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[Abstract] Objective To explore the pleiotropic molecular mechanisms by which atorvastatin (Ator) regulates
atherosclerosis (AS) in ApoE™'~ mice. Methods Thirty 8-week-old male ApoE™'~ mice were induced to develop
atherosclerosis by a high-fat diet. They were randomly assigned to a control group (normal saline), a low-dose Ator group
(5 mg/[kg-d]), and a high-dose Ator group (10 mg/[kg-d]), and received interventions for 10 weeks. The primary outcome
indicators were assessed by Oil Red O and HE staining to measure the area of atherosclerotic plaques. Secondary outcome
indicators included serum lipid levels detected by a blood chemical analyzer, Masson and Sirius Red staining combined
with polarized light to assess plaque stability indicators (collagen fiber content, fibrous cap thickness),
immunohistochemistry to detect the expression of a-smooth muscle actin (a-SMA) and CD68, fluorescence microplate
reader to measure reactive oxygen species (ROS) levels, Western blot and RT-qPCR to detect protein and gene expression

of inflammation, oxidative stress, apoptosis-related molecules, matrix metallopeptidase 7 (MMP-7), and guanine
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nucleotide-binding protein subunit a-13 (Gal3). Results Blood lipids and plaques: Ator reduced serum low-density
lipoprotein cholesterol (LDL-C), total cholesterol (TC), and triglycerides (TG) levels (P < 0.05), and dose-dependently
decreased the area of aortic lipid deposition and plaque area (Control group: plaque area [1.62 + 0.15] mm?®, Low-dose
group: [1.13 + 0.06] mm?, High-dose group: [0.83 + 0.07] mm?, P < 0.001). Plaque stability: Ator increased collagen fiber
content (P < 0.001), increased fibrous cap thickness, upregulated a-SMA expression, and downregulated CD68 expression
(P < 0.001). Oxidative stress: Ator remarkably diminished the levels of ROS in arterial tissue and malondialdehyde (MDA)
in serum (P < 0.001). Molecular mechanism: Ator downregulated pro-inflammatory factors (tumor necrosis factor-alpha
[TNF-a], interleukin-6 [IL-6]), NLRP3, pro-apoptotic proteins (caspase-3, p53), inducible nitric oxide synthase (iNOS),
and MMP-7; and upregulated anti-apoptotic protein Bcl-2, antioxidant proteins [mitochondrial deacetylase 3 (sirtuin 3,
SIRT3)/superoxide dismutase 2 (SOD2)], and Gal3 (P < 0.001). The expression trends of these proteins and genes were
consistent, with a more significant effect in the high-dose group. Conclusion Atorvastatin exerts its anti-atherosclerotic

effects by regulating blood lipids, inhibiting inflammatory responses, reducing oxidative stress, and regulating apoptosis.
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It also affects the expression of MMP-7 and Gal3.

[Key words] Atorvastatin ApoE™'™ mice

nucleotide-binding protein subunit a-13

shk ek FETE L (atherosclerosis, AS){E A—Fg Pk 5
i I AE R, S G 046 A ) S A, A
FRAEAL AR IR 05 # DORR . RAEANRIR A | 148 -3 L4
i 2 UG Ak e AL AL B E AR AT 2R 245 DA iRk
PR B3 AR A T C 32 S5 a0 1 3 - 58 e - 3 TP 6 8 — o il
A(3-hydroxy-3-methylglutaryl coenzyme A, HMG-CoA )it
i it AR AT AV 2% 82 i 21 11 BE [ 85 (1ow-density lipoprotein
cholesterol, LDL-C) )& BUNHTASIAYT AT, Ik
AR LA P DU, L 2 Ao LA R A i
FERRAS BT Ay TS50 A ORAP VA5 2z
W MAE A F I RE R VIAC, AAEIHIIEAE | WA A
RN B DIRE . FeUw BEBR LA SR Al G o S TR

BTFEHATT (atorvastatin, Ator) VE A IRAALTT ALK,
HEZRAEAE B Z 0 Y BREAFFEIESE Ator g
4 S AE PR I 52 e B B S0, (H A S BRE B AR E 1 O
B — BT R i SN BT T LR S 4
R SRR, I G R R B 7 (matrix
metalloproteinase-7, MMP-7) “fIG# [ a13F % (guanine

nucleotide-binding protein subunit a-13, Ga13)"", 7¢
Ator T U AL i ANV B8

ABF5E LA ApoE ™~ /INER A ISR ALY, 3 o) #g 1 ASHRE Y
IF T AN E R B Ator T 11, B 7E4K 5T Ator it ASHIHL
il o A Ator Y Z2 RS- AL T OBIEE , I Al R T
TSR E MR 1 SR

1 #MR5EFE

1.1 FEILIH KT RALES
Ator (HyRFNT, 495 A8194) FI KR SR 41 YL a3 (17

Atherosclerosis

Matrix metallopeptidase 7 Guanine

5:83555) ¥ [ % ¥ Sigma- Aldrich., Ator#h 22 oI
Az B R KR B TR Ak, T ) A BT 5 VR B A 5 mg/m L AN
10 mg/mLIKA SR, 4 CRIOATE, I FHHT 78538 e
%), MZLO(Oil-Red O, ORO) YA i (154501390, L 3%
Solarbio); HEYL {67 & ($75:C0105, I Beyotime);
Masson¥e {3457 & (555 G1340, I Servicebio) ; a-F-1F
HULEHEE [ (alpha smooth muscle actin, a-SMA)Fik (47
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5MMP-7, Gal3f#ik, P<0.05hERAEGHEE X,

2 #R
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SR W Fe2, 5XFRRATM L, IR 1 A 50 B Ator T
108 J5, /NFULE HLDL-C, TCHITGHR B YRR, H
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Table1 Gene primer sequences

Gene Forward primer (5'>3") Reverse primer (5'>3") Product length/bp Tm/C
TNF-« CCCTCACACTCACAAATGGAATG TGGGAGTAGACAAGGTACAACCC 136 60
IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTCAT 118 60
iNOS ATGGCCTTTGGAGACATCAA CTCTTGGCTTGATGGTGGTT 152 59
SIRT3 CAGCAGAAGATGGCCTTCTG GCTGCTGTTCTTCATCCACA 124 60
SOD2 CTCAAGGAGATGGCCTACTC GCTGGTGGTCTTGATGGTGT 141 60
Bcl-2 GAGTACCTGAACCGGAGATGA CAGGAGAAATCAAACAGAGGC 109 59
Caspase-3 TGTCATCTCGCTCTGGTACG CGGGTGCGGTAGAGTAAGC 132 60
p53 TATCTCAGTCCGAGCGTTTG CAGTGGTCATTCAGCCCTTT 115 59
MMP-7 CTGAGATGCTGCAAGCTGTC CAGGCGAGTTCATGAGTCTG 128 60
Gal3 TGGCAAGGAGTACATCAAGGA CTTGATGGTGTCGGTGATGT 146 60
GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC 104 60

TNF-a: tumor necrosis factor-alpha; IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; SIRT3: sirtuin 3; SOD2: superoxide dismutase 2; Caspases-3:

cysteine aspartic acid specific protease-3; MMP-7: matrix metallopeptidase 7; Gal3: guanine nucleotide-binding protein subunit a-13; GAPDH: glyceraldehyde-

3-phosphate dehydrogenase.

%2 Atorf&{KApoE~ " /NRLDL-C.TCHITGKEE ( n=10)
Table 2 Ator reduces the concentrations of LDL-C, TC, and TG in ApoE_/_ mice (n =10)

Group GLU/(mmol/L) HDL-C/(mmol/L) LDL-C/(mmol/L) TC/(mmol/L) TG/(mmol/L)
Control 8.52 +0.63 1.25+0.12 7.86 + 0.54 12.35+1.02 2.36 +£0.21
L-Ator 8..35+ 1.02 128 +0.11 6.32 +0.42° 10.24 + 0.85" 1.89 £0.17°
H-Ator 8.12 +0.43 1.30 +0.10 4.85+0.36"" 8.56 +0.7%" 1.45 +0.13*°

L-Ator: low-dose Ator; H-Ator: high-dose Ator; GLU: glucose; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TC:

total cholesterol; TG: triglycerides. * P < 0.05, vs. control group; ® P <0.01, vs. L-Ator group.
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Fig 1 Ator inhibits the formation of atherosclerosis in ApoE™'~ mice

L-Ator: low-dose Ator; H-Ator: high-dose Ator. A, ORO staining on the aortic endothelium surface of mice in each group; B, HE staining of aortic cross-sections of

##E

mice in each group. " P <0.001, vs. control; “** P < 0.001, vs. L-Ator. n = 10.
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JHT-H 1 (caspases-3. p53) MMMP-7f0FEA, FIRYIALL
F1(SIRT3, SOD2) . HLId -8 [1(Bcl-2) X Gal3ff ik,
Al E R, 2R A S E X (P<0.05), I
R H I mRNAZRIA AR A 3 5 %0 2 B R IB B —
2, k4,

3 itig

ASHE g0 L AE B A AZ Lo LR, K A e Je I
PR B ZETL | AR PR AAE | A AN TS5 2
RERRIEER ™ AT ApoE ™/~ /MR IR Tk
B, RGERIT T AtorfE MR 1E F Z A1 i 22 3t



712 PUNT S22 (B2 ) 5 574

Control

N o~

Qil-Red O

Masson

Sirius Red

(polarized light)

@ Sirius Red

a-SMA

CD86

)

Lipid deposition extent in
plaque region/%

N b ot
SO WO 50
Oy

Ju—
w

—_
(=}

w

S

Plaque collagen content/%

NS
SN
000 v 6’

'S
[}

w2
(=}

Fiber cap thickness/%
s 8

0
M oF KOS
SR

[ ]
(=}

—
w

a-SMA staining area/%
)

5
s
S S
Qoo“o\; REHE
20

—
w

w

CD68 staining area/%
S

N b KOS
SO WO 50
00'0 v 6’

2 Ator¥{EApoE ™ T/NR BB HAE L ISR EIE

Fig 2 Ator enhances the stability of atherosclerotic plaques in ApoE™"™ mice

a-SMA: alpha smooth muscle actin; L-Ator: low-dose Ator; H-Ator: high-dose Ator. A, ORO staining (lipid deposition) (x 200); B, Masson staining (collagen fibers)

(x 200); C, Sirius Red staining (fibrous cap thickness) (x 200); D, Sirius Red staining observed under a polarized light microscope (fibrous cap thickness) (x 200); E,

immunohistochemical detection of a-SMA levels (marker protein of smooth muscle cells) (x 200), the red arrow indicates a-SMA positive-expressing smooth muscle cells;

F, immunohistochemical detection of CD68 levels (marker protein of plaque macrophages) (x 200), the red arrow indicates CD68 positive-expressing macrophages. “p<

e

0.01,”" P <0.001, vs. control;
S3-FHL, S BRAR IR AR 25 S i 1 S A TR AL A
ABFFEUESE Ator 7ERE Y/ L H AT FEAIRLDL-C ., TCHI
TGKF-, 3% 5 B AL TT 225918 i3 M HMG-CoAid
it il /D T PR JEL T i JO R A oML AR AR A SR L
4l (smooth muscle cell, SMC) (3451 | 18 S H = A= 11y

P <0.001, vs. L-Ator. n = 10.

JKE D 2T Ak S A 4R 2T 2R R 5 40 e B MR Y OGS 3R T L
2 L Y 45 S 32 10 DU 2 S A B A% o ) R S R i, e ¢
FEEEH S B R, Ator EIRISMCER B a-
SMA I FR 38 FHAR IE I TR (Masson fISirius Red {7 ),
[ EF T 9 W A b I CD68 I 2k, 2 I H B4 Rl
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Fig 3 Ator decreases the levels of ROS in the arterial tissues and MDA in
the serum of ApoE™'™ mice
ROS: reactive oxygen species; RFU: relative fluorescence units; MDA:
malondialdehyde; L-Ator: low-dose Ator; H-Ator: high-dose Ator. " P <0.001,

vs. control; " p< 0.001, vs. L-Ator. n = 10.
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T (TNF-a. IL-6) M JAE/IMA I HE B FINLRP3 R I
NLRP3 4 AE /M ) 8500 2 178 R A K T A 1) S
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BELIBT 1™ 9 55 GBI, S R AR HTAS RAERUN 1)
FEIRAR . FEHUAANIEOT T, Ator f AR T 8 k4l
ZIROS ML TH A BT A AR Z Y MD AJK -, Jf i 1

> ot o
C)o'ﬁ\“ \;?“ ‘?gb&
SOD2 ‘ e — ‘ 24 kDa
Bd-2 | | ce— —‘ 26 kDa

A— -\3”@*‘

o —— 10,
[ —

p53

MMP-7

Gal3

GAPDH

4 Western bloti&r U & 28/ RASE . RAL R EFUA X E B KT

Fig 4 Western blot was employed to detect the levels of proteins associated with inflammation, oxidative stress, and apoptosis in each group of mice

L-Ator: low-dose Ator; H-Ator: high-dose Ator. The other abbreviations are given in the footnote to Table 1.

%3 AtorifB#EApoE” /MNRIBKARKE . EX MR AT HXEARE

Table 3 Ator modulates the expression of proteins associated with inflammation, oxidative stress, and apoptosis in the arterial tissues of ApoE™'~ mice

Protein type Protein Control (n =10) L-Ator (n=10) H-Ator (n = 10)
Inflammation-related NLRP3 1.25+0.11 0.89 +0.09" 0.56 +0.07*"
TNF-a 1.38 £0.12 0.97 +0.08* 0.61+0.06""
IL-6 1.42£0.13 1.02 +0.09° 0.65+0.07""
Oxidation-related iNOS 1.15 £ 0.10 0.82+0.07° 0.53 £0.05>"
SIRT3 0.48 £ 0.05 0.76 % 0.06" 1.09 +0.09°
SOD2 0.52 £0.05 0.81 +0.07" 113 £0.10*°
Apoptosis-related Bcl-2 0.35+0.05 0.69 +0.07° 1.04+0.10*"
Caspases-3 1.20 £0.11 0.85 +0.08" 0.58 +0.06"
p53 1.18 £0.10 0.83 £0.07" 0.55+0.05"
Matrix metalloproteinase MMP-7 1.28 £0.11 0.85 + 0.08" 052 +0.06™"
G protein subunit Gal3 0.22 £0.05 0.37 £0.07° 0.84+0.10""

L-Ator: low-dose Ator; H-Ator: high-dose Ator. The other abbreviations are given in the footnote to Table 1.* P < 0.05, vs. control; * P < 0.01, vs. L-Ator group.
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Table4 Ator modulates the mRNA expression of genes associated with inflammation, oxidative stress, and apoptosis in the arterial tissues of ApoE ™'~ mice

Gene type Gene Control (n =10) L-Ator (n=10) H-Ator (n = 10)
Inflammation-related TNF-a 1.32+£0.13 0.95 + 0.08" 0.62 +0.06""
IL-6 1.35+0.12 0.98 £ 0.07° 0.64 +0.06"
Oxidation-related iNOS 1.21£0.11 0.86 +0.08" 0.57 +0.05""
SIRT3 0.51 £0.05 0.87 +0.07" 1.23+0.11"%°
SOD2 0.53 £0.05 0.89 +0.08" 1.25£0.12°
Apoptosis-related Bcl-2 0.41 +0.05 0.81+0.07° 1.05+0.10%°
Caspases-3 1.22+0.12 0.88 + 0.08" 0.61+0.06>"
p53 1.20 +0.11 0.86 + 0.07° 0.59 +0.05“"
Matrix metalloproteinase MMP-7 1.35+0.12 0.92 +0.09" 0.61 +0.07*"
G protein subunit Gal3 0.48 + 0.05 0.83 £0.07° 120 £0.11%°

L-Ator: low-dose Ator; H-Ator: high-dose Ator. The other abbreviations are given in the footnote to Table 1." P < 0.05, vs. control; P <0.01, vs. L-Ator group.
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