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Background: Qingre Huoxue Decoction (QRHX) is a classical Chinese herbal prescription widely used in clinical practice for the
treatment of atherosclerosis (AS). Our previous study demonstrated its efficacy in stabilizing plaque and improving prognosis, as well
as its ability to regulate macrophage polarization. This study aimed to further investigate the effects of QRHX on AS and explore the
underlying mechanisms.

Methods: ApoEf/ ~ mice were fed a high-fat diet (HFD) for 8 weeks in order to establish an AS model. Oil Red O, H&E, Masson, and
THC staining were employed to assess lipid accumulation, plaque development, collagen loss and target of the aortas tissue. ELISA
was employed to measure the levels of TNF-a and IL-10 in serum. Dual luciferase reporter assay was conducted to ascertain the
connection between miR-26a-5p and PTGS2 in vitro. Western blot and RT-qPCR assay were conducted to assess the NF-«kB signaling
pathway and macrophage polarization. The effects of miR-26a-5p were tested after transfecting miR-26a-5p over-expressive lentivirus.
Results: QRHX attenuated HFD-induced plaque progression and inflammation of AS model mice. BMDM-derived exosomes
(BMDM-exo0) increased miR-26a-5p and decreased PTGS2 expressions, inhibited the NF-kB signaling pathway and regulated
macrophage polarization in vivo. These effects of BMDM-exo were further enhanced after QRHX intervention. Dual luciferase
reporter assay results showed that miR-26a-5p directly binds to the 3’-UTR of PTGS2 mRNA and regulates the expression of PTGS2.
The miR-26a-5p of BMDM-exo played a key role in macrophage polarization. After overexpression of miR-26a-5p, the NF-kB
signaling pathway was inhibited and macrophages were converted from M1 to M2 in vitro.

Conclusion: QRHX can exert anti-inflammatory and plaque-stabilizing effects through exosomal miR-26a-5p via inhibiting the
PTGS2/NF-«B signaling pathway and regulating macrophage phenotype from M1 to M2 polarization in AS.
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Introduction

Atherosclerosis (AS) is a chronic inflammatory and abnormal lipid metabolism vascular disease characterized by the
accumulation of lipids within the intimal layer of arterial walls. It affects vascular elasticity and contributes to numerous
cardiovascular diseases, including myocardial infarction, hypertension, and stroke.' Research has demonstrated that
macrophages are involved throughout the various stages of arterial plaque formation, including initiation, growth,
rupture, and wound healing. Dying macrophages secrete intracellular lipid contents and tissue factors into the plaque’s
necrotic core, leading to increased plaque instability and triggered thrombosis.”> Among plaque cells, macrophages
exhibit strong phenotypic plasticity and polarize into pro-inflammatory M1 macrophages and anti-inflammatory M2
macrophages in response to different microenvironmental stimuli.®* M1 macrophages are involved in inflammation and

promote AS, whereas M2 macrophages promote tissue repair, inflammation abatement, and AS regression.” Macrophage-

Drug Design, Development and Therapy 2024:18 6389—641 | 6389
Received: 9 August 2024 © 2024 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 2 December 2024
Published: 28 December 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-7131-7003
http://orcid.org/0009-0007-7443-0993
http://orcid.org/0000-0002-7579-3928
http://orcid.org/0000-0001-8911-6920
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

He et al

targeted therapeutic strategies for AS have attracted considerable attention and may become a novel therapeutic objective
for AS.%7 According to Bouchareychas and Hayde, NF-kB translocates to the nucleus where it binds to specific DNA
sequences, promoting the transcription of genes involved in the inflammatory response and playing a role in macrophage
M1 polarization. This process produces pro-inflammatory cytokines such as interleukin 18 (IL-1B) and tumor necrosis
factor a (TNF-a), contributing to the perpetuation of the inflammatory response within atherosclerotic plaques.®’

Exosomes originate from endosomes, and its ablity of carrying microRNAs (miRNAs) or siRNAs have been shown to
regulate inflammatory responses and promote vascular regeneration and repair. They are involved in intercellular
communication in human health and disease, including the cardiovascular system.'® BMDM (Bone marrow-derived
macrophages)-derived exosomes have been reported to modulate intercellular communication in terms of systemic and
vascular inflammation in hyperlipidemic mice by delivering miRNAs.” These studies suggest that regulating gene
expression in target cells via exosomes may be a potential approach for treating AS."’

There are several drug treatments for AS which have been common used in clinical settings. Statins constitute the
primary treatment for AS, effectively decelerating its progression and diminishing the incidence of cardiovascular events.
However, a residual risk of further vascular events persists, alongside potential side effects such as hepatic and renal
damage, which may adversely impact patient adherence to the treatment.'> Ezetimibe is associated with fewer adverse
effects and reduces low-density lipoprotein cholesterol (LDL-C) levels by 18% to 20%. It can be co-administered with
statins for patients whose LDL-C levels remain suboptimal after moderate-intensity statin therapy, further mitigating the
risk of cardiovascular events.'*'* Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition, such as evolocumab
and alirocumab, show excellent LDL-C lowering effects, along with good tolerability and safety profiles.'>'¢ However,
their high cost is a limiting factor.'>'® Xuezhikang, a partially purified extract of red yeast rice, has demonstrated efficacy
in reducing LDL-C levels and has shown clinical benefits in secondary prevention studies conducted within the Chinese
population. It is associated with decreased mortality and a reduction in cardiovascular events among individuals with
coronary heart disease while exhibiting minimal adverse effects.'”'® Considering the side effects, cost, and potency of
existing drugs, an increasing number of researchers have been seeking safer and more effective alternatives in recent
years.

Traditional Chinese Medicine (TCM) is increasingly utilized in the treatment of cardiovascular diseases due to its
19721 Qingre Huoxue Decoction (QRHX) is a TCM compound.
QRHX has been shown to stabilize plaques, improve prognosis, reduce the incidence of recurrent ischemic events and

multi-targeting characteristics and cardioprotective effects.

adverse cardiovascular outcomes, and improve clinical symptoms and quality of life in patients with myocardial
infarction.””>* In addition, QRHX is readily accessible, straightforward to process, economically viable, and could
alleviate symptoms while addressing some limitations associated with chemical pharmaceuticals.”*** QRHX is com-
posed of seven Chinese herbs: Scutellaria baicalensis Georgi (Lamiaceae, HQ), Salvia miltiorrhiza Bunge (Lamiaceae,
DS), Paeonia veitchii Lynch (Paeoniaceae, CS), Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang & J.M.
Xu (Apiaceae, CX), Dalbergia odorifera T.C.Chen (Fabaceae, JX), Carthamus tinctorius L (Asteraceae, HH), and Ilex
pubescens Hook. and Arn (Aquifoliaceac, MDQ). According to TCM theory, heat toxin is a pathogenic factor that causes
excessive pathological changes of hot and yang nature, often leading to the damage in blood vessels or slowing blood
flow.”> Heat toxin is responsible for the development of AS.*° Inflammation and heat toxin are closely related.”’**
Therefore, QRHX consists of herbs that have the ability of clearing heat, removing toxins, activating blood circulation,
and possessing anti-inflammatory properties.”>*"*° These herbs of QRHX are regarded as relatively safe, with no
significant toxicity reported under reasonable use, when used according to the recommended doses specified in the
Chinese Pharmacopoeia.*® In prior clinical investigations, no abnormalities in hepatic or renal function were observed
following the use of QRHX.**° Furthermore, QRHX was found to mitigate contrast-induced renal impairment in post-
PCI patients.®'

Previous studies suggested that QRHX contains 68 compounds (54 in positive and 24 in negative ion mode, 10
duplicates. Table 1). Baicalin and salvianolic acid B were the highest in the QRHX examined by the ultra-performance
liquid chromatography-mass spectrometry (UPLC-MS) analysis.>” Studies have shown that baicalin and salvianolic acid
B have no significant acute or chronic toxicity.*>° Furthermore, baicalein and salvianolic acid B have been shown to
alleviate AS and are closely related to NF-kB signaling pathway and macrophage polarization.’” ** Additionally, the
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Table | The 68 Compounds of QRHX

NO. RT Formula Target Diff Identification
(min) Mass (ppm)
| 0.307 C,7H,7NO; 293.1991 1.67 Nobilonine
2 0.557 CsH;NO; 129.0426 -2.53 Pyroglutamic acid
3 0.607 CioH30024 894.1127 —0.46 Diellagic acid rhamnoside (I-->4)glucopyranoside
4 0.607 C41H3,06 940.1182 —0.44 1,2,3,4,6-Pentagalloylglucose
5 0.607 C;7HOs 170.0215 -3.06 Gallic acid
6 0.623 CaH24016 616.1064 1.99 Desmanthin 2
7 0.623 C3¢H30016 718.1534 —1.47 Fukugiside
8 0.64 Cy¢H2010 494.1213 —0.74 Salvianolic acid A
9 0.723 C9H240¢ 348.1573 0.33 9-Hydroxyglabratolide
10 0.79 CH140;5 194.0943 1.08 2-Methoxy-4-(3-methoxy- | -propenyl)-phenol
I 0.806 CgH3405 330.2406 245 Sanleng acid
12 0.823 CyH3¢N,O 332.2828 -3.21 Holarrhimine
13 0.823 C,7H3,03 284.2351 2.85 Muricatacin
14 0.823 C,7H2sNO, 278.212 1.03 N-Methyldendrobium
15 0.823 CigH»n 04 302.1518 243 Arnebinone
16 1.022 C,H,,0, 198.162 -2.35 cis-4-Dodecenoic acid
17 1.339 C,H33sNO 315.2562 -0.23 Holadysine
18 1.455 CyoH,7NO 297.2093 0.18 Spirasine IV
19 2.004 Ci9H,7;NO 285.2093 —0.8 I-Methyl-2-nonyl-4(1H)-quinolone
20 2.985 C36H3505 598.2567 —0.08 Tinyatoxin
21 3.235 CyH33NO 327.2562 2.45 I-Methyl-2-dodecyl-4-(1 H)-quinolone
22 4.05 C37H4009 628.2672 0.34 Resiniferotoxin
23 4.832 C30H280s 516.1784 2.65 Rottlerin
24 5.198 C30H260s 516.1784 2.15 Rottlerin
25 0.604 CsH, 00 86.0732 4.94 |-Penten-3-ol
26 0.612 CeH 140, 118.0994 0.87 Acetal
27 0.612 C,H»Oy, 342.1162 -2.12 Cellobiose
28 0.621 Cy4H4 04 666.2219 =117 Isolychnose
29 0.687 CoH )2 120.0939 0.11 1,2,3-Trimethylbenzene
30 0.945 C¢HsNO, 123.032 25 Nicotinic acid
31 1.145 C;HO3 138.0317 1.73 3,4-Dihydroxybenzyl aldehyde
32 1.427 CioH 1204 196.0736 —-0.09 2,4-Dihydroxy-6-methoxy-3- methylacetophenone
33 1.569 CgHeO3 150.0317 0.04 Piperonal
34 1.868 Ci3H; N 181.0892 -2.55 3-Methylcarbazole
35 1.877 CoHgO3 164.0473 —4.65 Coumarinic acid
36 1.877 C3Hg 164.0626 -2.82 I,11-Tridecadiene-3,5,7,9-tetrayne
37 2.093 Ca3H280 480.1632 -2.27 Albiflorin R1
38 2.093 CioH 1204 196.0736 —3.42 2,4-Dihydroxy-6-methoxy-3- methylacetophenone
39 2.226 CsH,0O 86.0732 0.59 |-Penten-3-ol
40 2.243 CoHgO4 192.0423 —0.63 6-Methoxy-7-hydroxycoumarin
41 2.326 CaH30014 566.1636 -1.75 Angustioside
42 2.342 CgH /0O 122.0732 0.06 2,3-Dicresol
43 2.342 CioH1003 178.063 0.23 Coniferyl aldehyde
44 2.351 CoHgO, 160.0524 -0.19 1,2-Hydronaphthoquinone
45 2.475 C34H4608 742.2684 091 (+)-Syringaresinol-di-O-beta-Dglucoside
46 2.642 CoH 004 182.0579 -3.47 Jacaranone
47 2.658 CoH,,03 168.0786 —-1.31 2-Methoxy-2-(4’-hydroxyphenyl)ethanol
48 2.767 Ca¢H2O12 530.1424 —0.57 Macranthoin F
49 2.941 CyH00s 222.0528 -1.75 5,6-Dimethoxy-7-hydroxycoumarin

(Continued)
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Table | (Continued).

NO. RT Formula Target Diff Identification
(min) Mass (ppm)
50 2.966 C,1H2009 416.1107 -0.8 Apigenin-5-rhamnoside
51 2.975 CoH,603 208.1099 -2.87 I-Allyl-2,4,5-trimethoxy-benzene
52 3.166 CgHgO, 136.0524 -2.29 4-Methyl salicylaldehyde
53 3.241 CoH200 156.1514 —4.07 |-Methyl-3-isopropoxy cyclohexane
54 3.59 C,oHgO3 176.0473 -3.72 6-Hydroxy-7-methylesculetin
55 3.607 CgHgO3 152.0473 222 2,4-Dihydroxyacetophenone
56 3.665 C4H,405 262.0841 -0.5 Celereoin
57 3.806 CgHgO3 152.0473 | 2,4-Dihydroxyacetophenone
58 3.84 Ci6H 1605 288.0998 —-1.93 5-Hydroxymethyl-6-endo-3’-methoxy-4’-hydroxyphenyl-8-oxabicyclo[3,2, | ]-oct
-3-en-2-one
59 3.856 CgHgO3 152.0473 -1.9 2,4-Dihydroxyacetophenone
60 3.989 CoH26N4 202.2158 -1.07 Spermine
61 4.189 CoH,003 166.063 -3.86 2,4-Dimethoxybenzaldehyde
62 4.189 CgHgO3 152.0473 —-1.88 2,4-Dihydroxyacetophenone
63 4.264 CoH,003 166.063 =3.1 2,4-Dimethoxybenzaldehyde
64 4.355 CoH,003 166.063 0.11 2,4-Dimethoxybenzaldehyde
65 4.447 CyH¢O3 162.0317 -3.06 3-Hydroxycoumarin
66 4,538 CyH,cO 140.1201 —1.59 (E)-2-Nonenal
67 4.538 CgHgO3 152.0473 —0.41 2,4-Dihydroxyacetophenone
68 4.555 CigH, 607 344.0896 -0.79 3’,4’-Dihydroxywogonin
69 4.597 CgHgO, 136.0524 2.21 4-Methyl salicylaldehyde
70 4.73 CioH 0> 170.1307 —4.61 6alpha-Methyl-2alpha,6betadihydroxymethylbicyclo[3.1.1]heptane
71 4.996 Ci9H,gO05 326.1154 —0.11 2,5-Dimethoxy-4-hydroxy-[2",3":7,8]-furanoflavan
72 5.037 C,H,,O 174.1045 -3.06 4,7-Dimethyl- | -tetralone
73 5.046 CgHgO> 136.0524 —-1.12 4-Methyl salicylaldehyde
74 6.019 C6H12N,O, 264.0899 —3.56 Nauclefidine
75 6.718 C3oHa4s 408.3756 1.6l Neohopadiene
76 11.193 Ci,H g0, 194.1307 -1.7 (+)-Myrtenyl acetate
77 12.1 CsH,|NO, 117.079 -1.16 Betaine
78 12.1 CsHgO, 100.0524 -1.35 Tiglic acid

results of previous RNA sequencing studies of in vivo and vitro samples in our team indicated that the NF-«kB signaling
pathway, TNF signaling pathway, and IL-17 signaling pathway were most significantly enriched after QRHX
intervention.>* The previous literature show that NF-kB signaling pathway plays a key role in regulating macrophage
polarization.**** Finally, we chose the NF-kB signaling pathway and demonstrated that NF-kB signaling pathway was
the target pathway for QRHX-induced M2 polarization.** Simultaneously, we conducted a screening of 16 target genes
within the NF-kB signaling pathway and ultimately identified PTGS?2 as a target of QRHX intervention in AS via NF-kB
signaling pa‘thway.24 Using literature search and TargetScan (https://www.targetscan.org/vert 80/), we identified miR-

26a-5p as an upstream target of PTGS2. Multiple studies have showed a significant link between the expression levels of
miR-26a-5p and the development of cardiovascular disease. MiR-26a-5p protects cardiomyocytes from hypoxia/reox-
ygenation-induced injury,*> prevents apoptosis,*® and guards against myocardial ischemia/reperfusion injury.*’” These

4850 and ameliorate hypertrophied myocardium®' by inhibiting the NF-xB

effects help to reduce chronic inflammation,
signaling pathway. Mompeon et al found in patients experiencing non-ST-segment elevation myocardial infarction
(NSTEMI), the expression of miR-26a-5p exhibited an inverse correlation with serum concentrations of the pro-
inflammatory cytokine TNF-0.°? In patients diagnosed with ST-segment elevation myocardial infarction (STEMI),
a decrease in miR-26a-5p levels has been linked to an increased incidence of adverse cardiovascular events.”> We

hypothesize that miR-26a-5p may play anti-inflammatory, antioxidant, and anti-apoptotic roles in the early stages of AS
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development and could improve prognosis by being anti-inflammatory after disease progression or even in STEMI.
Additionally, miR-26a regulates macrophage polarization®* and promotes the shift from M1 to M2 macrophages while
inhibiting the production of inflammatory factors.>> Therefore, we hypothesized that QRHX may exert anti-AS effects by
influencing macrophage polarization phenotype through exosomal miR-26a-5p via inhibiting the PTGS2/NF-«xB signal-
ing pathway.

Materials and Methods

Drug Preparation

The herbs were procured from the Chinese herbal pharmacy of the First Affiliated Hospital of Guangzhou University of
Traditional Chinese Medicine. The seven herbs, HQ, MDQ, DS, JX, HH, CX, and CS, were weighed and mixed in the
ratio of 3:6:6:2:2:2:2:3 according to the original prescription.”*** The herbs are soaked in 720 mL of water to ensure that
all herbs are fully submerged. Then, soak for 30 minutes to promote the extraction, followed by sustained boiling for
1 hour. Afterward, pour out the filtrate, and repeat the process with another 720 mL of water, boiling for an
additional hour. And the two medicinal liquids were combined. The mixture of QRHX was centrifuged at a speed of
5000 revolutions per minute (rpm) and a temperature of 4 °C for 15 minutes. The supernatant was collected and
subjected to vacuum freeze-drying at —80 °C for 72 hours to produce lyophilized powder.*

Animals and Experimental Design

This study was approved by the Ethics Committee for the First Affiliated Hospital of Guangzhou University of
Traditional Chinese Medicine (GZTCMF1-2021076). All animal experiments were conducted in accordance with the
guidelines outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animals
were housed at a temperature of 23 + 1 °C under a 12-hour light-dark cycle and were provided with standard chow and
water. Eighty ApoE™~ mice (C57BL/6J background, weeks: 8 + 1, males, body weight: 18g-22g) were purchased from
Jiangsu Jicui Pharmachem Biotechnology Co. and housed in the SPF-grade animal laboratory of the First Affiliated
Hospital of Guangzhou University of Traditional Chinese Medicine. The mice were split into two batches for the
experiment, the first batch of fifty mice was divided into five groups at random (randomized numerical table method>®)
after seven days of adaptive feeding (n=10): the control group (NC group), the model group (MOD group), and three
groups of QRHX: the low-dose group (QRHX-L group, 7.5 g/kg/d), the medium-dose group (QRHX-M group, 15 g/kg/
d), and high dose group (QRHX-H group, 30 g/kg/d). The doses of QRHX (7.5 g/kg/d, 15 g/kg/d, 30 g/kg/d) were
established based on a review of existing literature, equivalent to 1, 2, and 4 times the human drug dose.?**” The doses of
QRHX were established after reviewing existing literature, ensuring they fall within a safe and effective range for the
medication.”* The second batch of thirty mice were randomly divided into three groups (randomized numerical table
method®®) of ten animals each (n=10) after seven days of acclimatization feeding: blank group (CON group, 200 uL. PBS
injected in the tail vein), control group (BMDM-exo group, BMDM-derived exosomes, 10'%/each, dissolution in 200 pL
PBS injected in the tail vein), and treatment group (BMDM-QRHX-exo group, BMDM-derived exosomes of QRHX-
intervened, 10'*/each, dissolution in 200 pL PBS injected in the tail vein). All groups except the NC group were fed
a high-fat diet (HFD) to induce AS and mice were monitored weekly for body weight. The composition of the HFD was
as follows: 21% fat, 0.15% cholesterol, 15.5% protein, and 62% standard feed. This HFD was procured from the
Guangdong Medical Laboratory Animal Center. The intervention was started after week 8, and after 8§ weeks of
intervention, the mice were anesthetized by giving an intraperitoneal injection of 1% sodium pentobarbital at
a concentration of 50 mg/kg. Specimens were collected by dissecting the thorax and abdomen, and blood was collected
from the abdominal aorta.

Reagents and Antibodies

GW4869 was purchased from MCE (HY-19363, Shanghai, China). Puromycin solution was purchased from Biosharp
(BL528A, Hefei, China). Cell culture chambers were purchased from LABSELECT (14111-D, Hefei, China). The H&E
staining kit was purchased from Leagene (DH0006; Beijing, China). Anti-MOMA-2 (Abcam, ab33451, 1:2000), iNOS
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(Abcam, ab178945, 1: 1000), GAPDH (Abcam, ab181602, 1:10,000), and HRP rabbit anti-mouse IgG (Abcam, ab6728,
1:5000), Arg-1 (CST, 93668S, 1: 1000), p65 (Abcam, ab32536, 1:1000) and p50 (ThermoFisher, MA5-32911, 1:1000).

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kits were employed to measure the levels of serum inflammatory factors TNF-o (MM-0132M1, MEIMIAN,
Jiangsu, China) and IL-10 (MM-0176M1, MEIMIAN, Jiangsu, China) in mice. As directed by the kit instructions,
various concentrations of samples and standards were added. Enzyme reagents were introduced to all wells except the
blank wells before incubation for one hour at 37 °C in a thermostat. After that, the wells were properly cleaned five
times. Substrate solutions A and B were sequentially added, and the mixture was incubated at 37 °C for 15 minutes
without exposure to light. After adding the stop solution, the optical density (OD) at 450 nm for each sample was
ascertained.

Histology

The entire aorta was carefully dissected and longitudinally opened to expose the luminal surface. Subsequently, the tissue
was stained with an Oil Red O working solution, a lipid-specific dye, to quantitatively and qualitatively assess lipid
deposition. Images were taken with a Canon digital camera. After aortic tissues were embedded in paraffin and fixed with
4% paraformaldehyde, they were microtomed into 4 um slices. H&E staining was used to assess plaque area, Masson
staining to assess collagen fiber content, and immunohistochemistry to detect the levels of a-smooth muscle actin (a-SMA),
and the monocyte/macrophage marker MOMA-2. Sections were scanned using a digital pathology section scanning system
(Pannoramic MIDI, 3D HISTEC), images were collected, and images were analyzed with Image J. The results of this study
were used to determine the levels of collagen fibers, smooth muscle cells (SMCs), and macrophages.

Cells Culture

BMDM s were isolated and cultured from the tibia and femur of C57BL/6J mice (6-8 weeks old).”® Following the
removal of the tibia and femur ends, aseptic conditions were maintained by flushing the medullary cavity with a syringe
before the cells were collected and resuspended into culture flasks. Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 15% 1929 supernatant was used to culture
BMDM s for seven days.”” The medium was changed on days three, five, and seven. After seven days, the culture media
was replaced once on days three, five, and seven for use in later studies. L929 cells (1.2x10°) were seeded into 100 mm
culture dishes with 10 mL of DMEM complete medium, and the supernatant was collected after 7 days. The supernatant
was centrifuged to remove cellular debris, filtered through a strainer, and stored at —80 °C for future use. Mouse
fibroblast cell line 1.929 was purchased from Wuhan Punosai Life Science and Technology Co., Ltd (No. CL-0137). 293T
cells were purchased from Wuhan Xavier Life Science and Technology Co., Ltd (No. STCC10301G-1). Mouse
monocyte-macrophage leukemia cell line RAW264.7 was purchased from Wuhan Punosai Life Science and
Technology Co., Ltd, item no. CL-0190. All cells were cultivated at 37 °C with 5% CO2 in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin.

Cell Counting Kit-8 Assay

BMDMs (1x10* cells/well) were injected in 96-well plates for the CCK-8 experiment. After that, the cells were exposed
to various doses of QRHX (0, 20, 40, 80, 100, 150, 200, and 400 pg/mL) for 24 hours. Following the removal of the
medium and a PBS wash, 10 pL. of CCK-8 solution per well was added, and the plates were incubated at 37 °C for 2h.
An enzyme meter was then used to determine the OD value at 450 nm.

Isolation and Characterization of exosomes

After BMDMs were cultured in the exosome-free medium for 72 h, cell supernatants were collected, and exosomes were
extracted using the differential centrifuge method.®® Sequentially, the cells were centrifuged at 400 g, 4 °C, for 10 min; 2000 g,
4 °C, for 10 min; 10,000 g, 4 °C, for 30 min; and 100,000 g, 4 °C, for 70 min. Ultimately, PBS was used to resuspend the final
precipitate (exosomes), and they were centrifuged once more for 70 minutes at 100,000 g and 4 °C. After dissolving the
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exosomes in 200 pL of 1x PBS, they were stored at —80 °C. Transmission electron microscopy (Hitachi, HT7700) was used to
assess the morphology of BMDM-derived exosomes. The purified exosomes were resuspended with 50uL of 2% parafor-
maldehyde, followed by a dropwise addition of 5 uL of the resuspension solution on a carbon nanotube-coated grid, and
thoroughly adsorbed for 20 minutes in a dry setting. A filter paper was used to blot out the liquid, and a dropwise addition of
15 pL of a dipoxyuranum oxalate staining solution with a concentration of 2% was applied to it for 2 min. The grid was then
washed with purified water, dried, and placed under a nano TEM for observation and photography. A 500 ng/mL dilution of
the collected exosomes was used to prevent inter-particle interactions. The size and number of exosomes were studied by
a nanosized particle tracking analyzer (Particle Metrix, ZetaView).

Western Blot

Mouse aorta, RAW264.7 cells, and exosomal proteins were extracted using RIPA lysis buffer and a protease inhibitor
mixture. Total proteins were quantified by the BCA method, and Western blot was performed on 10% SDS-PAGE and
0.22 um PVDF membranes. The intensity of bands was analyzed by Image J software.

Quantitative Reverse Transcription PCR (RT-gPCR)

Gene expression levels were quantified by RT-qPCR. mRNA was collected using the Universal RNA Extraction Kit (AG,
AG21017, Hunan, China) and transformed into cDNA using the Reverse Transcription Reagent Premix (AG, AG11706,
Hunan, China). miRNA was collected by the miRNA Extraction Kit (AG, A5A1770, Hunan, China) and transformed into
cDNA using SYBR Green (AG, AG11701, China). and transformed into cDNA using miRNA First Strand cDNA Kit
(AG, AG11716, China). The mRNA was detected by RT-qPCR using SYBR Green (AG, AG11701, China) with Applied
Biosystems Quant Studio 5 (Thermo, USA), specific primers for RT-qPCR detection. The relative gene expression was
determined using the 2 *“Ct technique, with mRNA chosen as the loading control for GAPDH and miRNA selected as
the loading control for U6. Three iterations of this experiment were conducted. Table 2 provides a summary of the primer
sequences employed.

Transfection of Cells

After BMDMs were transfected with lentivirus containing miR-26a-5p mimic, inhibitor, or empty vector virus (GV369/
GV691; Genechem, Shanghai, China, MOI=80), the expression of miR-26a-5p was detected by RT-qPCR. Using miR-
26a-5p mimic and PTGS2 inhibitor lentivirus or an empty vector virus (GV369/GV493; Genechem, Shanghai, China,
MOI=50) transfected into RAW264.7 cells, miR-26a-5p and PTGS2 expression was assessed via RT-qPCR. Both
transfections were performed using the transfection reagent HiTransG A (REVGO004; Genechem, Shanghai, China).

Luciferase Reporter Assay

The wild-type (WT) PTGS2-3°’UTR and mutant (MUT) PTGS2-3’UTR were inserted into the GV272 vector (SV40-firefly
luciferase-MCS) through the Xbal cleavage site. The Renilla plasmid was transfected according to the manufacturer’s
instructions using Lipofectamine 3000 (Invitrogen) (TK promoter-Renilla luciferase). miR-26a-5p mimic or negative control
was cotransfected into 293 T cells. Cells were taken after 48 hours and subjected to analysis using the Dual-Luciferase Reporter
Assay System (Promega, E1910, USA) and a multifunctional enzyme labeling instrument to measure the luciferase activities

Table 2 Primers List

Gene Forward Primer Reverse Primer

GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Arg-1 CTCCAAGCCAAAGTCCTTAGAG | AGGAGCTGTCATTAGGGACATC
PTGS2 CATCCCCTTCCTGCGAAGTT GGCCCTGGTGTAGTAGGAGA
ué CTCGCTTCGGCAGCACAT AACGCTTCACGAATTTGCGT
miR-26a-5p | GGCAAGTAATCCAGGATAGGCT /
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of firefly and Renilla luciferases. The results of quantitatively comparing these two luciferase activities reflected the regulatory
effects of miRNAs on target genes, normalized by the ratio of Renilla to Firefly luciferase signals.

Statistics

The statistical software SPSS 25.0 was used for data processing and analysis in the study. The data were first tested for normal
distribution, and measures that conformed to normality were described using mean + standard deviation (x £ s). After that, the
variance alignment test was performed; when the variance was aligned, the data with the number of groups of two groups were
compared between the two groups using the Independent Samples #-test; when the number of groups of three or more groups
was aligned, the comparison between the groups was performed using the one-way ANOVA, and the two-by-two comparisons
between the groups were performed using the Bonferroni correction; when the variance was not aligned, Dunnett’s T3 method
was used for comparison between groups. P < 0.05 was used as the significance level of the test.

Results

Characterization and miR-26a-5p Expression of BMDM-Derived Exosomes

Exosomes were meticulously isolated from the supernatant of BMDMs utilizing a well-established protocol involving
continuous differential centrifugation followed by ultracentrifugation. This multi-step centrifugation process is designed
to sequentially remove cells, debris, and larger vesicles, thereby enriching the exosome fraction. Electron microscopy
analysis revealed exosomes with distinct membrane boundaries, exhibiting saucer-shaped or cup-like structures of
varying sizes (Figure 1A). Western blot confirmed the presence of exosome marker proteins CD63 and TSG101
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Figure | Characterization and miR-26a-5p expression of BMDM-derived exosomes. (A) Representative images of BMDM-derived exosomes. Scale bar: Ium (left) and
200nm (right). (B) Exosomes were validated by assessing exosomal marker proteins CD63 and TSGI0I (n=5). (C) Size distribution of BMDM-derived exosomes by
Nanoparticle Tracking Analysis. (D) Expression of miR-26a-5p in exosomes isolated from different sources of BMDMs (n=5). NC: dying cell debris from BMDM cells
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(Figure 1B). Nanoparticle tracking analysis indicated that the exosomes displayed a single peak at 161.6 nm with
a concentration of 1.5x10® particles/mL (Figure 1C). RT-qPCR results showed that, compared with the EXO-MOD
group, the EXO-NC group had higher expression of exosomal miR-26a-5p (Figure 1D).

QRHX Attenuated Atherosclerosis in ApoE ™~ Mice

As shown in Figure 2A, at eight weeks of HFD-fed induction, the body weights of mice in the MOD and QRHX groups
were significantly higher than those in the NC group. Following eight weeks of QRHX intervention, the body weights of
mice in the three different dose groups of QRHX were lower than those in the MOD group, suggesting that QRHX
reduces the weight gain induced by a high-fat diet. The levels of inflammatory factors TNF-a and IL-10 were detected by
ELISA. High-fat diet (HFD) induced a severe inflammatory response, evidenced by a upward of serum TNF-a and
a downward of IL-10 (Figure 2D). Compared with the MOD group, TNF-a levels were decreased and IL-10 levels were
increased in both the QRHX-M and QRHX-H groups. Furthermore, the therapeutic efficacy of QRHX was more
pronounced in the QRHX-H group compared to the QRHX-M and QRHX-L groups. These results suggest a dose-
dependent anti-inflammatory effect of QRHX, with higher doses yielding greater reductions in pro-inflammatory
cytokines and increases in anti-inflammatory cytokines. The results of oil red O staining of the entire aorta showed
that the lipid deposition in the MOD group was more severe than that in the NC group, with an increased area of oil red
O staining. After QRHX intervention, lipid deposition decreased with the increase of the administered dose (Figure 2B
and E). H&E staining of cross-sections of the mouse aorta showed no obvious plaque formation in the aorta of the NC
group, with smooth intima, no hyperplasia, and no obvious abnormality in the middle layer. In the MOD group, there was
an increase in plaque formation, thickening of the intima, and deposition of foam cells, sedimentary lipids, cholesterol
crystals, and necrotic substances in the plaques, with a visible and obvious fibrous cap. The area of plaques decreased
after treatment with the middle and high dose of QRHX (Figure 2C and F), indicating that QRHX had a plaque-shrinking
effect. In advanced AS lesions, SMCs contribute to the thickening of the plaque fibrous cap, thereby enhancing plaque
stability. Therefore, IHC was used to quantitatively and qualitatively assess the presence of a-SMA within the plaque,
providing critical insights into the cellular composition and potential functional implications within the plaque micro-
environment. The results indicated a reduction in a-SMA content in the MOD group compared to the CON group.
Conversely, an increase in a-SMA content was observed in the QRHX-M and QRHX-H group compared to the MOD
group (Figure 2C and F). These findings suggest a differential modulation of a-SMA expression across the experimental
groups, indicating that the middle and high dose of QRHX had a stabilizing effect on plaques.

QRHX Regulated Macrophage Polarization

Macrophage phenotypic differentiation and inflammatory state are intricately linked. In this study, we employed Western
blot and RT-qPCR to evaluate the expression of M1 and M2 macrophage polarization phenotypes in vascular plaques of
ApoE ™" mice and RAW264.7 cells. In the in vivo experiments, Western blot analyses suggested that iNOS expression
was elevated and Arg-1 expression was reduced in the MOD group compared with the NC group. Conversely, the
QRHX-H group demonstrated a decrease in iNOS expression, accompanied by a concomitant increase in Arg-1
expression in RT-qPCR analyses (Figure 3A and B). RT-qPCR analyses suggested that iNOS expression was elevated
and Arg-1 expression was reduced in the MOD group compared with the NC group. Then, the QRHX demonstrated
a dose-dependently decrease in iNOS expression, accompanied by a concomitant increase in Arg-1 expression
(Figure 3C). These alterations in iNOS and Arg-1 levels suggest a shift towards an anti-inflammatory phenotype,
potentially elucidating the underlying mechanisms of QRHX-mediated therapeutic effects. In the in vitro experiments,
we assessed the viability of BMDM at different doses of QRHX (Figure 3D) and selected 200 pg/mL for subsequent
experiments. Results of RAW264.7 cells, co-cultured with BMDM, demonstrated decreased iNOS gene expression and
increased Arg-1 gene expression (Figure 3E). These effects were further amplified when BMDM were co-cultured with
RAW264.7 cells following QRHX intervention (Figure 3E).
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Figure 3 Effect of QRHX on macrophage polarization in ApoE "~ mice and miR-26a-5p of BMDM-derived exosomes in RAW?264.7. (A and B) Western blot analysis was
conducted to evaluate the expression of iNOS and Arg-1 in the aortas of ApoE '~ mice (n=5). (C and E) RT-PCR was performed to assess the gene expression levels of
iNOS and Arg-1 in the aortas of ApoE "~ mice (n=5) and RAW264.7 cells (n=5). (D) The BMDMs were evaluated following treatment with varying concentrations of QRHX,
utilizing the Cell Counting Kit-8 assay (n=6). NC: normal diet; Model: high-fat diet; QRHX-L: QRHX low-dose group (HFD + 7.5 g/kg/d QRHX); QRHX-M: QRHX medium-
dose group (HFD + 15 g/kg/d QRHX); QRHX-H: QRHX high-dose group (HFD + 30 g/kg/d QRHX). RAW: RAW264.7 cells; QRHX+RAW: RAW264.7 cells, QRHX
intervention; BMDM-exo: RAW?264.7 cells, BMDM-exo intervention; BMDM-QRHX-exo+RAW: RAW?264.7 cells, BMDM-exo and QRHX intervention; BMDM-QRHX-exo
+RAW+GWA4869: RAW264.7 cells, BMDM-exo, QRHX, and GW4869 intervention. Data were presented as mean * standard deviation (x * s) in one-way ANOVA.
#p<0.05, ¥p<0.01 vs NC group; *p<0.05, *p<0.01 vs MOD group. *p<0.05, *p<0.01 vs RAW group; #p<0.05, *p<0.01 vs BMDM-exo group.

QRHX Effect Was Elicited via the miR-26a-5p/PTGS2/NF-kB Signaling Pathway

We used Western blot to assess the expression of NF-kB signaling pathway components in vascular plaques of ApoE ™~
mice as well as in RAW264.7 cells. In the in vivo experiments, Western blot analyses suggested that p65 and p50 was
elevated in the MOD group, whereas the QRHX-M and QRHX-H groups showed decreased p65, and p50 protein
expression (Figure 4A and B). RT-qPCR results showed that PTGS2 expression was increased in the MOD group
compared with the NC group, and miR-26a-5p gene expression was decreased. Compared with the MOD group,
PTGS2 gene expression was decreased and miR-26a-5p gene expressions were increased in the QRHXgroups
(Figure 3E). In in vitro experiments, RAW264.7 cells, co-cultured with BMDM, showed decreased p65, p50 protein
expression (Figure 3C and D), decreased PTGS2 gene expression, and elevated miR-26a-5p gene expression
(Figure 3F). These effects were further enhanced by co-culture of BMDM with RAW264.7 after QRHX intervention
(Figure 3C and D, F).

The above results suggest that QRHX can attenuate HFD-induced atherosclerotic inflammation through exosomal
miR-26a-5p via inhibiting the PTGS2/NF-kB pathway on regulating macrophage polarization. To further validate these
results, we transfected BMDMSs using miR-26a-5p mimic and inhibitor lentivirus, and RAW264.7 cells using miR-26a-5p
mimic and PTGS2 inhibitor lentivirus.
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Figure 4 Effect of QRHX on miR-26a-5p/PTGS2/NF-kB signaling pathway in ApoE '~ mice and miR-26a-5p of BMDM-derived exosomes in RAW264.7. (A—D) Western blot
analysis was conducted to assess the expression levels of p65 and p50 proteins in the aortas of ApoE "~ mice and RAW264.7 cells across each group (n=5). (E and F) RT-
qPCR was employed to evaluate the expression levels of miR-26a-5p and PTGS2 genes in the aortas of ApoE '~ mice and RAW264.7 cells within each group. NC: normal
diet, Model: high-fat diet, QRHX-L: QRHX low-dose group (HFD + 7.5 g/kg/d QRHX), QRHX-M: QRHX medium-dose group (HFD + 15 g/kg/d QRHX), QRHX-H: QRHX
high-dose group (HFD + 30 g/kg/d QRHX). RAW: RAW264.7 cells; QRHX+RAW: RAW264.7 cells, QRHX intervention; BMDM-exo: RAW?264.7 cells, BMDM-exo
intervention; BMDM-QRHX-exo+RAW: RAW?264.7 cells, BMDM-exo and QRHX intervention; BMDM-QRHX-exo+RAW+GW4869: RAW264.7 cells, BMDM-exo, QRHX,
and GW4869 intervention. Data were presented as mean * standard deviation (x * s) in one-way ANOVA. *p<0.05, *p<0.01 vs NC group; #p<0.05, #p<0.0l vs MOD
group. *p<0.05, *p<0.01 vs RAW group; *p<0.05, *p<0.01 vs BMDM-exo group.
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The miR-26a-5p Regulated Macrophage Polarization by Targeting PTGS2 to Inhibit the
NF-xB Pathway

First, we used a dual luciferase reporter assay to detect miR-26a-5p binding sites in the PTGS2 3 ‘-untranslated region (3 “utr).
We cloned the PTGS2 wild-type 3 ‘utr or mutant 3 ‘utr of its putative miR-26a-5p binding site onto their corresponding
plasmids and assessed their responsiveness to miR-26a-5p in 293T cells (Figure 5A). The results showed that miR-26a-5p
directly bound the 3’-UTR of PTGS2 mRNA, and PTGS2 was a direct target of miR-26a-5p (Figure 5B). Secondly, we found
that in co-culture, after overexpressing the miR-26a-5p level of BMDM, the iNOS gene expression, p65 and p50 protein
expression of RAW264.7 was decreased, and Arg-1 gene expression was increased (Figure 5C and D, G). After inhibiting
miR-26a-5p levels in BMDMs, iNOS gene expression, p65, and pS0 protein expression were increased and Arg-1 gene
expression was decreased in RAW264.7 (Figure 5C and D, 5G). In addition, after we directly overexpressed miR-26a-5p and
inhibited PTGS2 on RAW264.7, respectively, the results showed that iNOS gene expression, p65, and pS0 protein expression
were decreased and Arg-1 gene expression was increased (Figure SE and F, H). These results further suggested the possible
role and relationship of miR-26a-5p and PTGS2 in macrophages. The miR-26a-5p of BMDM-exo exerts an effects by
targeting PTGS2 in macrophages to suppress the NF-«B pathway to regulate M2 polarization.

BMDM-QRHX-Exo Attenuated Atherosclerosis in ApoE '~ Mice

We injected BMDM-derived exosomes (BMDM-exo) as well as QRHX-intervened exosomes (BMDM-QRHX-exo) back
into ApoE "~ mice. There was no difference in the body weight of mice between the CON, BMDM-exo, and BMDM-
QRHX-exo groups at eight weeks. Following an eight-week intervention, the body weights of mice in both the BMDM-
exo and BMDM-QRHX-exo groups were lower than those in the CON group (Figure 6A). To validatethe anti-
inflammatory properties of BMDM-QRHX-exo, ELISA was used to measure the levels of the inflammatory markers
TNF-a and IL-10. Compared with the CON group, TNF-a levels were decreased and IL-10 levels were increased in both
the BMDM-exo and BMDM-QRHX-exo groups of ApoEf/ " mice, with the efficacy of the BMDM-QRHX-exo group
being superior to that of the BMDM-exo group (Figure 6B). The results of oil red O staining on the entire aortic and
H&E staining on the aortic root cross-section showed that the CON group had severe lipid deposition and large plaque
areas. After exosome intervention, lipid deposition and plaque areas were reduced, with the effect being more
pronounced after BMDM-QRHX-exo intervention (Figure 6C—F). The results of Masson staining showed that the
BMDM-exo and BMDM-QRHX-exo groups reversed the decrease in collagen content compared with the CON group.
Macrophages are important inflammatory cells in AS lesions, and we used MOMA-2 to assess the presence of
macrophages in vascular plaques. Compared with the CON group, we observed different levels of macrophage reduction
in the BMDM-exo and BMDM-QRHX-exo groups, with macrophage infiltration being the mildest in the BMDM-QRHX
-exo group (Figure 6D and F), suggesting that BMDM-QRHX-exo can reduce macrophage infiltration and attenuate

inflammatory responses.

BMDM-QRHX-Exo Regulated Macrophage Polarization via miR-26a-5p/PTGS2/NF-«xB
Signaling Pathway in ApoE ™~ Mice

In vivo experiments of exosome reinjection showed that iNOS, TNF-o, p65, and p50 protein expression was
decreased, while Arg-1, Ym-1, and Fizz-1 protein expression was elevated in the BMDM-exo and BMDM-QRHX-
exo groups compared to the CON group (Figure 7A—E). RT-qPCR indicated that PTGS2, iNOS gene expression was
decreased and Arg-1, miR-26a-5p gene expression was increased in the BMDM-exo and BMDM-QRHX-exo
groups compared to the CON group (Figure 7F). The BMDM-QRHX-exo groups had decreased PTGS2, TNF-a
and p65 expression and increased Arg-1 and miR-26a-5p gene expression compared to the BMDM-exo group
(Figure 7F). These results suggest that QRHX could improve AS by upregulating miR-26a-5p, downregulating
PTGS2, inhibiting the NF-kB pathway, and regulating macrophage polarization from M1 to M2 via exosomal miR-
26a-5p.

Drug Design, Development and Therapy 2024:18 heeps: 6401



He et al

mm NC mimics
15 miR-26a-5p mimics

PTGS2MUT  5'...UUUUGAUAUCUUUAGCAGGTCA...3
PTGS2 WT  5....UUUUGAUAUCUUUAUACUUGAA .3

miR-26a-5p  3....UCGGAUAGGACCUAAUGAACUU...5’

Relative luciferase activity

0.8 0.3 #
P50 105KD
0.6 ki

T T
0.2
g 2
p65 65KD < 04 <
o o
3 %01
- n'o.z L2 *
T | 0.0 0.0
o J o O o o o o 0
o o #° o0 o° ° 2 0 20 40
*’* PP e s o\}.o & F e"p \\o‘ﬁ 0‘}» ‘\o’ @‘"P &ﬁ \‘o(,e
9 s & » & & & N & &
N &S TELE S
fi f f” £ ;’ S & 'o", S Q\
S S & ¢ & o & &
0* & Q\‘ & O Q“ F & N
s & & o & S & & S
& ol N L
) 4 L3 R\
& &
0.4 0.6
PE0 108KD _ 0.3
z 504
o o
< <
pes. esi® _ g * T 2 T
=3 w
g o - 802 #
0.0 0.0
J & O S S < R S S
& & S &F S SERII
& & g S & & &
© R & & & R LT $ R
g € g €S # S
& & & < & <
5 ¢ s €
3 6 - 1.6 ¢ *
#
X
T = T (=}
g2 S Q1.0 S
3 3 3 g
Pl - 7] < #
2 D
21 22 é 05 22
. %
# e
0 0 0.0 o
© 4 O o o O © O o O R & S S & & £ $
& &\0» & & & & & &S é&\ &\6“ & &
R S S & S e o 4TS
’4\\« N ‘go\ & < ’é\@ f &’& & il ¥ 04" i & & (,,ét
2 3 R g < v
o N P & < & ¢
S & ¢ N F &N €
& @& g S
N S 4 N
L) & L) B\

Figure 5 PTGS2 is a target gene of miR-26a-5p. miR-26a-5p regulation of PTGS2 affects the NF-kB signaling pathway and macrophage polarization. (A) The binding site
prediction maps for miR-26a-5p and both wild-type (WT) and mutant (MUT) PTGS2 are presented. (B) Results from the dual luciferase reporter assay are shown (n=6). (C—F)
Western blot analyses were conducted to assess the protein expression levels of p65 and p50 in RAW264.7 cells (n=5). (G and H) RT-qPCR was performed to measure the
expression levels of the INOS and Arg-1 genes in RAW264.7 cells. BMDM-exo: RAW264.7 cells, BMDM-exo; BMDM-mimic NC-exo: RAW264.7 cells, BMDM-exo (mimic
vector); BMDM-miR-26a-5p mimic-exo: RAW264.7 cells, BMDM-exo (miR-26a-5p mimic); BMDM-inhibitor NC-exo: RAW264.7 cells, BMDM-exo (inhibitor vector); BMDM-
miR-26a-5p inhibitor-exo: RAW?264.7 cells, BMDM-exo (miR-26a-5p inhibitor). NC mimic: RAW264.7 cells (mimic vector); miR-26a-5p mimic: RAW264.7 cells (miR-26a-5p
mimic); NC inhibitor: RAW?264.7 cells (inhibitor vector); PTGS2 inhibitor: RAW264.7 cells (PTGS2 inhibitor). Data were presented as mean * standard deviation (x % s) in one-
way ANOVA. #p<0.05, *p<0.01 vs NC mimics group. *p<0.05, *p<0.01 vs BMDM-mimic NC-exo group; *p<0.05, *p<0.01 vs BMDM:-inhibitor NC-exo group. *p<0.05,
##p<0.01 vs NC mimic group; *p<0.05, #p<0.01 vs NC inhibitor group.
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Figure 6 QRHX and miR-26a-5p of BMDM-derived exosomes attenuate atherosclerosis in HFD-fed ApoE '~ mice. (A) Body weight of ApoE /™ mice (n=10). 0~8 weeks:
HFD induction; 9~16 weeks: HFD induction, QRHX intervention. (B and D) H&E, Masson, a-SMA, MOMA-2 staining. For Masson, 0-SMA, and MOMA-2 staining, the ratio
is the relative area of the stained area within the plaque to the total area of the plaque (n=5). Scale bar: 100 pm. (C and F) The oil red O staining on the entire aorta of
ApoEfl* mice. The ratio is the relative area of stained area for lipid deposits to the relative area of total aortic area (n=5). (E) ELISA for serum levels of TNF-a and IL-10
(n=10). CON: high-fat diet, 200 pL PBS injected in the tail vein; BMDM-exo: high-fat diet, BMDM-derived exosomes (10'®/each, dissolution in 200 pL PBS injected in the tail
vein); BMDM-QRHX-exo: high-fat diet, BMDM-derived exosomes of QRHX intervention (10'/each, dissolution in 200 uL PBS injected in the tail vein). Data were presented
as mean # standard deviation (x % s) in one-way ANOVA. *p<0.05, *p<0.01 vs CON group; #p<0.05, *p<0.01 vs BMDM-exo group.

Discussion
In the study, we found that BMDM-exo attenuates inflammation and AS. Second, we found that miR-26a-5p in BMDM-
exo could promote macrophage polarization via inhibiting the PTGS2/NF-kB signaling pathway. Finally, we verified that
QRHX can improve AS by regulating macrophage polarization through exosomal miR-26a-5p via inhibiting the PTGS2/
NF-kB pathway.

The incidence of AS is increasing rapidly, driven by societal aging and improved living conditions.®' AS can affect
major arteries, including the coronary, aortic, and cerebral arteries. As AS advances, there is a marked decrease in plaque
stability, which predisposes individuals to high-risk events such as acute coronary syndromes and stroke, along with
other complications.®* Statins are commonly prescribed as first-line medications for the prevention and treatment of AS.
However, some individuals exhibit poor responses to statins, and some patients with severe dyslipidemia find that statins
are ineffective when used alone.®*** TCM has been attracted more attention in the treatment of AS due to its safety and
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Figure 7 Effects of QRHX and miR-26a-5p of BMDM-derived exosomes on miR-26a-5p/PTGS2/NF-kB signaling pathway and macrophage polarization in ApoE '~ mice. (A-E)
Western blot to detect the protein expression of iNOS, TNF-a, Arg-1, Ym- |, Fizz-1, p65, and p50 in aortas of ApoE '~ mice in each group (n=5). (F) RT-qPCR was performed to
detect miR-26a-5p, PTGS2, iNOS, and Arg- 1 gene expression levels in the aorta of ApoEfl* mice in each group. CON: high-fat diet, 200 puL PBS injected in the tail vein; BMDM-
exo: high-fat diet, BMDM-derived exosomes (10'%each, dissolution in 200 pL PBS injected in the tail vein); BMDM-QRHX-exo: high-fat diet, BMDM-derived exosomes of
QRHX intervention (10'%/each, dissolution in 200 uL PBS injected in the tail vein). Data were presented as mean % standard deviation (x * s) in one-way ANOVA. *p<0.05,
#p<0.01 vs CON group; #p<0.05, *p<0.01 vs BMDM-exo group.
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efficacy. %" TCM has the potential to mitigate certain symptoms and overcome some limitations associated with
6869 QRHX has been used in the prevention and treatment of AS for 20
years and achieved well curative effect.”” ** Our findings elucidate the fundamental molecular mechanisms underlying

conventional pharmacological treatments.

the QRHX intervention in AS, potentially related to the delivery of exosomes. However, the current technical challenges
associated with the mass production and purification of exosomes necessitate further research. As the study progresses,
our results may provide evidence for clinical.

The more popular method for creating an animal model of AS in the research is to choose ApoE '~ mice that are fed

57,71 such

an HFD.”® During the current experimental study, no physiological manifestations indicative of toxic response,
as mortality, fatigue, unresponsiveness, or altered gait, were observed in mice. Our study indicated that the MOD group
had higher plaque area and lipid deposition compared to the NC group, suggesting that ApoE ™"~ mice were an effective
model for AS. When the dose of QRHX was raised, compared to the MOD group, the plaques in the aorta gradually
decreased and the SMCs increased. This suggests that QRHX can alleviate AS and has a plaque-stabilizing impact in the
ApoE™" mice.

Oxidized low-density lipoprotein (ox-LDL) is consumed by monocyte-derived macrophages, which then produce
cytokines that promote inflammation. Macrophage polarization, proliferation, and even cell death are triggered by
dendritic cells and mast cells, as well as by cytokines and histamine produced beyond lipid accumulation.”>”?
Numerous pro-inflammatory factors have been identified as contributing to the development and progression of AS,
with TNF-a being one of the representative pro-inflammatory factors.”*’> Furthermore, anti-inflammatory factors exist,
with IL-10 being a common anti-inflammatory cytokine.”® The expression of IL-10 is critical for the prevention of AS.””
It was found that, in comparison to the MOD group, both the QRHX-M and QRHX-H groups exhibited a reduction in
TNF-a levels and alongside a increase in IL-10 levels. These findings support the ability of anti-inflammatory properties
of QRHX.

In AS, macrophage polarization induces atherosclerotic plaque instability and accelerates AS progression.”® Modulation
of macrophage responses to lipids and other pro-inflammatory compounds may be a promising target for AS therapies.”’
TCM and herbal extracts can regulate macrophage polarization to improve AS. Yang-Xin-Shu-Mai granule may alleviate
AS by suppressing the TLR9/MyD88/NF-kB pathway.*® Additionally, it appears to reprogram macrophage polarization
from the M1 to M2 phenotype, thereby reducing vascular inflammation.*® Curcumin may improve AS through potential
effects on cell migration, proliferation, cholesterol homeostasis, and inflammation,®' and also modulates macrophage
polarization, potentially through the TLR4/MAPK/NF-kB pathway.®* In our study, we observed that QRHX treatment led
to a reduction in the expression of the M1 macrophage marker iNOS, while concurrently increasing the expression of the
M2 macrophage marker Arg-1. These findings suggest that QRHX may promote a shift in macrophage polarization towards
an anti-inflammatory M2 phenotype in HFD-induced AS mice, which could be beneficial in mitigating the inflammatory
processes associated with AS. The NF-«B signaling pathway plays a crucial role in the regulation of immune cell activation,
maturation, and polarization.® Inhibition of this pathway facilitates the polarization of macrophages from the M1 to the M2
phenotype, thereby reducing inflammatory damage.** *° To understand how QRHX regulates macrophage polarization, we
examined the NF-kB pathway.

The widely distributed transcription factor NF-kB plays an important role in immunological response, inflammatory
response, cytoplasmic/nuclear signaling, and developmental processes. However, this pathway is sensitive to a variety of
stimuli.®” Moreover, the NF-kB pathway is a critical target for interventions aimed at modulating macrophage polariza-
tion in AS.*®°° By targeting this pathway, it is possible to influence the balance between pro-inflammatory M1 and anti-
inflammatory M2 macrophages, thereby potentially reducing inflammation and slowing the progression of AS. When the
NF-kB signaling pathway receives a stimulus, the macrophage polarization phenotype may be altered as well.”' As
expected, our study revealed that QRHX intervention resulted in suppressing the NF-kB pathway and regulating
macrophage polarization from M1 to M2. These findings indicate that QRHX may regulate macrophage polarization
via the NF-kB pathway.

Cyclooxygenase-2 (COX-2), also known as PTGS2, is an enzyme involved in the production of prostaglandins, which
are important inflammatory mediators in the human body. The pathophysiology of AS is exacerbated and caused by the
activation of the COX-2 signaling pathway.’? Research has demonstrated that a range of inflammatory cytokines affect
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the expression of COX-2, which is found in atherosclerotic lesions.”> Metabolites of COX-2 are known to promote
inflammatory responses, suggesting that COX-2 plays a pivotal role in the pathological process and progression of
AS.**? Owing to the significance of COX-2 in inflammation, elevated COX-2 expression in tissues has emerged as
a crucial indicator of inflammation.’® In our study, we found that miR-26a-5p is decreased and PTGS2 is increased in
HFD-fed ApoE "~ mice and that miR-26a-5p and PTGS2 levels are improved after QRHX intervention. The same results
were also observed in vitro experiments. Our study also found that after inhibition of PTGS2, the NF-kB pathway was
suppressed and macrophages were polarized from M1 to M2, suggesting that PTGS2 may inhibit the NF-kB pathway and
regulate macrophage polarization.

Almost all types of cells release exosomes, and miRNAs are key carriers for exosome function.”’ It is worth noting
that numerous studies have demonstrated that exosomal miRNAs are closely related to AS. For instance, exosomes
released by sleep deprivation exacerbate AS by decreasing miR-182-5p, which upregulates MYD88 and activates the
NF-kB/NLRP3 pro-inflammatory pathway.”® The obesity-induced exosome miR-27b-3p enters vascular endothelial cells
and promotes inflammation and AS by inhibiting PPARa/NF-kB.” Meanwhile, some researchers have suggested that
exosomes produced from BMDMs, mesenchymal stem cells, and endothelial progenitor cells (EPCs) have been reported
to improve AS.'% A growing body of studies have demonstrated that miRNAs play a critical role in macrophage
polarization. By targeting NF-kB and TNF-a signaling pathways, miRNAs of BMDM-derived exosomes suppress
inflammation and promote M2 polarization in recipient macrophages.” Among miRNAs, miR-26a-5p is involved in
many cellular biological processes and exhibits diverse biological functions. The miR-26a is abnormally expressed in
various cardiovascular diseases, such as myocardial ischemia,'®" myocardial hypertrophy,'? and AS.'"%* A recent study
showed that overexpressing miR-26a enhances cell viability and inhibits the NF-kB pathway, inflammation, and
apoptosis. The miR-26a plays a role in cell differentiation, proliferation, apoptosis, and metastasis. These findings
imply that miR-26a-5p may be crucial in slowing the advancement of AS. In our study, we found that exosomes derived
from C57BL/6J mice-derived BMDM s expressed higher levels of miR-26a-5p compared to those derived from ApoE /"~
mice. Dual luciferase reporter assay confirmed that miR-26a-5p directly binds to the 3’-UTR of PTGS2 mRNA,
indicating that PTGS2 is a direct target of miR-26a-5p. We injected BMDM-exo back into ApoE™ mice via the tail
vein and confirmed that BMDM-exo carrying miR-26a-5p ameliorated AS. Concurrently, BMDM-exo increased miR-
26a-5p levels and decreased PTGS2 levels and inhibited the NF-«xB signaling pathway, and polarized macrophage from
M1 to M2 in ApoE " mice. Additionally, we demonstrated that QRHX could intervene in AS through exosomal miR-
26a-5p and elucidating a novel mechanism of QRHX intervention in AS.

There have been many previous studies on the treatment of AS with TCM compound,'®*'% but there are almost no
studies on the mechanism of TCM compound in the treatment of AS through exosomal miRNAs. Recent studies have
indicated the role of exosomes in facilitating intercellular communication, as well as their potential as diagnostic and
therapeutic tools for a range of diseases, including AS.'°*'%” Our study investigated how QRHX modulates exosomal
miR-26a-5p to ameliorate AS, both showing the benefits of QRHX and addressing the underlying molecular processes
involved in QRHX intervention in AS.

While it was demonstrated that QRHX has a regulatory effect on macrophages via exosomal miR-26a-5p on the
PTGS2/NF-«xB pathways, the current study is not without limitations. Firstly, the improvement of targeting of exosomes
when they are used as drug carriers is associated with the modification of the surface glycoconjugates.'”® We have
investigated the relationship between QRHX and exosomes, and need further investigate the targeting of drug delivery by
modifying the glycoconjugates on the exosomes. This could improve the specificity of QRHX intervention on exosomal
drug delivery. Secondly, as research progressed, macrophage phenotypes were further delineated, such as M2a, M2b,
M2c. We have conducted a preliminary examination of the impact of QRHX on the M1 to M2 phenotypic transition of
macrophages within AS plaques, an in-depth analysis of specific macrophage subtypes remains to be conducted. The
potential differences in the regulation of miR-26a-5p expression by QRHX across various macrophage subtypes remain
uncertain. Furthermore, due to limitations in time and financial resources, macrophage-specific knockout mice were not
utilized for additional in vivo experiments. Finally, AS is a chronic condition. Due to financial and time constraints, we
were unable to establish a longer-term experimental model for observation. Therefore, further research is needed to
investigate the long-term anti-inflammatory and anti-AS effects of QRHX.
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Figure 8 Graphical mechanism by which QRHX and miR-26a-5p of BMDM-derived exosomes attenuate HFD-induce atherosclerosis. QRHX can play an anti-inflammatory
and plaque-stabilizing role by mediating the exosomal miR-26a-5p via inhibiting PTGS2/NF-kB signaling pathway and regulating the macrophage phenotype in AS plaques from
MI to M2 polarization.

Conclusion

This study evaluated the relationship between QRHX, exosomal miR-26a-5p, and AS. Our findings indicate that QRHX
inhibits the PTGS2/NF-«B signaling pathway, subsequently modulating the macrophage phenotype within AS plaques
from M1 to M2 polarization. The effects were more pronounced with a higher dose of QRHX compared to the middle
and low doses. This modulation enables QRHX to exert plaque-stabilizing effects via exosomal miR-26a-5p (Figure 8).
These results elucidate the underlying mechanisms linking QRHX, exosomal miR-26a-5p, and AS, offering a novel
perspective for TCM intervention in AS and broadening the scope of the TCM approach of clearing heat and activating
blood.
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