotic
plaque stability in ApoE ™'~ mice after Ml

Using Masson’s trichrome staining in the
aortic sinus, we found that the fibrous cap

thickness of the plaque was decreased and
the necrotic core area was enlarged after M1
compared with sham (Figure 3a), but that
pravastatin can reverse the modulation
(P<0.05 and P<0.01, respectively;
Figure 3b and c).

Pravastatin suppresses macrophage
accumulation in aortic sinus in ApoE_/ B
mice after Ml

Macrophages in the atherosclerotic plaque
were examined via immunofluorescence
using F4/80 antibody (Figure 4a). F4/80-
positive areas were significantly increased
after MI (P<0.001 compared with sham),
but this increase was markedly inhibited
by pravastatin treatment (P<0.001 com-
pared with the MI group; Figure 4b).

Pravastatin inhibits inflammatory Ly6C"s"
monocytes in circulation and spleen

The flow cytometric gating strategy for
total monocytes (CD11b*, Ly6G’, and
CD115%), in addition to Ly6CMe" and
Ly6C'®" monocyte subsets, is shown in
Figure 5a. Circulating monocytes and
inflammatory Ly6C™&" monocytes were
increased after MI (both P<0.001 com-
pared with sham), and this increase was
inhibited by pravastatin (P<0.05 and
P<0.01, respectively; Figure 5b and c).
Because the circulating monocytes have
migrated from the spleen and bone
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Figure 2. Pravastatin suppresses atherosclerotic plaque growth in ApoE '~ mice after MI. (a) ORO staining
in aorta from ApoE~'~ mice in the Sham group, Ml group, or MI+Pra group. (b) Percentage of athero-
sclerotic area in the aorta, aortic arch, thoracic aorta, or abdominal aorta (Sham: n=6, Ml: n= 10, Ml+Pra:
n = 10). (c) Hematoxylin and eosin staining of aortic sinuses in the Sham group, Ml group, or MI+-Pra group.
The black arrows indicate the atherosclerotic area. Scale bar: 200 um; magnification x40. (d) Percentage of
the atherosclerotic area in the aortic sinus (Sham: n =6, Ml: n= 10, MI+Pra: n = 10). Data are shown as the
mean & SEM. ##P < 0.001 versus Sham group, **P < 0.01, *¥*P<0.001 versus Ml group.

ApokE, apolipoprotein E; MI, myocardial infarction; ORO, oil red O; Pra, pravastatin; SEM, standard error of
the mean.
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Figure 3. Effect of pravastatin on characteristics of atherosclerotic plaques in ApoE ™~ mice after MI. (a)
Masson’s trichrome staining of aortic sinuses in the Sham group, Ml group, or MI+Pra group. Upper panel:
scale bar, 200 pm; magnification, x40; lower panel: scale bar, 20 um; magnification, x400. (b) Quantification
of the fibrous cap thickness or necrotic core area in the aortic sinus sections (n=6 in each group). Data are
shown as the mean = SEM. #P < 0.05, ##P < 0.001 versus sham group, *P < 0.05, *P < 0.01 versus MI group.
ApoE, apolipoprotein E; Ml, myocardial infarction; Pra, pravastatin; SEM, standard error of the mean.

marrow, we investigated whether pravastat-
in inhibited monocyte subset levels in the
spleen or bone marrow after MI. After
MI, monocytes and inflammatory
Ly6CMe" monocytes levels in spleen were

higher compared with sham (P<0.01 and
P<0.001, respectively). Pravastatin treat-
ment significantly reduced total monocytes
and Ly6C"&" monocytes in the spleen com-
pared with the MI group (P<0.05 and
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Figure 4. Effect of pravastatin on F4/80 immunoreactivity in macrophages in ApoE ™'~ mice after MI. (a) F4/
80 immunofluorescence staining in the aortic sinus in the Sham group, Ml group, or MI+Pra group. Scale bar,
200 pm; magnification, x40. Magnified picture in last column: scale bar, 20 pm; magnification, x400. (b)
Percentage of F4/80-positive area in the aortic sinus sections (n=6 in each group). Data are shown as the
mean & SEM. ##P < 0.001 versus Sham group, **P < 0.001 versus Ml group.

ApokE, apolipoprotein E; MI, myocardial infarction; Pra, pravastatin; SEM, standard error of the mean.
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Figure 5. Pravastatin reduces blood and splenic monocytosis in ApoE~'~ mice after MI. (a) Flow cyto-
metric gating strategy for monocytes and Ly6C"&" monocytes. Quantification of monocytes (b) or Ly6C"e"
monocytes (c) in blood samples 4 weeks after MI. Quantification of monocytes (d) or Ly6C"&" monocytes
(e) in the spleen 4 weeks after MI. Quantification of monocytes (f) or Ly6C"&" monocytes (g) in bone
marrow 4 weeks after MI. Bar graphs are from the Sham group (n=6), MI group (n=10), or MI+4-Pra group
(n=12). Data are shown as the mean + SEM. #P < 0.01, ##P < 0.001 versus Sham group, *P < 0.05,

P <0.01, **P < 0.001 versus MI group.

ApoE, apolipoprotein E; MI, myocardial infarction; Pra, pravastatin; SSC, side-scattered light; SEM, standard
error of the mean.
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<0.001, respectively; Figure 5d and e), but
not in the bone marrow (Figure 5f and g).

Discussion

In this study, we demonstrated that prava-
statin improved cardiac function and atten-
uated atherosclerotic plaque growth after
MI in ApoE '~ mice. This effect can be
associated with inhibition of monocyte
delivery to the blood (a process called
monocytosis) and macrophage infiltration,
especially targeting inflammatory Ly6C"eh
monocyte levels in the blood and spleen.

We successfully established an animal
model for post-MI atherosclerosis using
an ApoE~/~ mouse on a high-fat diet.
ApoE /" mice develop advanced athero-
sclerosis after several weeks on a high-fat
diet, making them ideal for atherosclerosis
research.'”> However, even this robust
model itself does not spontaneously show
acute thrombosis or MI. In our study, we
induced MI by ligating LAD, which mimics
a clinically common location of MI. This
model can be easily reproduced, which pro-
vides a useful tool to study atherosclerosis,
especially after MI.

Our study demonstrated that pravastatin
suppressed atherosclerotic plaque growth
and enhanced plaque stability with restored
fibrous cap thickness and reduced necrotic
core areas after MI. Numerous clinical
studies have shown that statin treatment
improves outcomes in post-MI patients
and reduces the risks for recurrent cardio-
vascular events.'®!” Although pravastatin
exhibited modest reductions in TC and
LDL-C in ApoE~/~ mice after MI, which
is similar to previous reports,'® %' this
might be not the only mechanism to cause
50% reduction of atherosclerotic lesions in
our study. Therefore, additional mecha-
nisms are possible, such as an anti-
inflammatory effect, to work synergistically
with  the lipid-lowering effect on
atherosclerosis.

In patients with coronary artery disease
but well-regulated lipid levels, inflammato-
ry monocyte-derived macrophages are pre-
sent in the atherosclerotic plaque, and they
are associated with coronary plaque vulner-
ability.”>  Additionally,  inflammatory
monocytes are an independent predictor of
cardiovascular events in patients with ath-
erosclerosis.”> Enhanced monocyte endo-
thelial adhesion can increase plaque
inflammation after MIL.** Therefore, we
explored the anti-inflammatory effects of
statins after MI in ApoE~/~ mice.

Pravastatin, a HMG-CoA reductase
inhibitor, is widely used to prevent and
treat atherosclerotic heart disease, including
secondary prevention after acute MI.>? In
addition to its lipid-lowering effect, prava-
statin also has other pleiotropic effects,
such as anti-inflammatory or immunomod-
ulatory effects.'® Patients with MI who
have taken statins exhibited lower levels of
pro-inflammatory mediators, including
high sensitivity C-reactive protein and inter-
leukin-6.>> The underlying mechanism
remains unknown. Our study illustrated
that pravastatin inhibits monocytosis in
the blood and spleen, especially in the
subset of inflammatory Ly6C™&" mono-
cytes. This effect can contribute to
slowing the progression of atherosclerosis
after MI.

Although monocytes and macrophages
are essential for MI recovery, significant
enhancement of inflammatory monocytes
and macrophages can deteriorate cardiac
function.”® Optimal range of the monocyte
supply can achieve the best outcome.?’ It
has been shown that most of the increased
monocytes originate from the spleen, which
is a reservoir for monocytes, after MI in
mice.”® MI triggers additional inflammatory
monocytes in the spleen to migrate to the
ischemic myocardium and atherosclerotic
plaques.” In our study, reduction of
inflammatory monocytosis in the spleen by
pravastatin  suggests that pravastatin
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suppresses post-MI inflammation to atten-
uate atherosclerotic development. Bone
marrow is another source of circulating
monocytes; however, we did not observe a
significant change in monocytes in bone
marrow after MI. We speculate that
MI triggers multifactorial hematopoiesis
activation  pathways, including pro-
inflammatory  and  anti-inflammatory
effects.® Previous reports showed that MI
triggers sympathetic outflow from the cen-
tral nervous system. This B3 adrenergic
stimulation mobilizes monocyte progenitors
from bone marrow to migrate to the spleen,
where they can multiply in response to
hematopoietic growth factors. Finally, the
inflammatory monocytes can leave the
spleen and enter into the plaque.®*°
Another possibility is that there are physi-
ologically far fewer monocytes in bone
compared with the spleen,®’ and these
changes are difficult to observe after MI.
Our results suggest that the spleen serves
as a reservoir for monocytes,’> which can
be activated after MI, and pravastatin can
inhibit this process.

There are several approaches for future
studies. First, we are not sure if other sta-
tins can exhibit similar effects. Second,
detailed mechanisms of signaling pathways
and downstream target genes for anti-
inflammation modulated by pravastatin
need to be explored. Third, how ApoE is
involved in inflammation after MI is
unknown.

Conclusion

Pravastatin ~ suppressed  atherosclerotic
plaque development and inhibited inflam-
matory monocytosis in ApoE /'~ mice
after MI. This further confirms that prava-
statin can be used as secondary prevention
approach after MI, including in patients
with a normal lipid level.
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