
Academic Editors: Claudia Fiorillo

and Matteo Becatti

Received: 17 November 2025

Revised: 22 December 2025

Accepted: 24 December 2025

Published: 7 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Resveratrol Mediates Anti-Atherogenic Actions In Vitro and
in LDL Receptor-Deficient Mice Fed a High-Fat Diet
via Antioxidant, Anti-Inflammatory and Plaque-
Stabilising Activities
Alaa Alahmadi 1,2, Reem Alotibi 1,2, Yee-Hung Chan 1 , Sarab Taha 3, Daniah Rifqi 1 , Nouf Alshehri 1,2,
Sulaiman Alalawi 1, Fahad Alradi 1, Alex Gibbs 3 , Timothy R. Hughes 4 and Dipak P. Ramji 1,*

1 Cardiff School of Biosciences, Cardiff University, Sir Martin Evans Building, Museum Avenue,
Cardiff CF10 3AX, UK; alahmadiag@cardiff.ac.uk (A.A.); alotibirm@cardiff.ac.uk (R.A.);
rifqid@cardiff.ac.uk (D.R.); alshehrin@cardiff.ac.uk (N.A.); alalawis@cardiff.ac.uk (S.A.)

2 Department of Biological Science, College of Science, University of Jeddah, Jeddah 21589, Saudi Arabia
3 European Cancer Stem Cell Research Institute, Cardiff School of Biosciences, Cardiff University, Hadyn Ellis

Building, Maindy Road, Cardiff CF24 4HQ, UK; staha@kfmc.med.sa
4 Division of Infection and Immunity, Henry Wellcome Building, School of Medicine, Cardiff University, Heath

Park, Cardiff CF14 4XN, UK
* Correspondence: ramji@cardiff.ac.uk; Tel.: +44-(0)29-20876753

Abstract

Current pharmacotherapies against atherosclerotic cardiovascular disease are associated
with considerable residual risk, together with various adverse side effects. Nutraceuticals,
such as resveratrol (RSV), with excellent safety profile, represent promising alternatives
and potential treatment. However, the full spectrum of anti-atherogenic actions regu-
lated by RSV and the underlying molecular mechanisms remain poorly understood. The
objective of this study therefore was to investigate the impact of RSV on key atherosclerosis-
associated processes in monocytes, macrophages, endothelial cells, and smooth muscle
cells in vitro, as well as in LDL receptor-deficient mice fed a high-fat diet in vivo. RSV
produced beneficial changes in the plasma lipid profile and peripheral blood lymphoid
cells in vivo. RSV also attenuated plaque inflammation by decreasing macrophage and
T cell content and enhanced markers of plaque stability, with increased levels of smooth
muscle cells and collagen content. In vitro, RSV inhibited chemokine-driven monocyte
migration, inflammasome activation, matrix metalloproteinase activity, pro-inflammatory
gene expression, reactive oxygen species production, and smooth muscle cell invasion.
RNA-sequencing of the thoracic aorta revealed key genes and pathways mediating the
antioxidant, anti-inflammatory and plaque-stabilising activities of RSV. These studies pro-
vide novel mechanistic insights on the anti-atherogenic actions of RSV and support further
evaluation in human clinical trials.

Keywords: atherosclerosis; inflammation; macrophages; resveratrol; gene expression;
nutraceuticals; plaque stability

1. Introduction
Atherosclerotic cardiovascular disease (ACVD) is responsible for most global deaths [1,2].

The disease is associated with a low-grade chronic inflammation of medium and large
arteries in response to various atherogenic risk factors, including high plasma levels of
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low-density lipoprotein (LDL) [1,2]. The pathophysiology of ACVD is associated with
several changes in the arterial wall [1,2]: (i) endothelial cells (EC) dysfunction or activation
in response to various risk factors leading to chemokine-driven recruitment of immune
cells, particularly monocytes that then infiltrate to the subendothelial space where they
differentiate into macrophages; (ii) the accumulation of LDL in the subendothelial layer via
diffusion and transcytosis and subsequent modification, particularly oxidation, leading to
their uptake by macrophages and other cells to form lipid-laden foam cells; (iii) death of
foam cells by apoptosis, necrosis, and other processes resulting in the formation of a lipid-
rich necrotic core, which triggers stimulation of many pro-inflammatory pathways such
as activation of the inflammasome; (iv) migration of smooth muscle cells (SMC) from the
media to the intima to form plaque-stabilising fibrous cap containing extracellular matrix
(ECM) proteins; (v) increased activity of proteases such as matrix metalloproteinases (MMP)
under inflammatory conditions that cause thinning of the fibrous cap; and (vi) plaque
rupture leading to subsequent clinical complications such as myocardial infarction and
cerebrovascular accidents [1,2].

Current pharmacotherapies against ACVD are not fully effective and associated with
considerable residual risk together with various adverse side effects [1,2]. Many emerging
therapies also have various limitations such as high costs (e.g., monoclonal antibodies) and
side effects (e.g., increased infections for those targeting inflammation) [1,2]. Nutraceuticals,
food components with health benefits beyond their nutritional value, generally have
excellent safety profile over a prolonged period [1]. However, the mechanisms underlying
their protective effects are often poorly understood.

Resveratrol (RSV, 3,5,4′-trihydroxy-trans-stilbene) is a natural polyphenol present
at high concentrations in the skins of peanuts, red grapes, berries, soybeans, and
pomegranates [3,4]. RSV demonstrates an excellent safety profile with doses up to 5 g/day
that are well tolerated [4]. Cardio-protective actions of RSV have been demonstrated
in vitro, in animal model systems and in humans [3–5]. For example, RSV inhibits glucose
uptake, modulates glucose, lipid, and amino acid metabolism, reduces lipogenesis, and
increases nitric oxide (NO) production in vitro [3–5]. In human studies, RSV improves
plasma lipid profile and EC dysfunction, reduces inflammatory markers and blood pressure,
induces flow-mediated dilation, and inhibits platelet aggregation [3–5]. However, clinical
trials on RSV in ACVD and other vascular metabolic diseases have produced controversial
effects, which in part reflect the very low number of participants, as well as differences
in study design, dose, and the duration of intervention [3–5]. Whilst many pre-clinical
studies on animal models of ACVD have been carried out, they have been rather limited
in terms of the parameters analysed and have mainly employed the Apolipoprotein-E
(ApoE)–deficient mouse model system [6–10]. However, this is generally regarded as a
more aggressive model system for atherosclerosis, as ApoE also has a marked influence
on inflammation, haematopoietic stem cell proliferation, monocytosis, and monocyte ac-
cumulation in plaques with changes in lipoprotein profile from its deficiency, which are
different from those seen in humans [11]. The LDL receptor-deficient (LDLr−/−) mouse
model overcomes many such limitations and has a more human-like plasma lipid profile
that has several characteristics akin to human familial hypercholesterolemia [11]. However,
to our knowledge, only a single study on RSV has been carried out in LDLr−/− mice and
showed that, whilst trans-RSV, the most biologically active and stable isomer, produced
alterations in the biomarkers of oxidative stress and lipidaemia, there were no changes
in fatty streaks [12]. Such findings highlight the need for more in-depth analyses on the
actions of RSV in ACVD in this model system. Therefore, the objective of this study was
to investigate the effects of RSV on key atherosclerosis-related processes in monocytes,
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macrophages, EC, and SMC in vitro, as well as in LDLr−/− mice fed a high-fat diet (HFD)
in vivo, and to elucidate the underlying molecular mechanisms.

2. Materials and Methods
2.1. Materials

Human monocytic THP-1 cell line, human aortic EC (HAEC), and human aortic
SMC (HASMC), as well as trans-resveratrol (3,4′,5-trihydroxy-trans-stilbene, 5-[(1E)-2-(4-
Hydroxyphenyl)ethenyl]-1,3-benzenediol; ≥99% pure) were from Sigma-Adrich (Gilling-
ham, UK). Lactate dehydrogenase (LDH) assay kit was from Thermo Fisher Scientific
(C20301) (Altrincham, UK); LymphoprepTM was from Stemcell Technologies (Cambridge,
UK); interleukin (IL)-1β ELISA kit was from R&D (DLB50) (Abingdon, UK); and monocyte
chemotactic protein-1 (MCP-1), interferon-γ (IFN-γ) and tumour necrosis factor-α (TNF-α)
were from Peprotech (London, UK). All the other reagents were from Sigma-Aldrich, unless
otherwise stated.

2.2. Animal Experiments

Male LDLr−/− mice, homozygous for the LDLrtm1Her mutation and backcrossed to
the C57BL/6J strain, were originally purchased from the Jackson Laboratory (Bar Harbor,
ME, USA) and expanded locally in a pathogen-free and light- and temperature-controlled
facility (lights on from 7 a.m. to 7 p.m., 22 ◦C). Male mice (8-week-old) were randomly
assigned to two groups and fed an HFD [21% (w/w) pork lard and 0.15% (w/w) cholesterol],
alone or mixed with 20 mg/kg/day RSV, for 12 weeks. The concentration of RSV used
together with the duration of feeding was based on previous studies [13–18]. The concen-
tration of RSV equates to 1.62 mg/kg/day, according to the guide for dose conversion
between animals and humans [19,20]. All protocols for the animal studies were carried out
following the Guide for Care and Use of Laboratory Animals (NIH Publication No. 85-23;
revised 1996) and approved by the Ethics Review Committee of Cardiff University and the
United Kingdom Home Office (licence 30/3365 and P5211628).

Mouse body weight was determined at the start of the study and periodically during
the feeding period (2 days/week). In addition, the weight of the supplied food and the
remaining food was recorded. Peripheral blood (25–50 µL) was collected a day before
sacrifice in EDTA microvette tubes for determination of circulating myeloid and lymphoid
cells. The mice were sacrificed via CO2 asphyxiation, with death confirmed by the absence
of a heart pulse. Various adipose tissue depots (brown, subcutaneous, gonadal, inguinal,
renal) and organs (heart, spleen, thymus) were weighted, snap-frozen, and stored at
−80 ◦C. Blood from cardiac puncture was collected in tubes containing 50 U/mL heparin
and plasma obtained by centrifugation for 10 min at 12,000× g. The heart was perfused
with PBS, mounted with optimum cutting temperature embedding matrix (Thermo Fisher
Scientific, Altrincham, UK), and flash-frozen for subsequent cryosectioning.

2.3. Plasma Lipid Profile

The levels of total cholesterol, LDL/very low-density lipoprotein (VLDL)-cholesterol
(LDL/VLDL-C), HDL-cholesterol (HDL-C), and cholesteryl esters were determined using
the Cholesterol Assay Kit HDL and LDL/VLDL (ab65390), and the levels of triacylglyc-
erol (TG) were determined using the Triglyceride Assay Kit (ab65336), according to the
manufacturer’s instructions (Abcam, Cambridge, UK), as described in our previous
studies [16–18,21].
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2.4. Analyses of Peripheral Blood Immune Cells

Peripheral blood (12 µL) was transferred to two Eppendorf tubes (for myeloid and
lymphoid cell analysis), and red blood cells were lysed by incubation with 600 µL of 1X
ammonium chloride (0.8% NH4Cl, 0.1 mM EDTA in water buffered with KHCO3 to pH of
7.2–7.6) for 8 min. Following centrifugation at 500× g for 10 min at 4 ◦C, the cells were resus-
pended in 50 µL of antibody mix [phycoerythrin (PE)-conjugated CD115 and PE-cyanine-7
(Cy7)-conjugated Ly6C for monocytes; fluorescein isothiocyanate (FITC)-conjugated Ly6G
for granulocytes, PE-conjugated CD3, peridinin-chlorophyll-protein (PerCP)-conjugated
CD4, and allophycocyanin (ApC)-Cy7-conjugated CD8 for T cells; PE-Cy7-conjugated
NK1.1 for natural killer (NK) cells; and FITC-conjugated B220 for B cells (see Supplemen-
tary Table S1 for more details)] and incubated for 30 min at 4 ◦C. Cells were washed with
1 mL of ice-cold PBS (pH 7.4) supplemented with 2% (v/v) heat-inactivated foetal calf
serum (HI-FCS; 56 ◦C, 30 min) (referred to as 2% PBS-FCS hereafter), pelleted by centrifu-
gation for 5 min at 500× g, resuspended in 300 µL of ice-cold 2% PBS-FCS, transferred to
round-bottom polystyrene tubes, and kept on ice. 4′,6-diamidino-2-phenylindole, dilac-
tate (DAPI) nuclear stain was then added immediately before flow cytometric analysis to
identify viable cells. In addition, single-stain samples were prepared simultaneously for
sample compensation (i.e., adjust cells population to reduce spill-over between channels).
Samples were analysed until 20,000 counts were reached. Flow cytometry was carried out
on a BD LSRFortessaTM Lasers flow cytometer (BD Biosciences, Wokingham, UK) with
data analyses using the FlowJo v.10 software (see Supplementary Figures S1 and S2 for the
gating strategy).

2.5. Plaque Analyses

Sequential sectioning of the aortic root (8 µm), together with analyses of plaque
size and lipid content using Oil Red O, collagen content using Van Geison’s stain, and
the content of macrophages, CD3 T cells, and SMC via immunofluorescent staining, was
carried out as our previous studies [16–18]. All image analyses were carried out in a blinded
fashion using ImageJ software, version 2.0.0-rc-69/1.52p with various plaque parameters
determined as our previous studies [16–18].

2.6. RNA-Sequencing (RNA-Seq)

Total RNA was purified from the thoracic aorta, which had been previously stored in
RNAlaterTM stabilisation solution (Thermo Fisher Scientific, Altrincham, UK) at −80 ◦C,
using TissueLyser II with one 2 mm stainless steel beads and the RNeasy Mini Kit, ac-
cording to the manufacturer’s instructions (Qiagen, Manchester, UK). The RNA (RNA
integrity number > 6.8) was sent to Novogene (Cambridge, UK) for RNA-seq with stan-
dard bioinformatic analyses. This included additional RNA quality check, mRNA library
preparation (poly A enrichment), and Illumina sequencing PE150, followed by data quality
control and data filtering, and standard bioinformatic analyses, including mapping to
reference genome, gene expression quantification and correlation analysis, differential
expression analysis, and enrichment analysis [e.g., Gene Ontology (GO) and Kyoto En-
cyclopaedia of Genes and Genomes (KEGG) pathways] of differentially expressed genes
(DEGs). In addition, the Ingenuity Pathway Analysis (IPA) software (Qiagen, Manch-
ester, UK) (https://www.qiagen.com/ja-us/products/discovery-and-translational-research/
next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-
pathway-analysis, accessed on 12 August 2022) was used for a more in-depth analysis of
DEGs [p-adjusted (padj.) < 0.05 filter], such as affected canonical pathways, diseases and
function, and upstream regulators. Heatmaps were generated using the Heatmapper online
software (http://www.heatmapper.ca/expression/, accessed on 12 August 2022).
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2.7. Cell Culture

HASMC and HAEC were cultured in their respective ready-to-use media, according
to the manufacturer’s instructions (Sigma-Adrich, Gillingham, UK). Primary cultures of
human monocyte-derived macrophages (HMDMs) were obtained from monocytes of buffy
coats, as our previous studies [16,17,22]. Culturing of HMDM and THP-1 cells, together
with differentiation of the latter using 0.16 µM phorbol 12-myristate 13-acetate for 24 h,
was performed, as our previous studies [16,17,22].

2.8. In Vitro Assays

Assessment of cell viability using the LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific, Altricham, UK), MCP-1-driven monocytic migration using modified Boyden
chambers (Thermo Fisher Scientific, Altricham, UK), platelet-derived growth factor (PDGF)-
induced invasion of HASMCs, reactive oxygen species (ROS) production using the 2′,7′–
dichorofluorescin diacetate (DCFDA) cellular ROS detection kit (Abcam, Cambridge, UK;
ab113851), MMP activity using fluorescence resonance energy transfer-based assay (Abcam,
Cambridge, UK; ab112147), and cholesterol-crystal-mediated production of IL-1β using an
ELISA kit (R&D, Abingdon, UK) were carried out, as our previous studies [16–18,21,22]. Ini-
tial studies used several doses of RSV (0 µM, 25 µM, 50 µM, 75 µM, and 100 µM), and, from
the outcomes, subsequent studies used concentrations of 25 µM and/or 50 µM. Total RNA
was prepared using RiboZolTM (Avantor, Lutterworth, UK); real-time quantitative PCR
was performed using primers for MCP-1 (5′-CGCTCAGCCAGATGCAATCAATG-3′ and 5′-
TGGTCTTGAAGATCACAGCTTCTTTGG-3′) and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) gene (5′-CTTTTGCGTCGCCAGCCGAG-3′ and 5′-GCCCAATACGACCAA
ATCCGTTGACT-3′), and data analysis via the ∆∆ct method was performed, as our previous
studies [16–18,22]. Mitochondrial superoxide (MitoSox) production was determined using
the MitoSOXTM Red mitochondrial superoxide indicator according to the manufacturer’s
instructions (Thermo Fisher Scientific, Altrincham, UK; MC36008).

2.9. Statistical Analyses of Data

Normality of the data was determined using the Shapiro–Wilk test. Statistical analysis
of more than two groups with normally distributed data was carried out by one-way
analysis of variance (ANOVA), followed by either Tukey’s (for equal variances) or Dunnett’s
(for unequal variances) post hoc test. For data with two groups only, an unpaired t-test (for
normally distributed data) or Mann–Whitney U test (for not normally distributed data)
was used. Analysis was carried out on GraphPad Prism 9 software, where significance was
defined by p ≤ 0.05.

3. Results
3.1. RSV Decreases Plaque Inflammation and Produces a Stable Plaque Phenotype in LDLr−/−

Mice Fed an HFD

The effects of RSV on the HFD-induced progression of atherosclerosis were first deter-
mined. RSV had no significant effect on plaque lipid content, plaque content (percentage
plaque area of vessel area), occlusion (percentage plaque area of lumen area), plaque size,
vessel size, and lumen size (Figure 1). In contrast, there was a significant reduction in
the plaque content of macrophages (p ≤ 0.001) and CD3+ T cells (p = 0.036) (Figure 2). In
addition, RSV produced a significant increase in the plaque content of collagen (p ≤ 0.001)
and SMC (p = 0.015) (Figure 3A–D). These changes were associated with a significant
increase in the plaque stability index (p ≤ 0.001), without any change in plaque necrosis
(Figure 3E,F). Overall, these results demonstrate that RSV attenuates plaque inflammation
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and produces a stable plaque phenotype. The potential molecular mechanisms underlying
such beneficial changes were investigated further in vivo and in vitro.

Figure 1. RSV has no effect on plaque burden and lipid content in LDLr−/− mice fed an HFD.
The mice were fed either HFD (control) or HFD supplemented with RSV for 12 weeks, and aortic
root sections were stained with Oil Red O (ORO). Images were captured using a Leica DMRB
microscope (Leica Microsystems, Milton Keynes, UK) under ×5 magnification and analysed using
ImageJ software (arrows indicate ORO staining in plaques). Representative images are shown in
panel (A) (scale bar of 400 µm), with graphs indicating lipid content (determined as percentage ORO+

staining; (B)); plaque content (calculated as percentage plaque area of vessel area; (C)); occlusion
(calculated as percentage plaque area of lumen area; (D)); plaque size (E); vessel size (F); and lumen
size (G). Data are presented as mean ± SEM from n = 12 (B–D,F), 11 (E), or 17 (G) for HFD group
and n = 15 (B), 14 (C–E), 16 (F), or 23 (G) for HFD + RSV group. Statistical analysis was performed
using an unpaired Student’s t-test. NS—not significant.
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Figure 2. RSV attenuates plaque content of macrophages and CD3+ T cells. Immunofluorescence
staining was carried out on sections from the aortic root of LDLr−/− mice fed either HFD or HFD
supplemented with RSV. Images were captured using an Olympus BX61 microscope (Evident Scien-
tific, Stansted, UK) under ×4 magnification and analysed using ImageJ software (arrows indicate
macrophage/CD3-T cell staining in plaques). Representative images are indicated in panel (A) (scale
bar of 400 µm), with graphs showing plaque content of MOMA-2+ macrophages (n = 13 for HFD
group and n = 14 for HFD + RSV group; (B)) and CD3+ T cells (n = 11 for HFD group and n = 8 for
HFD + RSV group; (C)). Data are presented as mean ± SEM, with statistical analysis performed using
an unpaired Student’s t-test, where * p ≤ 0.05 and *** p ≤ 0.001.
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Figure 3. RSV increases markers of plaque stability. LDLr−/− mice were fed either HFD or HFD
supplemented with RSV for 12 weeks, and sections from the aortic root were subjected to Van
Gieson’s staining to determine the collagen content within the plaque. Images were captured
using Leica DMRB microscope (Leica Microsystems, Milton Keynes, UK) under ×5 magnification
(representative images with scale bar of 400 µm is shown in panel (A); arrows indicate collagen
staining in plaques). In addition, immunofluorescence staining was carried out to detect α-smooth
muscle actin (αSMA)+ in plaques (representative images with scale bar of 400 µm are shown in
panel (B); arrows indicate αSMA+ staining in plaques). Graphs (mean ± SEM) show plaque content
of collagen (n = 16 for HFD group and n = 18 for HFD + RSV group; (C)), αSMA+ cells (n = 11 for
HFD group and n = 15 for HFD + RSV group; (D)), plaque stability index calculated as (smooth
muscle cells + collagen)/(macrophages + lipids) (n = 10 for HFD group and n = 10 for HFD + RSV
group; (E)), and necrosis calculated as acellular regions within the plaque (n = 13 for HFD group and
n = 16 for HFD + RSV group; (F)). The images were analysed using ImageJ software, and statistical
analysis was performed using an unpaired Student’s t-test, where NS—not significant, * p ≤ 0.05 and
*** p ≤ 0.001.

3.2. RSV Improves Plasma Lipid Profile and Immune Cell Profile in the Peripheral Blood of
LDLr−/− Mice Fed an HFD

RSV had no significant effect on the final mouse weight, HFD-induced weight gain, or
weight of total adipose tissue, including total white adipose tissue and total brown adipose
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tissue, as well as subcutaneous, gonadal, inguinal, or renal adipose tissue depots (Table 1).
In addition, RSV had no significant effects on the weight of spleen or thymus (Table 1). In
contrast, there was a trend towards reduction in the weight of the heart (p = 0.054), though
there was no change in the cardiac hypertrophy index, as determined by dividing the heart
weight (mg) with the tibia length (mm) (Table 1).

Table 1. The effects of RSV on atherosclerosis-associated risk factors in male LDLr−/− mice fed an HFD.

HFD HFD + RSV

N Mean ± SEM N Mean ± SEM p-Value or NS

Overall weight gain [g] 30 7.92 ± 0.11 31 7.81 ± 0.07 NS

Adipose tissue deposits [g]
Total 20 0.055 ± 0.006 25 0.061 ± 0.003 NS
Total white 20 0.051 ± 0.006 25 0.057 ± 0.003 NS
Brown 20 0.004 ± 0.0003 25 0.004 ± 0.0002 NS
Subcutaneous 20 0.021 ± 0.002 24 0.019 ± 0.001 NS
Gonadal 21 0.026 ± 0.003 25 0.029 ± 0.002 NS
Inguinal 21 0.001 ± 0.0002 26 0.001 ± 0.0001 NS
Renal 21 0.008 ± 0.001 25 0.008 ± 0.001 NS

Organ weights [g]
Heart 30 0.005 ± 0.0002 31 0.004 ± 0.0002 0.054
Spleen 20 0.003 ± 0.0001 23 0.003 ± 0.0001 NS
Thymus 22 0.001 ± 0.0001 24 0.001 ± 0.0001 NS
Cardiac hypertrophy index
[mg/mm] 20 9.22 ± 0.2 20 9.07 ± 0.2 NS

Lipids [mg/dL]
TG 18 88.9 ± 4.03 20 93.8 ± 8.32 NS
TC 13 1029.3 ± 38.70 20 925.7 ± 36.47 0.069
FC 17 593.9 ± 41.35 21 583.8 ± 30.02 NS
HDL-C 17 102.05 ± 14.98 21 115.5 ± 9.82 NS
LDL/VLDL-C 16 415.5 ± 17.74 19 319.3 ± 18.02 ≤0.001
CE 18 693.7 ± 85.17 20 379.7 ± 34.5 ≤0.001

Peripheral blood—Lymphoid cells (percentage of nucleated cells)
B cells 16 53.6 ± 1.5 22 42.3 ± 3.2 0.068
T cells 16 15.02 ± 0.47 22 13.2 ± 0.76 0.082
CD4 T cells 15 6.8 ± 0.25 21 6.0 ± 0.42 NS
CD8 T cells 16 7.0 ± 0.29 21 6.07 ± 0.38 0.089
NK cells 16 3.5 ± 0.24 21 3.9 ± 0.24 NS

Peripheral blood—Myeloid cells (percentage of nucleated cells)
Monocytes (CD115+) 18 6.8 ± 0.53 22 6.8 ± 0.27 NS
Ly6CHigh monocytes 17 3.3 ± 0.32 22 3.5 ± 0.26 NS
Ly6CLow monocytes 15 2.1 ± 0.15 24 2.2 ± 0.14 NS
Granulocytes 17 11.2 ± 1.15 22 14.7 ± 2.37 NS

CE—Cholesteryl esters; FC—free cholesterol; HDL-C—high-density lipoprotein-cholesterol; LDL/VLDL-C—low-
density lipoprotein/very-low-density lipoprotein-cholesterol; NK—natural killer; NS—not significant; TC—total
cholesterol; TG—triacylglycerol.

For the plasma lipid profile, RSV had no effect on the levels of TG, HDL-cholesterol
(HDL-C), and free cholesterol (FC) but produced significant reductions in the levels
of LDL/VLDL-cholesterol (LDL/VLDL-C), major pro-atherogenic lipoproteins [2], and
cholesteryl esters (CE) (p ≤ 0.001 in both cases), with a trend towards reduction in the levels
of total cholesterol (TC) (p = 0.069) (Table 1).

For the peripheral blood immune cell profile, RSV produced a trend towards reduction
in the levels of B cells (p = 0.068), T cells (p = 0.082), and CD8+ T cells (p = 0.089) without
affecting the levels of CD4+ T cells, NK cells, monocytes, Ly6CHigh monocytes, Ly6Clow
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monocytes, or granulocytes (Table 1). Thus, the anti-inflammatory actions of RSV seen in
plaques extended to the peripheral blood.

3.3. RSV Has Many Anti-Atherogenic Actions on Monocytes/Macrophages, EC and SMC In Vitro

Experiments on cell culture model systems in vitro were carried out to further probe
the molecular mechanisms underlying the anti-inflammatory and plaque-stabilising phe-
notype seen in vivo. Monocyte-derived macrophages play pivotal roles at all stages
of atherosclerosis [2]. The effect of RSV on relevant atherosclerosis-associated mono-
cyte/macrophage processes were first investigated using the THP-1 cell line, which is
widely used for the study of human monocytes and macrophages in the disease with
demonstrated conservation of responses with primary cultures and in vivo [16,17,22,23],
with key findings confirmed in primary cultures of HMDM. The studies focussed on
inflammation and ROS production, where our initial studies used RSV at several concen-
trations (0 µM, 25 µM, 50 µM, 75 µM, and 100 µM), which had no effects on the viability
of both THP-1 macrophages and HMDM (Supplementary Figure S3A,B). Migration of
monocytes in response to key chemokines such as MCP-1 is a critical early event in the
pathogenesis of atherosclerosis that leads to their recruitment and subsequent accumu-
lation of macrophages in plaques and associated inflammatory response [16–18,22,24].
RSV significantly attenuated the MCP-1-driven monocytic migration at 50 µM, 75 µM,
and 100 µM (p ≤ 0.001 in all cases) and produced a trend towards reduction at 25 µM
(p = 0.055; Figure 4A). The ROS-mediated oxidation of LDL and subsequent inflammation
is another critical event in the pathogenesis of atherosclerosis [24], and hence the effects of
RSV on tert-butyl hydroperoxide (TBHP)-induced ROS production (i.e., mimicking ROS
generation in pathological conditions) in human THP-1 monocytes and macrophages were
determined. RSV attenuated the TBHP-induced ROS production in both THP-1 monocytes
and macrophages at 25 µM, 50 µM, 75 µM, and 100 µM (p ≤ 0.001 in all cases) (Figure 4B,C).
To rule out the possibility that these results were because of the use of the THP-1 cell line,
the experiments were repeated in primary HMDM. RSV inhibited the TBHP-mediated ROS
production in HMDM at all concentrations used (p ≤ 0.001 in all cases; Figure 4D).

As the two lowest concentrations of RSV (25 µM and 50 µM) inhibited the MCP-1-
driven monocytic migration and the TBHP-induced ROS production, they were used for
subsequent studies on macrophages. Mitochondria are increasingly being identified to play
an important role in atherosclerosis, in part via ROS production [25]. The effect of RSV on
MitoSox production in THP-1 macrophages was hence determined and found to be inhib-
ited at the 50 µM concentration (p ≤ 0.001; Figure 4E). MMPs produced by macrophages
play a critical role in the degradation of ECM, and thereby plaque stability [26]; hence, the
effect of RSV on MMP activity was determined at both 3 and 24 h to delineate both short-
term and longer-term actions/effects. A significant inhibition of MMP activity was only
seen at the 50 µM concentration at 3 h (Figure 4F; p = 0.004). Cholesterol crystals activate
the nucleotide-binding domain, leucine-rich–containing family, pyrin domain–containing-3
inflammasome, leading to the secretion of IL-1β that contributes to the chronic inflam-
mation seen in atherosclerotic plaques [27]. The effect of RSV on such IL-1β production
was hence determined in THP-1 macrophages. As expected, cholesterol crystals increased
IL-1β secretion, and this was inhibited by 25 µM and 50 µM RSV (p ≤ 0.001 in both cases;
Figure 4G). Because mitochondrial superoxide production and MMP activity were only
inhibited by 50 µM ROS, this concentration was used in subsequent studies. IFN-γ is a
key pro-atherogenic cytokine that induces the expression of MCP-1, which contributes to
the chronic inflammatory response by the recruitment of immune cells [24], and this was
inhibited by 50 µM RSV in THP-1 macrophages (p ≤ 0.001; Figure 4H).
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Figure 4. RSV has several anti-atherogenic actions on key monocyte/macrophage processes impli-
cated in atherosclerosis. For migration, THP-1 monocytes were incubated with vehicle or MCP-1
(20 ng/mL), with the indicated concentration of RSV for 3 h. The proportion of migrated cells were
expressed as a percentage of total input cells and displayed as a percentage of migration relative to
the vehicle control, which was arbitrarily set to 100% (A). For ROS production, THP-1 monocytes (B),
THP-1 macrophages (C), and HMDMs (D) were treated with TBHP and then either vehicle (control)
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or RSV for 3 h. Cells treated with vehicle in the absence of TBHP were also included for comparative
purposes. ROS production is displayed as a percentage to the vehicle control, which was arbitrarily
set to 100%. The effect of RSV on mitoROS production in THP-1 macrophages was investigated at 24 h
using MitoSOXTM Red staining in which mitochondrial superoxide production was measured (values
from vehicle-treated cells arbitrarily assigned as 100% (E)). For MMP activity, THP-1 macrophages
were treated with either the vehicle or RSV for 3 h, and the protease activity was determined as a
percentage to the vehicle control which was set to 100% (F). Cholesterol crystal-induced inflamma-
some activation was assessed in THP-1 macrophages at 24 h by monitoring the IL-1β secretion by
ELISA and expressed as a percentage to the vehicle control that was arbitrarily set to 100% (G). The
expression of MCP-1 was assessed in IFN-γ-stimulated THP-1 macrophages that were either treated
with vehicle (vehicle control) or 50 µM RSV for 24 h (H). For comparative purposes, unstimulated
cells with vehicle only were included. Gene expression levels were determined by qPCR using a com-
parative ∆∆CT method and normalised to the housekeeping gene (GAPDH), with values from cells
treated with vehicle and IFN-γ arbitrary assigned as 100%. Data are presented as mean ± SEM from
three (E,G), four (A–D), or five (F,H) independent experiments. Statistical analysis was performed
using a one-way ANOVA with Tukey’s post hoc analysis (A,B,D) or Dunnett post hoc test (C,E–H),
where NS—not significant, ** p ≤ 0.01 and *** p ≤ 0.001.

SMC and EC also contribute to plaque inflammation and stability [2]; hence, the effect
of RSV on HASMCs and HAECs was investigated using 50 µM RSV, which had no effect
on the viability of these cells (Supplementary Figure S4). PDGF produces pathological
migration of SMCs, and this was significantly inhibited by RSV (p ≤ 0.001; Figure 5A). As
mentioned above, ROS production is a key mediator of inflammation, and RSV significantly
inhibited the TBHP-induced ROS production in HASMCs (p ≤ 0.001; Figure 5B). Similar
inhibition of TBHP-induced ROS production was also seen in HAECs (p ≤ 0.001; Figure 5C).
TNFα is a key cytokine that causes EC dysfunction and subsequent inflammation via
increased expression of the MCP-1 gene [24]. RSV significantly inhibited the TNF-α-
induced pro-inflammatory MCP-1 expression in HAECs (p = 0.007; Figure 5D).

3.4. RNA-Seq Analyses of the Thoracic Aorta Identifies Key Genes and Pathways That Are
Potentially Involved in the Beneficial Actions of RSV on the Progression of Atherosclerotic Plaques

To further delineate the mechanisms underlying the anti-inflammatory and plaque-
stabilising effects of RSV seen in vitro and in vivo, RNA-seq of the thoracic aorta was carried
out to identify key genes and pathways that are potentially involved in the protective
actions of this polyphenol. Overall, there were 5178 DEGs significantly different between
the two groups (padj. < 0.05), with 3078 upregulated and 2100 downregulated (Figure 6A,B).
A list of the top 20 upregulated and downregulated genes, together with their proposed
function from IPA, is shown in Tables 2 and 3 and includes those involved in the regulation
of immune and inflammatory responses [e.g., Scgb1a1 (Secretoglobin, family 1A, member
1; padj. 1.52 × 10−26), Bpifa1 (BPI fold containing family A, member 1; padj. 5.76 × 10−11),
Bpifb1 (BPI fold containing family B member 1; padj. 8.04 × 10−38), Sftpd (Pulmonary surfactant-
associated protein D; padj. 2.81 × 10−23), Scgb3a1 (Secretoglobin, family 1A, member; padj.
9.60 × 10−21), Ctse (Cathepsin E; padj. 0.043), Themis (Thymocyte-expressed molecule involved in
selection-1; padj. 0.045)], cell migration and adhesion [e.g., Esrp1 (Epithelial splicing regulatory
protein 1; padj. 3.01 × 10−18), Adam4 (a disintegrin and metallopeptidase domain 4; padj. 0.020)],
metabolism [e.g., Ppp1r3g (Protein phosphatase 1 regulatory subunit 3G; padj. 0.033)], and EC
transcytosis [e.g., Mfsd2a (Lysolipid transporter A, lysophospholipid; padj. 0.002)].
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Figure 5. RSV has beneficial effects on HASMCs and HAECs. The effect of RSV on the invasion of
SMC was assessed using HASMCs incubated with PDGF-BB and either the vehicle control (vehicle) or
RSV for 4 h. Cells incubated with the vehicle in the absence of PDGF-BB (No PDGF) were included for
comparative purposes. The number of migrated cells were counted and averaged per five high-power
field and presented as a percentage to the vehicle control, which was arbitrarily set to 100% (A).
For ROS production, HASMCs (B) and HAECs (C) were treated with TBHP and either the vehicle
(control) or 50 µM RSV for 3 h. Cells treated with vehicle in the absence of TBHP were included for
comparative purposes. ROS production is displayed as a percentage to the vehicle control, which
was arbitrarily set to 100% (B,C). For pro-inflammatory gene expression in HAECs, the expression of
MCP-1 was assessed following TNF-α stimulation for 24 h with vehicle (control) or 50 µM RSV for
24 h. Cells incubated with vehicle alone were also included for comparison. Gene expression levels
were determined by qPCR using a comparative ∆∆CT method and normalised to the housekeeping
gene (GAPDH), with values from cells treated with vehicle and TNF-α arbitrary assigned as 100% (D).
Data are presented as mean ± SEM from three independent experiments, and statistical analysis was
performed using a one-way ANOVA with Dunnett post hoc test, where ** p ≤ 0.01 and *** p ≤ 0.001.
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Figure 6. Volcano plot and Venn diagram of differentially expressed genes. (A) Volcano plot showing
upregulated and downregulated DEGs in which the x-axis represents the log2Fold change, while
the y-axis represents −log 10 adjusted p-value (<0.05 was used as cut-off). The blue dots represent
non-significant DEGs, red dots represent significantly upregulated DEGs, while green dots represent
significantly downregulated DEGs. (B) The Venn diagram represents the number and percentage of
significantly upregulated DEGs (red) and downregulated DEGs (blue) in RSV group after 12 weeks
of feeding HFD compared to the HFD only control group (n = 5 for HFD group and n = 4 for
HFD + RSV group).

Table 2. List of top 20 upregulated DEGs by RSV intervention.

Gene Log2 Fold Change Adjusted p-Value (padj.) Function(s) of the Encoded Protein

Sec14l3 13.732 4.54 × 10−36 Has tumour-suppressive role

Scgb1a1 11.735 1.52 × 10−26 Modulates immune and inflammatory responses in
alveolar macrophages and lungs

Bpifa1 11.378 5.76 × 10−11 Immunomodulatory properties in the context of airway
inflammation

Ccdc153 11.182 3.12 × 10−28 Specific marker for ependymal cells

Bpifb1 11.161 8.04 × 10−38 Contributes to innate immune response

Gabrp 11.049 1.01 × 10−21 Inhibitory neurotransmitter in brain

Muc5b 10.890 1.52 × 10−36 Protective function in normal lung

Scgb3a2 10.795 1.74 × 10−24 Emerging growth factor in lungs

Krt5 10.658 2.29 × 10−24 Involved in structural framework of the skin

Sftpa1 10.363 5.70 × 10−24 Involved in lung homeostasis and defence against
respiratory diseases

Sftpd 10.312 2.81 × 10−23 Involved in innate immune responses to protect lungs

Cyp2a5 10.209 2.72 × 10−27 Multiple roles, including regulation of enzyme activity

5330417C22Rik 10.184 7.97 × 10−18 Not known
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Table 2. Cont.

Gene Log2 Fold Change Adjusted p-Value (padj.) Function(s) of the Encoded Protein

Cfap65 10.161 1.29 × 10−22 Involved in spermiogenesis

Slc5a8 9.782 6.05 × 10−20 Involved in transport of molecules

Tmem212 9.750 4.21 × 10−20 Contributes to innate architecture of face processing

Scgb3a1 9.710 9.60 × 10−21 Anti-inflammatory and immunomodulatory actions in
airway diseases

Krt15 9.664 4.28 × 10−25 Biomarker of epidermal stem cells

Spag16 9.632 4.78 × 10−20 Essential role in normal spermatogenesis and sperm
motility

Esrp1 9.581 3.01 × 10−18 RNA-binding protein that regulates epithelial cells

Abbreviations: Bpifa1—BPI fold-containing family A, member 1; Bpifb1—BPI fold-containing family B mem-
ber 1; Ccdc153—Coiled-coil domain-containing 153; Cfap65—Cilia- and flagella-associated protein 65; Cyp2a5—
Cytochrome P450, family 2, subfamily a, polypeptide 5; Esrp1—Epithelial splicing regulatory protein 1; Gabrp—
Gamma-aminobutyric acid type A receptor subunit pi; Krt5—Keratin 5; Krt15, Keratin 15; Muc5b, Mucin
5b; Scgb1a1—Secretoglobin, family 1A, member 1; Scgb3a1—Secretoglobin family 3A member 1; Scgb3a2—
Secretoglobin family 3A member 2; Sec14l3—SEC14-like lipid-binding; Sftpa1—Pulmonary surfactant-associated
protein A1; Slc5a8—Sodium-coupled monocarboxylate transporter 1; Sftpd—Pulmonary surfactant-associated
protein D; Spag16—Sperm-associated antigen 16; Tmem212—Transmembrane protein 212.

Table 3. List of top 20 downregulated DEGs by RSV intervention.

Gene Log2 Fold Change Adjusted p-Value (padj.) Function(s) of the Encoded Protein

Gm9694 −3.776 0.029 Not known

Gm44005 −3.766 0.036 Not known

Cntnap3 −3.637 0.045 Regulates neuronal–glial and glial–glial interactions

Adam4 −3.625 0.020 Regulates cell phenotypes by controlling cell adhesion,
migration, proteolysis, and signalling

Gm39929 −2.859 0.022 Not known

S100g −2.668 0.009 Vitamin D-dependent calcium-binding protein

Ppp1r3g −2.654 0.033 Regulates glucose homeostasis

Mfsd2a −2.454 0.002 Sodium-dependent lysophosphatidylcholine transporter

Entpd4b −2.393 0.037 Member of the apyrase protein family that catalyses the
hydrolysis of nucleotide diphosphates and triphosphates

Gm10790 −2.360 0.011 Not known

Ctse −2.289 0.043 Member of the A1 family of peptidases

Gm43500 −2.284 0.008 Not known

1700061l17Rik −2.243 0.011 Not known

Gm42814 −2.209 0.002 Not known

Sgk2 −2.196 0.002 Mediates phosphorylation of proteins

Gm45412 −2.162 0.001 Not known

Rdh16 −2.157 0.018 Involved in steroid metabolic process

Gm32468 −2.124 1.48 × 10−6 Not known

Themis −2.092 0.045 Involved in T cell development

Hoxc8 −2.086 0.0001 Plays important role in morphogenesis

Abbreviations: Adam4—A disintegrin and metallopeptidase domain 4; Cntnap3—Contactin-associated protein 3;
Ctse—Cathepsin E; Entpd4b—Ectonucleoside triphosphate diphosphohydrolase 4; Hoxc8—Homeobox protein
Hox-C8; Mfsd2a—MFSD2 Lysolipid transporter A, lysophospholipid; Ppp1r3g—Protein phosphatase 1 regulatory
subunit 3G; Rdh16—Retinol Dehydrogenase 16; Sgk2—Serum/glucorticoid-regulated kinase 2; S100g—S100
calcium-binding protein G; Themis—Thymocyte-expressed molecule involved in selection-1.
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GO enrichment analysis allows annotation of DEGs according to their biological
processes, cellular components, and molecular functions. The 30 most significant terms with
indications of number of genes in each GO term are shown in Figure 7A and include those
implicated in metabolism, mitochondrial organisation, and lipid oxidation. IPA software
was used to further probe canonical pathways for transcripts that are differentially activated
or inhibited in the RSV group compared to the control group with adjusted p < 0.05. The top
20 canonical pathways affected by RSV are shown in Figure 7B, whereas the top 20 potential
pathways specifically implicated in the pathogenesis of atherosclerosis with numbers of
genes in each pathway are shown in Figure 7C. Overall, RSV downregulates several
pathways such as oxidative phosphorylation, valine and tryptophan degradation, fatty acid
β-oxidation, tricarboxylic acid (TCA) cycle, TG and cholesterol biosynthesis, ketogenesis,
glycolysis, and necroptosis signalling pathways. On the other hand, RSV upregulates
sirtuin signalling pathway, antioxidant glutathione-mediated detoxification, white adipose
tissue browning pathway, integrin-linked kinase signalling, and NO signalling.

Although mitochondrial dysfunction ranked at the top of the canonical pathways list
(p = 7.24 × 10−23) and was significantly enriched in our dataset, IPA lacked sufficient direc-
tional information to predict whether this pathway was activated or inhibited. Oxidative
phosphorylation was the second significantly enriched canonical pathway inhibited by RSV
(p = 2.43 × 10−21). All the proteins encoded by the corresponding genes are located in the
inner mitochondrial membrane and function as enzymes or transporters (Supplementary
Figure S5). The sirtuin signalling pathway emerged as the third significantly enriched
canonical pathway and the first significantly activated pathway by RSV (p = 1.32 × 10−18).

As RSV had major anti-inflammatory actions in vitro and in vivo, IPA was employed
to investigate the effects of RSV on key inflammatory signalling pathways implicated in
atherosclerosis with the significant DEGs overlayed on the pathways to visualise how the
significantly up- and downregulated genes in the dataset impacted pathway activation.
RSV was predicted to significantly inhibit the pro-inflammatory nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) signalling pathway (Supplementary
Figure S6), T cell signalling pathway (Supplementary Figure S7), which is consistent with
decreased T cell content in atherosclerotic plaques (Figure 2), and the NLRP3 inflammasome
pathway (Supplementary Figure S8), which is consistent with reduced activation seen in
macrophages in vitro (Figure 4G). On the other hand, the canonical Wingless and int-1
(Wnt)/β-catenin pathway was predicted to be activated (Supplementary Figure S9).

The Tox function tool in the IPA, together with heat map analyses of associated
DEGs, were used to further probe the RNA-seq data. Consistent with a beneficial plasma
lipid profile, together with an anti-atherogenic and plaque-stabilising phenotype, RSV
supplementation was found to impact key genes implicated in lipid metabolism (Figure 8A),
improvement of cardiac function (Figure 8B), collagen synthesis (Figure 8C), and those
associated with plaque stability (Figure 8D).
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Figure 7. Effects of resveratrol supplementation on canonical pathways and GO analysis. (A) GO
enrichment analysis dot plot showing the affected terms by RSV intervention. The abscissa in the
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graph is the ratio of the differential gene number to the total number of differential genes on the GO
term, and the ordinate is the top 30 significant GO enrichment terms. The colour of the dots represents
the significant level of enrichment, while the size of the dots represents the number of genes annotated
to a specific GO term. (B) The top 20 significantly affected canonical pathways by RSV intervention.
The names of the pathways are displayed on the y-axis, while the x-axis shows the −log of p-value
that is calculated by the right-tailed Fisher’s Exact Test. The taller the bars, the more significant
the pathway. Z-score calculation uses the match between observed gene expression changes and
expected patterns from the literature curated in the IPA knowledge base. The blue and orange bars
represent an overall negative z-score (predicted downregulated) and the positive z-score (predicted
upregulated), respectively. The intensity of the blue or orange bars corresponds to the strength of
the prediction often related to the absolute z-score (i.e., the darker/more intense colour indicates a
stronger prediction for a higher absolute positive or negative z-score). The grey bar indicates pathway
that IPA is unable to make a prediction, while the white bar shows the pathway with a z-score of
zero or close to zero. The thin orange vertical line represents the ratio that is calculated as number
of genes in a given pathway that meet cut-off criteria/the total number of known genes that make
up that pathway and found in IPA reference gene set. (C) The stacked bar chart shows canonical
pathways specifically implicated in atherosclerosis with up- and downregulated genes (red and blue,
respectively). The white area of the bar represents genes involved in the pathway but are not in the
dataset. The numerical value above each bar represents the total number of genes in the pathway.
Image produced using the IPA programme (n = 5 for HFD group and n = 4 for HFD + RSV group).

Finally, upstream regulators that are potentially involved in the observed changes in
gene expression were identified, together with whether they are likely to be activated or in-
hibited (Table 4). Thioredoxin reductase-1 (Txnrd1) is an example of an upstream regulator
that was predicted to be inhibited by RSV intervention. Network analysis demonstrated
its ability to regulate key genes implicated in antioxidant activities, with downstream
inhibition of inflammation and lipid metabolism (Supplementary Figure S10).

Table 4. Top predicted upstream regulator genes affected by RSV intervention.

Upstream Regulator Gene Function of Encoded Protein Predicted Activation State Activation z-Score p-Value of Overlap

Tead1 Transcriptional regulator Inhibited −6.745 1.52 × 10−28

Kdm5a Transcriptional regulator Activated 3.976 2.03 × 10−25

Map4k4 Kinase Activated 6.134 3.66 × 10−24

Clpp Peptidase Activated 6.733 3.79 × 10−21

Tp53 Transcriptional regulator Activated 5.349 1.32 × 10−18

Cpt1b Enzyme Activated 6.589 7.92 × 10−18

Slc27a2 Transporter Activated 5.274 6.07 × 10−16

Insr Kinase Inhibited −5.383 2.70 × 10−13

Esrra Transcriptional regulator Inhibited −2.161 1.31 × 10−12

Ppargc1b Transcriptional regulator Inhibited −4.542 9.60 × 10−12

Hba1/hba2 Transporter Inhibited −3.536 1.01 × 10−11

Klf15 Transcriptional regulator Inhibited −4.027 1.06 × 10−11

Nr4a1 Ligand-dependent nuclear
receptor Activated 3.442 1.12 × 10−10

Nrip1 Transcriptional regulator Activated 4.162 1.86 × 10−10

Dmd Other Activated 2.296 7.48 × 10−10

Eif6 Translation regulator Activated 2.079 2.78 × 10−9

Nrf1 Transcriptional regulator Inhibited −2.683 2.99 × 10−9
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Table 4. Cont.

Upstream Regulator Gene Function of Encoded Protein Predicted Activation State Activation z-Score p-Value of Overlap

Ppargc1a Transcriptional regulator Inhibited −5.451 3.09 × 10−9

Pitx2 Transcriptional regulator Inhibited −2.498 8.39 × 10−9

Por Enzyme Activated 2.831 1.34 × 10−8

Rictor Other Activated 8.040 2.38 × 10−8

Med13 Transcriptional regulator Activated 2.344 3.82 × 10−8

Ctnnb1 Transcriptional regulator Activated 3.998 5.45 × 10−8

Nampt Cytokine Inhibited −4.838 8.80 × 10−8

Flcn Other Activated 4.250 1.57 × 10−7

Trib1 Kinase Inhibited −3.514 2.23 × 10−7

Stk11 Kinase Inhibited −5.896 4.13 × 10−7

Ppara Ligand-dependent nuclear
receptor Inhibited −5.372 4.92 × 10−7

Ccnc Other Inhibited −4.155 8.70 × 10−7

Cidec Other Activated 3.296 9.43 × 10−7

Fgf21 Growth factor Inhibited −3.322 9.52 × 10−7

Ucp1 Transporter Inhibited −4.473 1.77 × 10−6

Asxl1 Transcriptional regulator Activated 2.982 1.80 × 10−6

Nedd9 Other Inhibited −4.536 3.76 × 10−6

Txnrd1 Enzyme Inhibited −2.242 3.83 × 10−6

Gsr Enzyme Inhibited −2.198 3.83 × 10−6

Pparg Ligand-dependent nuclear
receptor Inhibited −5.597 8 × 10−6

Irs1 Enzyme Inhibited −2.895 8 × 10−6

Ehhadh Enzyme Activated 3.450 1.08 × 10−5

Asxl1—ASXL transcriptional regulator 1; Ccnc—Cyclin C; Cidec—Cell death-inducing DFFA-like effector C;
Clpp—Caseinolytic mitochondrial matrix peptidase proteolytic subunit; Cpt1b—Carnitine palmitoyltransferase 1b;
Ctnnb1—Catenin beta-1; Dmd—Dystrophin; Ehhadh—Enoyl Co-A hydratase and 3-hydroxyacyl CoA dehydroge-
nase; Eif6—Eukaryotic translation initiation factor 6; Esrra—Oestrogen-related receptor alpha; Fgf21—Fibroblast
growth factor 21; Flcn—Folliculin; Gsr—Glutathione-disulfide reductase; Hba1/hba2—Haemoglobin subunit alpha
1/2; Insr—Insulin receptor; Irs1—Insulin receptor substrate 1; Kdm5a—Lysine Demethylase 5A; Klf15—Küppel-like
factor 15; Map4k4—Mitogen-activated protein kinase kinase kinase kinase 4; Med13—Mediator complex subunit
13; Nampt—Nicotinamide phosphoribosyltransferase; Nedd9—Neural precursor cell expressed, developmentally
downregulated 9; Nr4a1—Nuclear receptor subfamily 4 group a member 1; Nrf1—Nuclear respiratory factor
1; Nrip1—Nuclear receptor interacting protein 1; Pitx2—Paired-like homeodomain transcription factor 2; Por—
Cytochrome P450 oxidoreductase; Ppara—Peroxisome proliferator-activated receptor alpha; Pparg—Peroxisome
proliferator-activated receptor gamma; Ppargc1a—Peroxisome proliferator-activated receptor gamma coactivator
1-alpha; Ppargc1b—Peroxisome proliferator-activated receptor gamma coactivator 1-beta; Rictor—RPTOR inde-
pendent companion of MTOR complex 2; Slc27a2—Solute carrier family 27 member 2; Stk11—Serine/threonine
kinase 11; Tead1—TEA domain family member 1; Tp53—Tumour protein p53; Trib1—Tribbles pseudokinase 1;
Txnrd1—Thioredoxin reductase; UCP1, Uncoupling protein 1.
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Figure 8. Heatmaps for key genes implicated in specific biological functions impacted by RSV
intervention. The list of genes whose expression was significantly regulated and associated with
a biological process or function from IPA was pre-ranked from lowest to highest log2FC and then
inputted into Heatmapper software as described in Section 2.6. The colour gradient represents
gene expression levels with red indicating higher levels and blue showing lower levels. (A) genes
implicated in the regulation of lipid metabolism, (B) genes implicated in the improvement of cardiac
function, (C) genes associated with collagen synthesis, and (D) genes involved in the regulation of
atherosclerotic plaque stability (n = 5 for HFD group and n = 4 for HFD + RSV group).

4. Discussion
Despite many studies indicating cardio-protective actions of RSV [4–10], in-depth

understanding of the underlying mechanisms remains relatively poor. We show here
that RSV produces a beneficial plasma lipid profile, attenuates plaque inflammation, and
produces a stable plaque phenotype (Table 1 and Figures 2 and 3). The anti-inflammatory
action of RSV extends to the peripheral blood in vivo (Table 1). In vitro studies provide
mechanistic insights for the protective actions of RSV, which include the inhibition of
chemokine-driven monocytic migration, pro-inflammatory gene expression, ROS produc-
tion, inflammasome activation, MMP activity, and PDGF-induced migration of SMCs
(Figures 4 and 5). In addition, RNA-seq of the thoracic aorta identifies key genes and
pathways for the protective actions of RSV that included beneficial effects against oxidative
stress, inflammation, metabolism, and plaque stability (Figures 6–8). Taken together, these
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studies provide novel insights into the athero-protective actions of RSV, together with the
potential underlying mechanisms.

Previous studies on RSV in relation to atherosclerosis have been restricted mainly to the
ApoE−/− model system [5–10], which has several limitations [11], where changes in plaque
burden and/or lipid content were observed. However, only a single study has been carried
out on the LDLr−/− model system [12], and consistent with our studies, no effects were
seen at the level of plaque lipid content. However, this study did not analyse plaque cellular
and collagen content, which we found to be favourably impacted by RSV (i.e., reduced
macrophage and T cell content and increased SMC and collagen content) (Figures 2 and 3).
The reduction in T cells in the plaque is likely to be attributable to a decrease found within
the peripheral blood (Table 1). T cells release the cytokine IFN-γ, which has been shown to
enhance plaque progression and reduce stability [24]. Thus, inhibition of the actions of IFN-
γ and other pro-inflammatory cytokines may be a key contributor to the anti-atherogenic
actions of RSV. Indeed, RSV inhibited the IFN-γ- and TNF-α-induced MCP-1 expression
(Figures 4H and 5D); the latter cytokine is involved in EC dysfunction [24], together with
the MCP-1-stimulated monocytic migration (Figure 4A), which has a profound impact on
plaque macrophage accumulation. IFN-γ also decreases the differentiation of monocytes to
macrophages [24]; therefore, a decrease in this cytokine via T cells may also have impacted
plaque macrophage content, especially since no changes in the levels of Ly6Chigh monocyte
levels were seen in the peripheral blood (Table 1). RSV produced a marked increase
in plaque stability index, with no effect on plaque necrosis (Figure 3E,F), and this was
associated with a reduction in MMP activity (Figure 4F), modulation in the expression of
collagen and other plaque-stabilising genes (Figure 8C,D), and a reduction in potentially
pathological invasion of SMC produced by PDGF (Figure 5A). Indeed, inhibition of the
expression of PDGF or its receptor or subsequent signal transduction pathways has been
associated with anti-atherogenic activities in vivo [28,29].

The anti-inflammatory actions of RSV extended beyond the atherosclerotic plaques to
the peripheral blood (Table 1). Thus, RSV produced a reduction in B cells together with
CD3+ T cells and CD8+ T subsets (Table 1). CD3+ T cells account for the second majority of
leukocytes after monocytes/macrophages in mouse and human atherosclerotic plaques [24],
and hence their reduction will potentially protect against lesion development. In relation
to CD8+ T cells, previous studies noted that depletion of CD8+ T lymphocytes in hyper-
lipidaemic ApoE−/− and LDLr−/− mice resulted in a reduction in both atherosclerotic
plaque burden and macrophage accumulation in the plaque [30,31]. In contrast, the transfer
of CD8+ T cells to ApoE−/− mice contributes to necrotic core formation and vulnerable
atherosclerotic plaques [30]. Interestingly, depletion of CD8+ T cells in hypercholestero-
laemic LDLr−/− mice results in a reduction in mature monocytes in the bone marrow and
spleen [31]. This could also potentially contribute to the observed reduction in macrophage
content in plaque and increased plaque stability.

Previous studies on the impact of RSV on weight gain, together with changes in weight
of various organs and plasma lipid profiles, have produced inconsistent findings, and this
probably reflects differences in the dose of RSV employed, duration of the intervention,
and mode of administration, together with the model and the strain used [32–34]. For
example, RSV showed no effect on lipid profiles in double ApoE−/−/LDLr−/− mice and
New Zealand rabbits, though reduction in atherosclerotic plaque burden was seen [32–34].
The RSV-mediated significant reduction in LDL/VLDL levels (Table 1) is a major anti-
atherogenic action of this polyphenol, and because this was not associated with changes in
the plaque lipid content (Figure 1), this suggests that the major impact of this change is likely
to be on inflammation and associated parameters (Figures 2 and 3). No changes were seen
in TG and HDL-C levels (Table 1), which is consistent with a recent meta-analysis in patients
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with metabolic syndrome [35]. Interestingly, IPA also predicted RSV-mediated modulation
of cholesterol biosynthesis (Figure 7C). Thus, the expression of acyl-CoA acyltransferase1/2
(Acat1/2), which is involved in the esterification and storage of cholesterol, and 3-hydroxy-
3methylgutaryl-CoA synthase (Hmgcs1), involved in the biosynthesis of cholesterol [2], were
significantly inhibited by RSV.

RNA-seq and subsequent downstream analysis also identified several genes and/or
pathways that are potentially involved in the other anti-atherogenic actions of RSV seen in
this study (Figure 7). The inhibition of mitochondrial oxidative phosphorylation pathway
by RSV (Supplementary Figure S5) is likely to be a protective mechanism against ATP
production and the activation of anabolic pathways produced by HFD and is also consis-
tent with RSV-mediated inhibition of mitochondrial superoxide production (Figure 4E).
Related to this was the predicted activation of the sirtuin signalling pathway, which serves
as “metabolic sensors” that depends on the availability of NAD+ for activation and, in
addition to enhancing metabolic efficiency, improves mitochondrial function [36,37]. This
is consistent with the RSV-mediated inhibition of cellular ROS production (Figures 4 and 5),
which then positively impacts inflammation, lipid metabolism, and EC dysfunction.

RSV mediated several anti-inflammatory actions in vitro and in vivo, and indeed,
RNA-seq revealed regulation of several pathways involved in the control of inflammatory
responses. The crucial role of NF-κB in the initiation and progression of atherosclerosis,
either directly or indirectly, is widely known [38], and RSV was predicted to inhibit its
action (Supplementary Figure S6). Activated NF-κB is present in human atherosclerotic
plaques, and modulation of its activity limits disease progression in ApoE knockout mice
and produces a more stable plaque phenotype [38]. The NF-κB signalling pathway is also
required for the induction of T cell signalling, T cell activation, and differentiation [39];
consistent with reduced plaque T cell content (Figure 2), this pathway was predicted to
be inhibited by RSV (Supplementary Figure S7). Interestingly, inhibition of T cell activa-
tion has been shown in DBA/1J mice after RSV intervention that consequently prevents
autoimmune disease progression [40]. In the context of atherosclerosis, ApoE−/− mice fed
HFD with lipopolysaccharide (LPS) (as an injection) and RSV (daily intragastric admin-
istration) inhibited the proliferation and activation of CD4+ T cells [41]. Consistent with
the inhibition of cholesterol crystals-induced production of IL-1β (Figure 4G), the NLRP3
inflammasome signalling pathway was predicted to be inhibited by RSV (Supplementary
Figure S8). The role of the NLRP3 inflammasome pathway in atherosclerosis is not fully
understood, though it is important to note that this pathway is inhibited by colchicine,
which is emerging as an important anti-inflammatory therapy against ACVD [2].

In addition to the inhibition of the pro-inflammatory pathways detailed above, the
activation of sirtuins, which are known to inhibit NF-κB and inflammasome pathways [36],
is likely to contribute to the anti-inflammatory actions of RSV. Furthermore, the activation
of oxytocin signalling is known for its protective role via reducing inflammation and
activation of oestrogen receptor signalling that then attenuates lipid accumulation and
inflammation in female, as well as male ApoE and LDLr deficient mice [42]. The Wnt/β-
catenin pathway was also predicated to be activated; however, in contrast to cancer, the role
of this pathway in atherosclerosis is not fully understood [43]. Nevertheless, such activation
could be due to the predicted inhibition of the Dickkopf-1(Dkk1) gene, an inhibitor of Wnt
signalling pathway [43]. Indeed, several clinical and pre-clinical studies have demonstrated
the role of Dkk1 in promoting inflammation, inducing plaque vulnerability, and disease
severity [43,44].

Metabolic pathways play important roles in inflammatory disorders, and RSV was
predicted to inhibit glycolysis, ketogenesis, the TCA cycle, fatty acid β oxidation, and tryp-
tophan degradation (Figure 7). Abnormalities in glycolysis flux accelerate atherosclerosis
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progression, and during inflammation, dysfunctional EC, macrophages, and migratory
vascular SMC have high glycolytic capacity [45]. Ketogenesis is associated with heart
failure, whilst reducing TCA cycle metabolites results in a decrease in NO and ROS levels
in LPS-, TNFα-, or IFNγ-stimulated macrophages [46,47]. Increased rate of myocardial
fatty acid β-oxidation in different rodent strains fed HFD is accompanied by heart failure,
and switching to a low-fat diet or calorific restriction results in a reduction in fatty acid
β-oxidation, and hence protection from heart failure [48]. Indeed, the ability of RSV to
prevent or slow down the progression of heart failure in humans and animals has been re-
ported previously [4,49]. The amino acid tryptophan is emerging as an important regulator
of immune and inflammatory responses [50], and its degradation pathway was inhibited by
RSV (Figure 7). IFN-γ produced by T-lymphocytes activates indoleamine 2,3-dioxygenase
in immune cells, which in turn increases tryptophan catabolism into kynurenine and
consequently increases serum kynurenine to tryptophan ratios and incidence of CVDs [50].

The plaque-stabilising action of RSV was a major anti-atherogenic action, and RSV
significantly affected genes enriched in collagen synthesis and plaque stability (Figure 8C,D).
Examples of genes implicated in plaque stability whose expression was induced by RSV
included the reversion-inducing-cysteine-rich protein with kazal motifs (Reck) gene, implicated
in the inhibition of enzymatic activities of MMPs [51]. In contrast, the expression of the
Rab interacting lysosomal protein (Rilp) gene suggested as a marker for plaque instability [52]
was downregulated. RSV was also predicted to inhibit the necroptosis signalling pathway,
which has been linked to atherosclerosis and, in particular, plaque stability in animal
and human studies [53]. Indeed, injection of hypercholesteraemic ApoE−/− mice with
a necroptotic inhibitor resulted in a reduction in both atherosclerotic plaque size and
plaque instability markers, as well as attenuation of further progression of established
lesions [53]. The reduced levels of ROS/mitochondrial ROS (Figures 4 and 5) are also
likely to contribute to plaque stability and correlates with the regulation of the antioxidant
glutathione-mediated degradation pathway (Figure 7). In addition, increased expression
of other genes such as Ucp-2 (Uncoupling protein-2) is likely to contribute, given that its
overexpression protects against mitochondrial dysfunction through a reduction in ROS
production from this organelle, while bone marrow transplantation from Ucp-2−/− mice
into LDLr−/− mice-supplemented with an atherogenic diet increased plaque content of
macrophages and decreased collagen [54,55]. Many upstream regulators modulated by
RSV also play important roles in atherosclerosis and plaque stability (Table 3). Thus, Txnrd1,
whose expression was predicted to be inhibited by RSV codes for a key enzyme involved
in cellular redox control and antioxidant defence mechanisms [56,57] (Supplementary
Figure S10). The gene is expressed in atherosclerotic plaques, increased by oxidised LDL in
HMDM, and its enhanced expression results in increased ROS production, NF-κB activity,
and the release and expression of MCP-1 in human endothelial-like cells [56,57].

5. Conclusions
This study provides novel insights into the anti-atherogenic actions of RSV, together

with the underlying molecular mechanisms. RSV attenuated plaque inflammation and pro-
duced a stable plaque phenotype. The anti-inflammatory actions of RSV in vivo extended
to immune cells in the peripheral blood. In vitro studies provided additional mechanistic in-
sights with RSV-mediated inhibition of ROS production, pro-inflammatory gene expression,
chemokine-driven monocytic migration, and activation of the inflammasome. RNA-seq
revealed key genes and pathways regulated by RSV that modulate its anti-atherogenic
actions. Future studies should investigate whether the anti-inflammatory and plaque-
stabilising actions of RSV extend to animal models of regression of existing/established
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atherosclerotic plaques and in clinical trials, and should examine the roles of identified key
genes and pathways using knockdown or knockout approaches.
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