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Abstract

Background
The Fufang Danshen formula is widely used in traditional Chinese medicine for the clinical treatment of
coronary heart disease. However, there is no literature reporting the anti-atherosclerotic effect and
mechanism of its combination of active ingredients, namely Ginsenoside Rg1-Notoginsenoside R1-
Protocatechuic aldehyde (PPR). The aim of this study was to investigate the anti-atherosclerotic effects
in ApoE−/− mice and potential mechanism of PPR in low shear stress-injured vascular endothelial cell.

Methods
In vivo assay, ApoE−/−mice were randomly divided into three groups: model group, Rosuvastatin group,
and PPR group, with C57BL/6J mice as control group. A variety of staining methods were utilized for the
observation of aortic plaque. The changes of the blood lipid indexes were observed by an automatic
biochemistry analyzer. ET-1, eNOS, TAX2, and PGI2 were analyzed by enzymelinked immunosorbent
assay. In vitro, we used �uid shear system to induce cell injury and silenced Piezo1 expression in HUVECs
by siRNA. We observed the morphological, proliferation, migration and tube formation activity changes of
cells after PPR intervention. Quantitative Real-Time PCR and western blot analysis was applied to
observe m RNA and protein expression.

Results
Results showed that PPR treatment reduced atherosclerotic area and lipid level and improved endothelial
function in ApoE−/− mice. PPR signi�cantly repaired cell morphology, reduced cell excessive proliferation
and ameliorated migration and tube formation activity. In addition, we found that PPR could affect FAK-
PI3K/Akt signaling pathways. Importantly, Piezo1 siRNA abolished the protection effects of PPR.

Conclusions
In summary, our results suggested that PPR ameliorated atherosclerotic plaque formation and endothelial
cell injury by intervening the FAK-PI3K/Akt signaling pathways. Piezo1 is a possible target of PPR in the
treatment of atherosclerosis. These results indicate that PPR may be apotential drug for atherosclerosis.

Background
In recent years, with the change of people’s living standard and diet structure, coronary heart disease and
ischemic stroke has been increased, which lead to increase risk of major adverse cardiovascular events
(MACEs)[1]. Maces are closely related to atherosclerotic plaque progression and rupture. Atherosclerosis
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is a chronic in�ammatory disease characterized by dyslipidemia, foam cell formation and lipid plaque
accumulation in the artery wall.[2, 3]. Vascular endothelium cell (VECs) is an important locus of critical
regulatory nodes in homeostatic network of cardiovascular system [4, 5]. In disease, endothelial cell
dysfunction within the walls is an important contributor to the local and systemic manifestations of
atherosclerotic cardiovascular disease [6, 7]. Fluid mechanical forces generated by arterial blood �ow
could act directly on endothelial cells to alter their morphological and functional properties. Many
researches suggested that distinct hemodynamic forces might constitute a local risk factor for
endothelial cell dysfunction in atherogenesis [8]. Thus, shear stress is a potential target for �nding an
anti-atherosclerotic drug.

Phosphatidylinositol 3-kinase (PI3K) is an important component of the signal transduction in growth
factor receptor superfamily. PI3K can be activated by a variety of cytokines and physical and chemical
factors. PI3K will phosphorylate and activate downstream cytokines such as Akt, rotein kinase C, and
phosphoinositide-dependent kinase 1, among which Akt, which will activate endothelial nitric oxide
synthase (eNOS) to produce nitric oxide (NO), is the most important [9]. PI3K/Akt signaling pathway plays
a key role in various cellular processes, including cell survival, growth, and proliferation [10]. In addition,
PI3K/Akt signaling pathway complex be used as a biomarker with predictive and prognostic values [11,
12]. The Piezo1 protein ion channel is a novel mechanical activated ion channel, which has the ability to
sense mechanical signals and regulate cell volume homeostasis [13]. Piezo1 is widespread in VECs and
plays a key role in the regulation of cardiovascular development and physiological function. Piezo 1 can
be activated by shear forces caused by blood �ow [14]. Previous studies have shown that laminar shear
can activate piezo1 to regulate the release of NO from endothelium, thus affecting the local vascular
tension and playing an anti atherosclerotic role [15]. However, if the VECs are affected by eddy current, the
activated piezo1 will promote the development of atherosclerosis through NF-κB pathway [16, 17].

Fufang Danshen formula is the clinically important anti-atherosclerosis drugs. Ginsenoside Rg1 (Rg1),
Notoginsenoside R1 (R1), and Protocatechuic aldehyde (PCAD) were its main active components of anti-
atherosclerosis. We have previously found that monomer combinations, namely Rg1-R1-PCAD (PPR),
have the effect of protecting endothelial cells and the preliminary mechanism may attribute to decrease
in�ammatory reaction and reducing cell permeability. However, the possible mechanisms have not yet
been elucidated. Based on the aforementioned evidence, we investigated that PPR intervened ApoE−/−

mice to verify the anti-atherogenic effect. To deeply elucidate the bene�cial mechanisms of PPR, we
explored the endothelial cell protective effects against low shear stress-induced injury. Our results
suggested that PPR ameliorated atherosclerotic plaque formation and endothelial cell injury by
intervening the FAK-PI3K/Akt signaling pathways. Piezo1 is a possible target of PPR in the treatment of
atherosclerosis. These results indicate that PPR may be apotential drug for atherosclerosis .

Materials And Methods

The Preparation of Rg1, R1, and PCAD
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Rg1 (Dalian Meilun Biotechnology Co., LTD. China), R1 (Shanghai standard biotechnology, China), and
PCAD (Dalian Meilun Biotechnology Co., LTD. China) were dissolved in dimethyl sulfoxide and then
diluted with DMEM·F12. The solution was stored at 4 °C.

Animal experiments
Aged 8 weeks male ApoE−/−mice (23.12 ± 1.18 g) and aged 8 weeks male C57BL/6 mice (22 ± 2.2 g) were
purchased from Beijing weitonglihua experimental animal technology co., Ltd. (Beijing, China). The
animal certi�cate number was SCXK (Jing) 2014-0004. The animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals (published by the US National
Institutes of Health) and were approved by the Institutional Animal Care and Research Advisory
Committee of the Shandong University of Traditional Chinese Medicine. All experimental procedures were
performed in strict accordance with the international regulation of animal welfare. All mice were
maintained under SPF laboratory conditions with free water and food ad libitum, at a temperature of 22 ± 
2 °C on a 12 h light/dark cycle during the experimental period. After 1 week of adaptation, all the mice
were fed with high-fat diet including 0.15% cholesterol and 21% pork fat. After 12 weeks of continuous
feeding, ApoE−/− mice were randomly divided into three groups, with 10 mice in each group: model group
(vehicle; Nacl, i.p.); rosuvastatin group (positive-control group, 10 mg·kg− 1, i.g.) and PPR group [
(10mgRg1 + 10mgR1 + 14 mg PCAD)·kg− 1, i.p.]. 10 C57BL/6J mice were used as control group (vehicle;
Nacl, i.p.). All animals were administered once daily continuously for 8 weeks.

Specimen Collection And Processing
After 8 weeks of intervention, mice were weighed, fasted overnight, anesthetized using iso�urane, and
euthanized. Fresh blood samples were collected from the left ventricle. Serum was separated by
centrifugation at 3500 r·min− 1 for 15 min at 4 °C. After the blood collection, the thoracic and abdominal
cavity was quickly opened to expose the heart and perfusion the cardiovascular system. The aortas from
the aortic arch to left and right common iliac artery were separated and excess tissues outside the
vessels were carefully removed. The aortic root and part of the myocardial tissue were taken and �xed in
4% paraformaldehyde. Aorta samples were removed and stored at -80 °C or soaked in 4%
paraformaldehyde.

Pathological Morphology Analysis
The en face aortic was stained with Oil-red O and to assess overall burden and distribution of
atherosclerosis. Brie�y, the whole aorta was opened longitudinally, pinned �at, and �xed in 4%
paraformaldehyde solution overnight. Then, the aorta was washed 3 min with PBS and was stained with
0.5% Oil-red O working solution for 60 min at 37℃ biochemical incubator. Subsequently, the aorta was
immersed into 70% ethanol for destaining and then was rinsed with PBS. The images were captured by a
stereomicroscope. The extent of aortic atherosclerosis was evaluated as the ratio of lesion area to aorta
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area. Then, the aortic sinus was �xed with 4% paraformaldehyde solution for 24 h for later
para�nization. The aortic sinus were sliced into 5 µm serial para�n sections. H&E, Masson and Movat
staining (room temperature) were performed on the aortic sinus section samples to determine aorta lipid
plaque areas, collagen �ber content, and elastin plaque area respectively. At least �ve sections for each
animal in one group were evaluated, and the lesion was calculated from eight different mice. Images
were observed and collected under a microscope (ZEISS, Germany). All images were quanti�ed using the
Image-pro plus 6.0 (Media Cybernetics, USA)

Determination Of Serum Lipid Concentration
Serum concentrations of total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C) and low-density lipoprotein cholesterol (LDL-C) were detected by a ZY-310 Automatic
Biochemistry Analyzer (Shanghai Kehua Bio-engineering, Shanghai, China) according to the
manufacturer's instructions. The atherosclerosis index (AI) was derived as AI = non-HDL-C/HDL-C.

Determination Of Serum Biochemical Parameters
Serum concentrations of eNOS, endothelin-1 (ET-1), Prostaglandine2 (PGI2) and ThromboxaneA2 (TXA2)
were determined according to manufacture protocol by enzyme-linked immunosorbent assay (ELISA)
reagent kits (Elabscience Biotechnology, Wuhan, China).

Cell Culture
The human umbilical vein endothelial cell line (8000) was purchased from ScienCell Research
Laboratories (Carlsbad, CA). HUVECs were cultured in endothelial cell medium (ECM) containing 5% FBS,
1% ECGS and 1% P/S Solution (ScienCell, California, USA). Cells were maintained at 37 °C and 5% CO2 in
a humidi�ed incubator. HUVECs from passages 2 to 5 were used for the experiments.

Shear Stress Experiments
Shear stress was applied to con�uent HUVECs using an Ibidi pump system (Ibidi, Munich, Germany).
Special channel slides of Ibidi (µ-Slide I 0.4 Luer) were used to expose cells to laminar shear stress.
250,000 primary HUVECs were seeded onto a µ-Slide I 0.4 Luer and incubated for 24 h at 37 °C and 5%
CO2 in the incubator to form a monolayer. And then �ow chambers were then connected to a peristaltic
pump. The Ibidi pump system was set up per the company’s instructions and proprietary software was
used to control the level of shear applied to cells by controlling total media �ow rate through the channels
of known dimensions. The experiment was conducted under the following conditions: 6-mbar pressure,
2.5 mL·min− 1 �ow rate and a shear stress of 4 dyn/cm2.
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siRNA Transfection
The cells were transfected with siRNA using a transfection reagent according to the manufacturer’s
protocol. Brie�y, siRNAs and the transfection reagent were added to the medium, followed by incubation
for 6 hours at 37 °C. The medium was carefully removed, and ECM with 5% FBS was added. The cells
were then incubated at 37 °C in a humidi�ed atmosphere of 5% CO2 and 95% air for 24 h-48 h for
subsequent experiments. To evaluate the e�ciency of transfection, cells transfected with a control siRNA
(FITC, �uorescein conjugate) was visualized by a �uorescent microscope (ZEISS, Germany).

Immuno�uorescence
The F-actin in HUCVECs was examined by immuno�uorescence to observe cell morphology. Cells grown
on �ow chambers were �xed with 4% paraformaldehyde in PBS for 10 min at room temperature (RT) and
washed three times with PBS. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 5 min and
blocked for 30 min with 1% bovine serum albumin (BSA). F-actin antibody (KeyGEN BioTECH, Jiangsu,
China, 1:40 dilution) was added and incubated in the dark for 20 min at RT. After being washed with PBS,
the nuclei were stained with DAPI (Abcam, USA) in the dark for 5 min at RT. Cells were observed and
collected under a microscope (ZEISS, Germany).

Proliferation Ability Assay
HUVECs Proliferation ability was tested using CCK-8 according to the manufacturer's instructions.
HUVECs were diluted to 8 × 104/mL and 100µL cell suspension was added to 96-well plates. After 24 h,
the culture medium was sucked out, and then cells incubated with CCK-8 reagent for 1 h at 37 °C. The
absorbance was measured at 450 nm by a microplate reader (BioTek, USA).

Migration Assay
HUVECs migration rate was determined using a transwell chamber (Coning, USA). HUVECs were diluted to
1 × 105/mL with serum-free medium and 200 µL cell suspension was added to upper compartment.
0.5 mL 5% FBS contained ECM medium was added to the lower chamber. The upper chamber was put in
the lower chamber, and cultured for 6 h at 37℃. Using a dry cotton swab to wipe the remaining cells on
the upper chamber, the cells on the underside of the membrane of the upper chamber were �xed with 4%
paraformaldehyde for 30 min. And then the cells were stained with hematoxylin staining solution and
eosin staining solution for 30 and 10 min respectively. Images were observed and collected under a
microscope (ZEISS, Germany) and quanti�ed using the Image-pro plus 6.0 (Media Cybernetics, USA). The
number of HUVECs migrated from the upper compartment to the lower compartment was counted.
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Tube Formation Assay
HUVECs tube formation experiment was performed using a In Vitro Angiogenesis Tube Formation Assay
Kit (Trevigen, USA). 50 µL of BME at 4 °C was added into each well of a 96-well plate and polymerized for
1 h at 37 °C. HUVECs were diluted to 1 × 104/mL with serum-free medium and 100 µL cell suspension
was added to the top of the gel and incubated at 37 °C in a humidi�ed chamber with 5% CO2. After 4 h,
the culture medium was sucked out, and washed with PBS. 100 µL of Calcein AM (2 µM) was added into
each well and the formation of capillary-like tubes was observed after 30 min. Images were observed and
collected under a microscope (ZEISS, Germany) and the numbers of junctions and segments and the
length of the network were calculated using the Image-pro plus 6.0 (Media Cybernetics, USA).

Western Blot Analysis
HUVECs were lysed with cell lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China),
supplemented with protease inhibitors (1:100). The protein concentration was determined by BCA Protein
Assay Kit (Dalian Meilun Biotechnology Co., Ltd, Dalian, China). 30 µg of proteins per sample was loaded
in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene �uoride (PVDF) membranes (Millipore corporation, USA). After being blocked with TBST
containing 5% skim milk for 1 h, and then was incubated overnight at 4 °C with speci�c primary
antibodies including AKT (Cell Signaling Technology), PI3K (Cell Signaling Technology), FAK(Cell
Signaling Technology), eNOS (abcam) and β-actin (Proteintech). Subsequently, the membrane was rinsed
with TBST for three times and was exposed to suitable secondary HRP-conjugated antibodies at room
temperature for 1.5 h. The ECL (Millipore corporation, USA) was used for signal detection. Blot data were
analyzed with Image-Pro Plus 6.0 (Media Cybernetics, USA). Gray values of blot areas are measured, and
the relative expression amount of the protein samples is calculated by the method of the target protein
gray value/internal reference β-actin gray value.

Quantitative Real-time PCR
Total RNA was extracted from HUVECs with RNAprep Pure Micro Kit (Tiangen Biotech (Beijing) Co., Ltd,
Beijing, China) according to the manufacturer’s protocol. Total RNA were quanti�ed with NanoDrop One
(Thermo Fisher Scienti�c, USA) and reverse transcribed using 5X All-In-One RT MasterMix (Tiangen
Biotech (Beijing) Co., Ltd, Beijing, China). qRT-PCR was performed on a QuantStudio 5 (Thermo Fisher
Scienti�c, USA) using a TB Green™ Premix Ex Taq™ II kit (Takara, Japan) to measure and analyze the
expression of speci�c genes. Reverse transcription and ampli�cation conditions followed the reagent.
Data were analyzed via the 2−ΔΔCt method normalized to β-actain. Sequences of primers were used as
follows from 5'to 3'extremity:
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AKT: CTGCACAAACGAGGGGAGTA (F); GCGCCACAGAGAAGTTGTTG(R). PI3K:
CCCAGGTGGAATGAATGGCT (F); GCCAATGGACAGTGTTCCTCT (R).

FAK: GCTCCCTTGCATCTTCCAGT (F); AATACTGGCCCAGGTGGTTG (R).

eNOS: GCCGGAACAGCACAAGAGTTAT (F); AGCCCGAACACACAGAACC (R)

β-actain : CTCACCATGGATGATGATATCGC (F); AGGAATCCTTCTGACCC-

ATGC (R).

Statistical Analysis
SPSS statistics 22.0 software (IBM, Armonk, NY, USA)) was used for statistical analysis. The data were
expressed as the mean ± SEM. Multiple-group comparisons were analyzed using one-way analysis of
variance followed by the Tukey post hoc multiple range test. P < 0.05 was considered to indicate a
statistically signi�cant difference.

Results
PPR administration signi�cantly alleviated the development of atherosclerosis.

To examine whether PPR could inhibit the process of atherosclerotic lesions, we �rst assessed overall
burden and distribution of atherosclerosis. As shown in Fig. 1a,c, oil red O positive area, particularly the
area of the aortic arch, was signi�cantly increased in model group compared with the control group.
However, PPR treatment could notably decrease the size of plaque lesions of the whole aorta. As the
burden of atheroma plaques in the aortic sinus was another important indicator used for evaluating the
severity of atherosclerosis, we then analyzed para�n sections of the aortic sinus. As shown in results
(Fig. 1b, d, e, and f), model group mice aortic roots exhibited signi�cant formation of atherosclerosis
plaque, and a mass of foam cells and cholesterol crystals in the plaque. The aorta intima was serious
lesions, and collagen and elastic �bers decreased in various degree. Encouragingly, the pathological
changes of aortas were repressed by PPR, and the improvement effect in PPR-treated mice was similar to
that in mice with rosuvastatin. In addition, we also measured the lipid level of mice. Compared to control
group, ApoE−/− mice elevated TC,TG, LDL-C, and AI dramatically, but reduced HDL-C. PPR downgraded the
levels of TC, TG, LDL-C, and AI, and restored the concentration of HDL-C similar to rosuvastatin (Fig. 2a).
The results showed that the PPR had better controlling functions on dyslipidemia.

The Regulatory Effects of PPR on secretion fuction of vessel endothelium in serum.

Atherosclerosis is associated with impaired endothelial function that precedes structural vascular
change. Therefore, we next investigated the effect of PPR on vascular function in ApoE−/− mice. ET-1 and
NO plays crucial roles in maintaining basic vascular tension and cardiovascular system homeostasis.
Under pathological conditions, the production of NO decreases after changing in the activity of eNOS,
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leading to the occurrence and development of cardiovascular diseases. Compared to the control group,
ET-1 was signi�cantly up-regulated and eNOS signi�cantly down-regulated in the model group (p<0.01).
After drug intervention, the concentration of ET-1 was reduced by PPR and rosuvastatin (p<0.05) (Fig. 2B).
PPR could increase eNOS content(p<0.05), but no change was con�rmed by rosuvastatin. PGI2 and TAX2

are vasoactive substances released by vascular endothelial cells. The balance between PGI2 and TAX2 is
an important in�uence on vascular wall tension. From the experimental results, it can be seen that the
imbalance between PGI2 and TAX2 can be restored by PPR rather than rosuvastatin (Fig. 2b).

PPR improves the low shear stress-induced cell function damage.

VECs appear to sense shear stress of vascular cavity surface and transduce mechanical signal, which
can regulate various signaling pathways and physiological functions [18]. Fluid shear stress is an
important regulator of VECs functions [19]. In regions where the �owing blood is multidirectional (low
shear stress or disturbed �ow), VECs are activated and atherosclerotic plaque is detected [20]. Therefore,
we used �uid shear system to induce VECs injury in vitro, in order to explored whether PPR can
antagonize the low shear stress-induced cell function damage. We �rst carried out cell proliferation
experiments (Fig. 3c). The results indicated that the low shear stress-induced cell increased cell excessive
proliferation. However, the cells treated with PPR could inhibit cell excessive proliferation. Next, we tested
the effects of PPR on endothelial cell migration (Fig. 3a,d). We observed decreased migration of HUVECs
under low shear stress conditions (p<0.01), and cells migration increased after PPR treatment (p<0.05).
Third, we examined the formation of capillary-like tubules on the Matrigel matrix to elucidate the
angiogenesis potential (Fig. 3b, e, and f). The PPR group showed signi�cant tube formation activity
compared to the L-FSS group. These results suggested that PPR improved the cellular function damaged
by low shear stress.

siRNA targeting Piezo1 offsets the protective effect of PPR on HUVECs

Piezo1, which is a sensor of shear stress, can sense the change of shear force on VECs. VECs
responsiveness to shear stress is essential for vasoregulation and plays a role in atherogenesis [21].
Piezo1 is an important target for regulating VECs function and maintaining cardiovascular homeostasis.
Loss of Piezo1 in endothelial cells leads to decrease of the cell's response to shear stress, disorder of
alignment in the direction of �ow and damage cell function [14, 22]. Therefore, to explore whether the
protective effect of PPR connected with Piezo1, We silenced Piezo1 expression in HUVECs by siRNA. The
result of qRT-PCR showed that the Piezo1 had been knocked out after the transfection with siRNA
(Fig. 4a).First of all, we found that the morphology of Piezo1-silenced HUVECs changed from a
cobblestone-like to spindle-shaped cells,and the cells arrangement changed from random to orderly. Cells
morphology of Piezo1 siRNA + L-FSS group changed from a cobblestone-like to irregular shape and
showed aggregation of F-actin �laments, suggesting that the cytoskeletal rearrangement and cells
damage (Fig. 4c). Secondly, Knockdown of Piezo1 in HUVECs stimulated cell proliferation (Fig. 4b) and
decreased cell migration (Fig. 4d, f) and tubular structure (Fig. 4e, g, h). We also could detect more cell
damage in Piezo1 siRNA + L-FSS group. However, results showed that the protective effect of PPR was
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remarkably abolished by these pretreatments. These results suggest that Piezo1 may be involved in the
protective effect of PPR against HUVECs injury.

PPR Protected HUVECs By Activating FAK-PI3K/Akt Signaling Pathway

PI3K/Akt signaling pathway plays essential roles in the proliferation, migration and apoptosis of VECs
[23, 24]. It also plays an important role in improving endothelial function and reducing atherosclerosis [25,
26]. Thus, we detected the expression levels of PI3K and Akt in HUVECs. As shown in Fig. 5a,b, compared
with the static culture group, the expression of PI3K and Akt were signi�cantly decreased by low shear
stress pretreatment. However, decreased expression of PI3K and Akt was reversed in PPR-treated
HUVECs. Previous study had reported that PI3K/Akt are key enzymes controlling eNOS phosphorylation,
and blocking of PI3K/Akt can partially inhibit eNOS activity [27–29]. We also found that the activity of
eNOS increased with the increase of PI3K / Akt expression in L-FSS + PPR group (Fig. 5c). PI3K has also
been shown to bind FAK leading to activation of PI3K and its downstream effectors [30]. Therefore, we
investigated the effects of PPR on low shear stress-induced expression of FAK. We found that FAK levels
were signi�cantly raised by the PPR-treated compared to the L-FSS group (Fig. 5d). These results
suggested that PPR might activate FAK-PI3K/Akt pathway to protect HUVECs against low shear stress-
induced injury.

To assess whether the activation effect of PPR on FAK-PI3K/Akt pathway is related to Piezo1, we used
Piezo1 siRNA to knock down Piezo1. The result of qRT-PCR showed that the Piezo1 had been knocked
out after the transfection with siRNA (Fig. 5). As shown in Fig. 5, results showed that the activation effect
of PPR was abolished in varying degrees when Piezo1 was silenced by siRNA. We can infer that the
Piezo1 involved in the protective effect of PPR against HUVECs injury.

Discussion
Atherosclerosis is a vascular chronic in�ammatory disease resulting from lipid-deposited vascular wall
with rupture-prone plaque and changes in structure and function of the vascular wall [31, 32]. Drugs that
treat atherosclerosis usually act nonspeci�cally. The majority was taking a statin, antiplatelet therapy,
beta-blocker, or angiotensin converting enzyme inhibitor/angiotensin receptor blocker [33]. However, these
drugs have some side effects such as rhabdomyolysis and conduction block. Moreover, atherosclerosis is
a sophisticated disease of uncertain cause. Single target cure is not enough for an effective antibacterial
therapy. TCM, with the characteristics of syndrome differentiation, has unique advantages in the
treatment or prevention of atherosclerosis. Many classic prescriptions or active ingredients of single herb
can effectively prevent atherosclerosis, reduce the incidence of cardiovascular events, and treat
atherosclerosis with a wide range of applications. Fufang Danshen formula is the clinically important
anti-atherosclerosis drugs. It has the characteristics of multi-component, multi-target, and multi-channel.
Many scholars have conducted a series of studies based on different target molecules in order to dissect
out the exact mechanism of action of Fufang Danshen formula [34]. Due to complex composition of
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Fufang Danshen formula, preliminary work of our group has screened out the best combination of active
ingredients in order to clarify the mechanism of anti atherosclerosis, namely Rg1, R1, and PCAD.

The current study demonstrates the anti-atherosclerotic effects of PPR in ApoE−/−mice. As we expected,
PPR was able to signi�cantly reduce atherosclerotic area and lipid level compared with model group
mice. Endothelial dysfunction plays an important role in atherosclerosis development. Our data showed
that the expression of was ET-1 and TAX2 decreased and that of eNOS and PGI2 was increased. These
results suggested that the endothelial damage is repaired in ApoE-/- mice. The in vivo assay prompted us
to explore its underlying mechanism of endothelial protection.

VECs dysfunctions have been found to play vital roles in the initiation of vascular disorders and
atherosclerosis [35] and results in the earliest detectable changes in the life history of an atherosclerotic
lesion [36, 37]. Low shear stress is an important risk factor for VECs injury [38, 39]. In the present study,
we demonstrated that PPR could ameliorate low shear stress-induced HUVECs dysfunctions. PPR
signi�cantly repaired cell morphology, reduced cell excessive proliferation and ameliorated migration and
tube formation activity.

PI3K/Akt signaling pathway, as a variety of vascular growth factors, regulates diverse cellular activities
related to cell growth, metabolism, migration, and apoptosis [40, 41]. Previous studies have reported that
PI3K/Akt is known to be a major regulator of proliferation, migration and survival of VECs as well as
vascular permeability [42]. Moreover, it have been previously con�rmed that PI3K/Akt pathway can
mediate the shear-induced signaling [43]. Interfering the PI3K/Akt signaling pathway has been an
effective strategy to inhibit endothelial dysfunction. In the present study, we con�rmed that PPR
treatment increases the expression of PI3K and Akt. Akt is an important regulator of eNOS activity in
vessels [44]. eNOS regulates the release of NO to promote VECs migration and neovascularization [45]. In
our data, the use of PPR can regulated the expression of Akt and thus increased eNOS in low shear
stress-treated HUVECs. FAK is a cytoplasmic non-receptor protein tyrosine kinase that plays a key role in
regulating cell migration [46]. The activation of FAK, as a primary signalling mediator, is required for focal
adhesion turnover and actin cytoskeletal dynamic reorganisation in cell migration [47]. In addition, FAK
has been shown to activate the PI3K/Akt signaling pathway [48, 49]. Therefore, we detected the
expression of FAK. Our results showed that PPR increased the level of FAK, meaning that PPR promoted
the FAK and thus enhanced expression of PI3K and Akt. Therefore, we deduced that PPR could play a role
in protecting VECs by intervene FAK- PI3K/Akt signaling pathway.

Piezo1 protein has been identi�ed as an essential component of mechanically activated channels and
induces cationic non-selective mechanically activated currents [14, 50]. Piezo1 channels have been
revealed to be sensors of blood �ow through shear-stress-evoked ionic current and calcium in�ux in
endothelial cells [22]. Shear stress is the main physiological stimulus that causes the endothelium to
release vasoactive factors and regulate vascular tone [51]. Research has suggested that laminar shear
stress can activate Piezo1and modulate NO release from endothelium activity so as to maintain vascular
tension of local blood vessels [15]. To explore whether the protective effect of PPR connected with
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Piezo1, we pretreated HUVECs with silenced Piezo1 expression by siRNA. Results showed that Piezo1
siRNA could abolish the protective effects of PPR. These results suggest that Piezo1 are indeed involved
in the protective effect of PPR against low shear stress-induced cells dysfunctions.

Our study also has several limitations. There is a growing interest in therapy using Chinese medicine that
affects several targets/pathways. This study only focused on the effects of PPR on FAK- PI3K/Akt
signaling pathway and its in�uence on VECs function. However, its role in other signaling pathways
related to the pathogenesis of atherosclerosis and other vascular cell types has not been fully explored.
Although, it is signi�cant change in the e�cacy of the PPR by Piezo1 siRNA, the speci�c mechanism is
still not clear.

Conclusion
In summary, our study provided evidence that PPR exerts excellent effects on the complicated
atherogenic condition. PPR has a positive role in improves cellular function by low shear stress injury
which is related to the intervene FAK- PI3K/Akt signaling pathway, reduced cell excessive proliferation,
ameliorated migration and tube formation activity, effectively inhibiting vascular injury. Piezo1 is a
possible target of PPR in the treatment of atherosclerosis. Our results provide a new insight for the
treatment of atherosclerosis.
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Figures

Figure 1

The effects of PPR on the development of atherosclerosis. a Representative Oil-red O staining of the
entire aorta. b Representative images of H&E, Masson and Movat staining from the aortic root
(Magni�cation, ×50). c Quanti�cation of the en face lesion area of the entire aorta. d Percentage of aortic
plaque area. (aortic plaque area%). (e) Percentage of collagen content collagen �ber content). f
Percentage of elastin plaque area (elastin per plaque). The data was expressed as the mean ± SD, n = 6
for each group. ∗p < 0.05 vs. the model group.
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Figure 2

The effects of PPR on lipids and secretion faction of vessel endothelium in serum. a Levels of serum
lipids (TG, TC, LDL‐C, and HDL‐C) in mice. b Levels of eNOS, ET-1, PGI2, and TXA2 in mice. The data was
expressed as the mean ± SD, n = 10 for each group. ∗p < 0.05, ∗∗p < 0.001 vs. the model group.
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Figure 3

PPR affected HUVECs proliferation, migration and tubule formation mediated. a, d Representative images
of the migration of HUVECs and the calculated cellVmigration number, scale bars = 50 μm, *p < 0.05, **p
< 0.001 vs. L-FSS group. b Representative images of the formation of capillary-like tubules in HUVECs,
scale bars = 200 μm. c Proliferation activity of HUVECs, *p < 0.05 vs. L-FSS group. e, f Capillary
morphogenesis was quanti�ed by calculating the branch poinis (e) and capillary length (f), *p < 0.05, **p
< 0.001 vs. L-FSS group.



Page 20/22

Figure 4

Inhibition of Piezo1 using siRNA abrogated the protective effects of PPR on HUVECs injury. a The mRNA
expression of Piezo1 detected by qRT-PCR in indicated groups. b Proliferation activity of HUVECs, *p <
0.05 vs. Piezo1 siRNA group. c Cellular alignment was analyzed by staining cells with phalloidin (red) and
DAPI (blue) scale bars = 50 μm, arrows indicate the �uid direction. d, f Representative images of the
migration of HUVECs and the calculated cell migration number, scale bars = 50 μm, *p < 0.05, **p < 0.001



Page 21/22

vs. Piezo1 siRNA group, ##p < 0.001 vs. Piezo1 siRNA+L-FSS group. (e) Representative images of the
formation of capillary-like tubules in HUVECs, scale bars = 200 μm. g, h Capillary morphogenesis was
quanti�ed by calculating the branch poinis (g) and capillary length (h), **p < 0.001 vs. Piezo1 siRNA
group, #p < 0.05, ##p < 0.001 vs. Piezo1 siRNA+L-FSS group.

Figure 5
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Effects of PPR on FAK-PI3K/Akt pathway. a The mRNA levels of PI3K by qPCR and Western Blot results
of PI3K. b The mRNA levels of Akt by qPCR and Western Blot results of Akt. c The mRNA levels of eNOS
by qPCR and Western Blot results of eNOS. d The mRNA levels of FAK by qPCR and Western Blot results
of FAK. *p < 0.05, **p < 0.001 vs. L-FSS group &p < 0.05, &&p < 0.001 vs. L-FSS+PPR group


