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Aims Diabetes leads to dysregulated macrophage immunometabolism, contributing to accelerated atherosclerosis progression.
Identifying critical factors to restore metabolic alterations and promote resolution of inflammation remains an unmet goal.
MicroRNAs orchestrate multiple signalling events in macrophages, yet their therapeutic potential in diabetes-associated athero-
sclerosis remains unclear.

Methods miRNA profiling revealed significantly lower miR-369-3p expression in aortic intimal lesions from Ldl—/— mice on a high-fat su-
and results crose-containing (HFSC) diet for 12 weeks. miR-369-3p was also reduced in peripheral blood mononuclear cells from diabetic pa-
tients with coronary artery disease (CAD). Cell-type expression profiling showed miR-369-3p enrichment in aortic macrophages.
In vitro, oxLDL treatment reduced miR-369-3p expression in mouse bone marrow-derived macrophages (BMDM:s). Metabolic pro-
filing in BMDMs revealed that miR-369-3p overexpression blocked the oxidized low density lipoprotein (oxLDL)-mediated in-
crease in the cellular metabolite succinate and reduced mitochondrial respiration (OXPHOS) and inflammation [Interleukin 3
(IL)-1B, TNF-q, and IL-6]. Mechanistically, miR-369-3p targeted the succinate receptor (GPR91) and alleviated the oxLDL-induced %
activation of inflammasome signalling pathways. Therapeutic administration of miR-369-3p mimics in HFSC-fed Ldlr—/— mice re- &
duced GPR91 expression in lesional macrophages and diabetes-accelerated atherosclerosis, evident by a decrease in plaque size <
and pro-inflammatory Ly6C™ monocytes. RNA-Seq analyses showed more pro-resolving pathways in plaque macrophages rén
from miR-369-3p-treated mice, consistent with an increase in macrophage efferocytosis in lesions. Finally, a GPR91 antagonist at- 8
tenuated oxLDL-induced inflammation in primary monocytes from human subjects with diabetes.

Conclusion These findings establish a therapeutic role for miR-369-3p in halting diabetes-associated atherosclerosis by regulating GPR91 and
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macrophage succinate metabolism.
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Graphical Abstract

1. Introduction

People with Type 2 diabetes suffer a higher burden from cardiovascular
disease (CVD)."? The presence of diabetes or insulin resistance has
been associated with accelerated coronary events and adverse clinical out-
comes when compared to age-matched non-diabetic individuals.® Statins
have been shown to lower the relative risk of CVD in patients with dia-
betes, but the absolute risk remains higher compared to non-diabetics.
These results imply that diabetes-associated atherosclerosis involves mo-
lecular processes that impair favourable effects of lipid and glucose normal-
ization on plaque immune cells, especially macrophages that are major
drivers of inflammation.

Hyperglycaemia—induced oxidative stress modifies LDL-C into an
oxLDL form.* During the initial phase of development of atherosclerotic
lesions, circulating monocytes adhere to the endothelium and enter into
the vessel wall followed by differentiation into macrophages. These macro-
phages take up excess oxLDL through scavenger receptors and become
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lipid-laden foam cells. Furthermore, macrophage-rich lesions are asso-
ciated with plaque rupture and induce the acute clinical complications of
atherosclerosis: myocardial infarction and stroke.” Hyperglycaemia pro-
motes epigenetic and metabolic reprogramming in macrophages that trig-
gers persistent inflammation even after achieving normoglycemic levels.®’
Therefore, there is a critical need to develop tailored approaches that pre-
cisely target the molecular alterations underlying this immune-metabolic
dysregulation. Recent reports indicate that pro-inflammatory immunome-
tabolites fuel macrophage inflammation because of metabolic dysfunction.?
Notably, under hyperglycaemic conditions, macrophages undergo genetic
and epigenetic modifications, resulting in open chromatin regions that fa-
vour transcription of several inflammatory genes.”'® Identifying altered im-
munometabolites and their downstream pro-inflammatory signalling
pathways provide opportunities for therapeutic targeting to help restore
metabolic homeostasis.

It is well known that diabetic macrophages are more glycolytic,
increasing reactive oxygen species (ROS) production, favouring a
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pro-inflammatory phenotype. However, the mechanisms pertaining to this
phenotype remain obscure. Reports suggest that disruption of the citric
acid/trichloroacetic acid (TCA) cycle contributes to accumulation of sev-
eral key pro-inflammatory metabolites, including but not limited to succin-
ate, malonate, fumarate, in macrophages and dendritic cells.""™"> These
metabolites are known to act through specific receptors. For example, suc-
cinate binds to the G-coupled receptor GPR91 and promotes inflamma-
tion by stabilizing HIF-1a and inflammasome activation."* Identifying key
regulators that could block this pathway and maintain or restore metabolic
homeostasis remains an active area of investigation.

Non-coding RNAs, including microRNAs (miRNAs) and long non-coding
RNA:s act as rheostats of several biological pathways and provide new thera-
peutic targets and as potential diagnostic biomarkers for CVD."*2 miRNAs
act as master regulators to control a large variety of biological processes in-
cluding inflammation and the metabolic state of immune cells by regulating
key inflammatory and metabolic genes, and their mis-expression in diabetes
can be both informational and causal.>*~2¢ Because of their selectivity and spe-
cificity, miRNAs comprise potential useful therapeutic targets in the effort to-
wards achieving precision medicine, especially given their central role in
regulating key metabolic |:>athways.27'28 Although recent studies have demon-
strated the role of miRNAs in the progression of atherosclerosis in mice (e.g.
miR-21"8 and miR-33,'%%) their role in diabetes-associated atherosclerosis
remains poorly understood. The current work elucidated the role of one
such miRNA, miR-369-3p, in regulating the key processes involved in the pro-
gression of diabetes-associated atherosclerosis. miRNA-seq profiling of in-
timal lesions of Ldlr—/— mice on a high-fat, high sucrose-containing (HFSC)
diet revealed that miR-369-3p was markedly down-regulated with athero-
sclerotic progression. Similarly, miR-369-3p was significantly down-regulated
in peripheral blood mononuclear cells (PBMCs) from patients with diabetes
or diabetes-associated CVD. Furthermore, miR-369-3p was highly expressed
in the myeloid compartment, particularly in macrophages. In this study,
miR-369-3p was found to play a central role in regulating immunometabolic
rewiring of macrophages and diabetes-associated atherosclerosis by regulat-
ing a succinate-GPR91- HIF-1a-inflammasome signalling axis.

2. Methods

2.1 Bone marrow-derived macrophage

cultures

Bone marrow-derived macrophages (BMDMes) were isolated and differen-
tiated as previously described.*® Briefly, bone marrow cells were isolated
by flushing from the femur and tibia of C57BL/6 mice. Cells were differen-
tiated into BMDM s in 4.5 g/L glucose Dulbecco’s modified Eagle’s medium
(DMEM) (#, Gibco) supplemented with 10 ng/mL mouse macrophage col-
ony stimulation factor (#315-02, Peprotech), 10% Fetal Bovine Serum
(FBS), and 1% Penicillin-Streptomycin antibiotic at 37°C and 5% CO,
for 7 days.

2.2 Cell transfection and treatments

BMDMs were transfected with non-specific (NS) control mimic or
mmu-miR-369-3p (369-m) mimic (miRvana) at a concentration of 30 nM
or with NS control inhibitor or mmu-miR-369-3p inhibitor (mirVana) at
a concentration of 100 nM using Lipofectamine RNAIMAX, as previously
described.®" Briefly, transfection of macrophages was performed in
OPTIMEM media overnight. The next day, the same volume of DMEM con-
taining 10% (v/v) FBS was added. After transfection for 48 h, cells were
serum-starved overnight using DMEM medium with 0.2% Bovine serum al-
bumin (BSA) and then exposed to oxLDL (Invitrogen, L34357) for 24 h
and collected for further experiments. Similarly, macrophages were trans-
fected with 10 nM negative (non-silencing) control siRNA or sucnri
(GPR91) siRNA (Smartpool siRNA, Dharmacon) for 48 h and then ex-
posed to oxLDL for 24 h. For some experiments, BMDMs were pre-
treated with 3 mM N-acetyl cysteine (NAC), an antioxidant or with
10 mM dimethyl malonate (DMM), a succinate dehydrogenase (SDH) in-
hibitor for 2 h prior to oxLDL-treatment. Briefly, after 2 h of NAC or

DMM incubation, the media was replaced with fresh media (DMEM me-
dium with 0.2% BSA) and cells were then treated with oxLDL for 24 h.

2.3 western blot analysis

Cells were washed in ice-cold phosphate buffered saline (PBS) and lysed in 9
ice-cold radio-immunoprecipitation assay buffer supplemented with prote- 5
ase and phosphatase inhibitor cocktail (Cell Signalling). Protein concentra- 9
tions were determined using Pierce BCA assay (Thermo Fisher Scientific, §
Waltham MA, USA). In total, 50 ug proteins were loaded per lane on a 4— g
20% Mini-PROTEAN TGX Gel (Bio-Rad, 456-1096). Separated proteins §
were transferred to polyvinylidene fluoride membranes using the Transfer =
Turbo Blot system (Bio-Rad) and Trans-Blot Turbo RTA Transfer KitS
(Bio-Rad, 170-4272). The membrane was blocked with 5% non-fat milk in 5
Tris-buffered saline with 0.1% Tween® 20 Detergent for 1 h at room tem- g
perature. After blocking, the membrane was incubated overnight at 4°C with e
antibodies against GPR91 (Novus Biologicals, 1:1 000), phosphor-pé5 (Cell &
Signalling, 1:500), total p65 (Cell Signalling, 1:1000), HIF-1o. (Novus 2
Biologicals, 1:5000), phosphor-ERK1/2 (Cell Signalling, 1:1000), total 5
ERK1/2 (Cell Signalling, 1:1000), phosphor-DRP1 (Cell Signalling, #, S
1:500), total DRP1 (Cell Signalling, 1:1 000), HRP-conjugated B-actin (Cell §
Signalling, 1:10 000), cleaved Interleukin (IL)-1B (Cell Signalling, 1:500), or S.
cleaved caspase 1 (Cell Signalling, 1:1 000).
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2.4 Mitochondrial bioenergetics: seahorse

assay

Mitochondrial oxygen consumption rates (OCR) and extracellular acidification
rates (ECAR) were determined using an XF24-well Analyzer (Agilent, CA).>
Differentiated BMDMs were seeded at 1 x 10° cells/well in XF24-well plates
(Agilent) and transfected with non-specific control mimic (NS-m) or &
miR-369-3p mimic followed by oxLDL-loading, as described above. Wells %
without cells were included as a background control. Mitochondrial OCR ©
was measured and plotted at basal conditions followed by sequential addition =)
of 2 ug/mL oligomycin (ATP synthase inhibitor), 1 umol/L FCCP (carbonylcya-
nide-p-trifluoromethoxyphenylhydrazone) (a mitochondrial uncoupler), and 5
0.5 umol/L rotenone (complex | inhibitor) plus 0.5 zmol/L antimycin A (com-
plex Il inhibitor). Glycolytic capacity of BMDMs was determined by Seahorse
XF Glycolysis Stress Test Kit (Agilent Technologies) according to the manufac-
turer’s instructions. For the measurement of ECAR, XF base media (Agilent, o
CA #102353-100) was supplemented sequentially with 25 mM glucose and 5
2mM L-glutamine, oligomycin (1 uM), and 2-DG (30 mM) (Sigma-Aldrich, &
St. Louis, MO) to measure glycolysis, glycolytic capacity, and glycolytic reserve, &
respectively. Total protein content was measured from each well using BCA m
assay and used to normalize the Seahorse data.
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2.5 Metabolite analysis

Polar metabolites were quantitatively profiled by a positive/negative ion—
switching, targeted liquid chromatography tandem mass spectrometry &
(LC-MS/MS) based metabolomics platform using a 5500 QTRAP hybrid &
triple quadruple mass spectrometer (AB/SCIEX) via selected reaction &.
monitoring (SRM) as described previously.>® Briefly, BMDMs were trans- =
fected with NS or miR-369-3p mimic for 48 h followed by exposing to 3
oxLDL for 24 h, as described above. The supernatants were collected o
and subjected to methanol extraction using 80% (v/v) methanol (—80°C). S
The insoluble extracted material was immediately pelleted in a cooled cen- ¢,
trifuge (4°C). The supernatants were lyophilized using a SpeedVac concen- g
trator using no heat. LC/MS grade water (20 ul) were added to resuspend S
each sample just before LC-MS/MS analysis and 5 plL of sample were in- §
jected onto the autosampler of the LC system (Shimadzu) using an amide g
HILIC column (Waters). Once the SRM data for ~285 metabolites were 12
acquired, peaks were integrated using a software platform for peak area
integration MultiQuant 2.1 (AB/SCIEX). Paired t-test was implemented
on the metabolite expression values to compute the fold-change and sig-
nificance (P-values) in groups NS-oxLDL vs. NS-BSA and 369-m-oxLDL
vs. NS-oxLDL. To display the number of group-specific and common
metabolites between NS-oxLDL vs. NS-BSA and 369-m-oxLDL vs.
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NS-oxLDL, Venn diagram was created. Further, respective barplot of 13
commonly altered metabolites between groups was also plotted. Lastly,
the association between commonly altered metabolites and the metabolic
pathways was derived using Kyoto Encyclopedia of Genes and Genomes
(KEGG) (https://www.genome.jp/kegg/pathway.html) pathway analyses
on the MetaboAnalyst (version 5.0) (https:/academic.oup.com/nar/
article/49/W1/W388/6279832) web-based platform. Enrichment of path-
ways was evaluated using hypergeometric test to compute the P-values
based on the number of metabolites associated per pathway. The path-
ways along with metabolites were presented as a Chordplot, which was
generated by R-Circlize (version 0.4.15) library (https:/www.
rdocumentation.org/packages/circlize).

2.6 Primary mouse monocytes isolation and

succinate treatment

Primary mouse monocytes were isolated from bone marrows of 8-week-
old male C57Bl6 mice, using MACs isolation kit for negative selection of
monocytes (Cat# 130-100-629; Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany). The approximate yield of monocytes from one
bone marrow of one mouse was 4 x 10’ cells/mL. The purity of mono-
cytes was first confirmed using flow cytometry analyses. Cells were stained
with Fixable Viability Dye Zombie yellow orange (Biolegend, San Diego,
CA) for 30 min on ice followed by staining with fluorescence-conjugated
antibodies for surface markers: Phycoerythrin (PE) anti-mouse CD115
and Allophycocyanin (APC) anti-mouse Ly6C (monocyte-specific markers)
and APC/Cy7 anti-mouse Ly6G (a neutrophil marker) from Biolegend, CA.
Approximately 87% of live cells were CD115 + Ly6C + Ly6G—. Once the
purity of isolations was established, fresh cells were seeded in 6-well plates
(5% 10° cells/well) and were stimulated with 200 uM succinate for 2 h
prior to exposing them to oxLDL-treatment for 24 h. Cells were har-
vested and supernatants were collected for further experiments.

2.7 Bioinformatic analyses for identification
of putative target genes for miR-369-3p

To determine the conserved putative target genes of miR-369-3p between
mouse (Mus musculus) and human (Homo sapiens), the predicted interac-
tions were retrieved from TargetScan (Release 7.1) database (cite:
https:/pubmed.ncbi.nlm.nih.gov/26267216/). The miRNA-gene pairs with
low weighted context score (<—0.05) were removed during the analysis.
The mouse and human prediction datasets were overlapped, and the com-
mon target genes were identified. Significantly enriched biological terms
associated with the sorted genes were determined by performing Gene
ontology (GO) enrichment analyses using R-GOstats (version 0.4.15)
library (https:/bioconductor.org/packages/release/bioc/html/GOstats.html).
Significantly enriched (False Discovery Rate adjusted P-value <0.05) biological
process (BP) terms were obtained against the mouse genome background.
Among the list of enriched BP terms, we prioritized the list of targets that
were associated with the GO term ‘regulation of inflammatory response’
(GO: 0050727). A detailed workflow of the steps involved in the bioinformat-
ic analyses is depicted in Supplementary material online, Figure S5A.

2.8 3’ untranslated region luciferase reporter

assay

Secreted Gaussian luciferase (GL) system was used for the luciferase assay.
Briefly, HEK 293 cells (24 well format) were transfected with NS control mi-
mic or miR-369-3p mimic (miRvana) at a concentration of 30 nM for 48 h.
Next, cells were transfected with 500 ng of vector only-GL or sucnr1-GL
constructs (Genecopeia). At 48-h (total of 96 h) post-transfection, media
was collected from the respective cells and luciferase assay was performed
following manufacturer’s protocol with GL-S buffer. Luciferase activity was
measured using the SpectroMax i3x microplate reader luminometer with an
integration time of 3 s.

2.9 Quantification of ROS for oxidative

stress

At day-6 of BMDM differentiation, cells were harvested and approximately
30000 cells were seeded in a 96-well plate. Cells were serum-starved over-
night followed by treatment with oxLDL or BSA control for 24 h. Cells were
also exposed to 10 mM H,O, for 30 min which served as a positive control,
while cells that only received PBS served as negative control. After treat-
ment, a dichloro-dihydro-fluorescein diacetate solution (Cat# D399,
Invitrogen) was added into each well at a final concentration of 100 uM
for 30 min at 37°C and in darkness, as previously described.** Intensity of
the fluorescence was measured using SpectroMax i3x microplate reader
at 490/510 nm (excitation/emission). Data were expressed as the relative
mean fluorescence intensity (MFI) and indicated as the ROS level.

2.10 Plasmid transfection in RAW 264.7

macrophages

RAW 264.7 macrophages were plated in a 6-well plate at a seeding density of
0.7 x 10° cells/well. The cells were incubated at 37°C and 5% CO, and
allowed to adhere to the plate surface. After 4 h, transfection reactions
were prepared using Sug/well DNA from empty vector control (Cat.
EX-NEG-M39; Genecopeia) or GPR91/sucnr1 plasmids (Cat. X-MM35267-
M39-50; Genecopeia) and lipoplexes were prepared using lipofectamine
2000 (Invitrogen) as per the manufacturer’s recommendations. At the
time of transfection, the complete medium was removed from the cells
and replaced with equal volume of serum-free medium, Opti-MEM® |
(Invitrogen). The transfection reactions (lipoplexes) were added directly
to the cells and incubated at 37°C in 5% CO,. After 4 h, an equal transfec-
tion volume of complete medium containing 20% serum was added. 48 h
after plasmid transfection, the cells were loaded with oxLDL for 24 h, as
described above. At the end of the experiment, supernatant was collected
for Enzyme-linked immunosorbent assay (ELISA) and cell lysates were pre-
pared for western blot analyses.

2.11 Human study

Adult patients with Type 2 diabetes mellitus (DM), clinically diagnosed cor-
onary artery disease (CAD), Type 2 DM with CAD, and healthy volunteers
were recruited at Boston Medical Center by advertisement. Diabetes was
defined as fasting glucose >126 mg/dL or ongoing treatment for Type 2
DM. Healthy volunteers were taking no medications, had a fasting glucose
<100 mg/dL, and had never smoked or had stopped smoking for at least a
year prior to enrolment. Supplementary material online, Table ST demon-
strates the patient characteristics. The study protocol was approved by the
Boston Medical Center Institutional Review Board and all participants pro-
vided written informed consent in accordance to the Declaration of
Helsinki. Venous blood was collected from these patients and processed for
isolating PBMCs, as previously described.®® Total RNA was isolated from hu-
man PBMCs stored in RNA protect reagent (Qiagen, Hilden, Germany) by
phenol-chloroform method and cleaned-up by miRNeasy micro kit (Qiagen)
as per the manufacturer protocol with slight modification. cDNA was synthe-
sized from 200 ng of total RNA including small RNA by using miRCURY LNA
RT Kit (Qiagen) on Bio-Rad thermal cycler T100. Quantitative RT-PCR for
miR-369-3p gene expression was done by ViiA 7 real time PCR system
(Thermo Fisher Scientific) using miRCURY LNA SYBR® Green PCR Kit
(Qiagen). Each set of reactions included non-template controls and a melt
curve for NS signals. The relative expression of miR-369-3p gene was deter-
mined by using internal control RNU6 and calculated as 2744,

2.12 Isolation of primary human monocytes
from human PBMCs and treatment with
GPR91 antagonist

Primary human monocytes were isolated from healthy and diabetic human

PBMCs samples using the Pan Monocyte Isolation Kit for human PBMCs
(Cat# 130-096-537; Milteny Biotec). Freshly isolated monocytes were

$20Z Jaquieldasg Zo uo Jesn AlSIaAlun SUBWOAA BYMT AQ 929199/ /201 8BAD/IAD/S60 L 01 /I0P/[0IIB-80UBAPE/SSIOSEAOIPIED/ W0 dNo"0IWapeoe//:sdny WwoJl papeojumoq


https://www.genome.jp/kegg/pathway.html
https://academic.oup.com/nar/article/49/W1/W388/6279832
https://academic.oup.com/nar/article/49/W1/W388/6279832
https://www.rdocumentation.org/packages/circlize
https://www.rdocumentation.org/packages/circlize
https://pubmed.ncbi.nlm.nih.gov/26267216/
https://bioconductor.org/packages/release/bioc/html/GOstats.html
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data

miR-369-3p inhibits succinate signalling and diabetes-associated atherosclerosis

incubated with or without 5uM of NF-56-EJ40 (MedChem Express,
HY 130246, a potent, highly selective human SUCNR1/GPR91 antagonist)
in dimethyl sulfoxide (DMSO) for 30 min followed by oxLDL-treatment
for 24 h. Cells treated with DMSO alone served as the control.
Supernatants were collected for IL-18 ELISA.

2.13 Animal study

The animal experiments were performed strictly as per the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Brigham
and Women’s Hospital Standing Committee on Animals (2016N000182).
Eight to 10-week-old male Ldir—/— mice (C57BI6 LDLF™ ™" from Jackson
Laboratories, ME, USA) were placed on HFSC diet for 8 weeks to induce
atherosclerosis after which the mice were randomized into two treatment
groups (n = 16 per group). Mice were anaesthetised with isoflurane/oxygen
mixture (2% inhalation) and intravenously injected with 2 nmol of either
NS-m control or miR-369-3p mimic (miRvana) biweekly for a total of 4
weeks. At the end of experiment, mice were anaesthetised with 150 ul of
a mixture of 20% ketamine/5% xylazine in 0.9% saline through intraperito-
neal injection. Once anaesthetised, blood was collected through cardiac
puncture followed by perfusion with ice-cold PBS. Mice were euthanized
by cervical dislocation under anaesthesia. Aortas were collected for flow cy-
tometry and hearts were embedded in optimal condition temperature and
immediately stored in —80°C for future immunohistochemistry. Technical
issues during cryosectioning led to exclusion of 2 mice from NS group
and 1 mouse from miR-369-3p mimic group. During treatment, 2 mice in
the NS and 3 mice in the miR-369-3p mimic group died during retroorbital
injection and were excluded from the study.

2.14 Plasma analysis

Plasma was collected at the time of sacrifice by cardiac puncture. Total
cholesterol, triglycerides, LDL-C and HDL-C were measured by an enzym-
atic assay (Thermo Fisher Scientific) at The Lipid Laboratory at the Harvard
T.H. Chan School of Public Health (Boston, MA, USA). Non-HDL choles-
terol levels were calculated using the following formula: Non-HDL = Total
Cholesterol—HDL Cholesterol.

2.15 Glucose and insulin tolerance tests

For glucose tolerance tests (GTTs), mice were fasted for 12 h, and then
injected intraperitoneally with d-glucose (Sigma, 1.0 g/kg of body weight).
Insulin tolerance tests (ITTs) were performed on mice after 6 h fasting,
as we previously repor‘ted.32 Recombinant human regular insulin
(0.75 Ulkg of body weight, Humulin R, Eli Lilly) was given to mice by intra-
peritoneal injection. Blood glucose levels were measured before injection
and at 15, 30, 60, 90, and 120 min after the administration of glucose or
insulin using Contour next EZ blood glucose monitoring system (Bayer).

2.16 Flow cytometry
2.16.1 Aortas

Mice aortas were harvested at the end of the study. Isolated arches were
incubated in digestion buffer containing liberase (no. 273582, Roche, Basel,
Switzerland), hyaluronidase (no. 3506, Sigma, MO), DNase | (no. DN25,
Sigma, MO), and 1 mol/L CaCl, at 37°C for 15 min using single cell suspen-
sion dissociator. The digested tissue was passed through a 70 um cell
strainer, washed with 1x cold PBS and centrifuged at 350 g for 10 min
at 4°C to get single cell suspensions. For flow cytometry, cells stained
with Fixable Viability Dye Zombie yellow orange (Biolegend, San Diego
CA, USA) for 30 min on ice, blocked with TruStain fcX (Biolegend) and
then stained using PerCP/Cy5.5 anti-mouse CD45, APC anti-mouse
Ly6C, APC/Cy7 anti-mouse Ly6G, Pe/Dazzle 594 anti-mouse CD115,
PerCP anti-mouse CD11b, BV605 anti-mouse F4/80, AF700 anti-mouse
CD11¢c, BV711 anti-mouse CD206 and PE anti-mouse GPR91 antibody
for 30 min on ice. Cells were then fixed and permeabilized in fix-perm
wash buffer (BD Biosciences, Franklin Lakes, NJ) for 30 min on ice. The
cells were then acquired on Cytek Aurora and analysed with Flowjo V10

(Tree-Star, Ashland, OR). For aortic macrophages sorting, cells were
passed through 85 um nozzle in BD LSR Il flow sorter and collected in
Qiagen’s RNA lysis buffer for further processing.

2.16.2 Blood leukocytes )
Blood was withdrawn via tail vein bleeding with Ethylenediaminetetraacetic %
acid -coated capillary tubes. Red blood cells were lysed with lysis buffer (BD S
Biosciences) and blocking was achieved with anti-mouse CD16/CD32 &
(eBioscience). For monocytes and neutrophils, cells were stained with <
PerCP/Cy5.5 anti-mouse CD45, APC anti-mouse Ly6C, APC/Cy7 anti- g
mouse Ly6G, Pe/Dazzle 594 anti-mouse CD115. For B cells and T cells =
markers, cells were stained separately with BV650 anti-mouse CD3, 3
PE-CSF594 anti-mouse CD4, PE/Cy7 anti-mouse CD8, AF647 anti-mouse =
CD19, PE anti-mouse CD43.

2.17 Isolation of various cell-types for
cell-specific profiling of miR-369-3p from
atherosclerotic mice

Ldlr—/— mice were placed on HFSC diet for 12 weeks to develop advanced §
atherosclerosis. Following isolation of aortas and enzymatic digestion, cell g-.
suspension was obtained. Isolations of various cell-types was carried out 5
immediately using either flow cytometry-cell sorting (FACS-sorted: macro-
phages, non-macrophage immune cells, and endothelial cells) or v
magnetic-activated cell sorting (MACS-sorted: smooth muscle cells and fi-
broblasts, as we previously described in*®) In addition, MACS technology S
was also applied for isolating monocytes and neutrophils from bone mar-
rows of these mice using Miltenyi MACS isolation kits (Cat# 130-100-629 §
for monocytes and Cat#130-097-658 for neutrophils). Furthermore, &
PBMCs were isolated from blood of these mice using Lymphocyte g
Separation Media (LSM; Cat#0916922-CF; MP Biomedicals). For aortic =
plaques cell sorting, cells were passed through 85 um nozzle in BD LSR
Il flow sorter and collected in Trizol LS reagent (Invitrogen) for further pro-
cessing. MACS-sorted cells as well as PBMCs were lysed with Qiagen’s lysis &
buffer. gPCR analysis was performed of the isolated cells to determine the =
cell-specific expression of miR-369-3p.
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2.18 RNA extraction and reverse

transcription quantitative PCR

Total RNA was isolated with the Advanced Cell/Tissue miRNeasy kit (Qiagen) 53
and quantified using Nanodrop 2000 software (Nanodrop Products). Total &
RNA was isolated from FACS-sorted aortic plaque cells using Direct-zol™
RNA Microprep kit (Zymo Research) and processed for downstream applica- 5
tions. For miR-369-3p expression, cDNA was synthesized from 50-200 ng of =
total RNA including small RNA by using miRCURY LNA RT Kit (Qiagen) on S
Bio-Rad thermal cycler T100. Quantitative RT-PCR for miR-369-3p expres-
sion was carried on QuantStudio™ 6 Pro (Applied Biosystems) using —
miRCURY LNA SYBR® Green PCR Kit (Qiagen). The relative expression 2-
of miR-369-3p gene was determined by using internal control RNU6 and cal- &
culated as 274 (as fold-change) or as 272" (as relative expression). For &
mRNA quantification, cONA was synthesized using High-Capacity cDNA &
Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative real-time =
PCR was performed using GoTaq® qPCR Master Mix (Promega, A6001) =
on QuantStudio™ 6 Pro (Applied Biosystems). The relative expression of
each gene was determined by normalization to hypoxanthine phosphoribosyl- @
transferase as a housekeeping gene and represented as 274,
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2.19 RNA sequencing and pathway analysis

The total RNA extracted from FACS-sorted aortic macrophages of differ-
ent mice groups (369-m and NS-m control) were subjected to Ultra-Low
Input RNA-Seq (GeneWiz). A SMART-Seq v4 Ultra-Low Input Kit for
Sequencing was used for cDNA synthesis and amplification (Clontech,
Mountain View CA, USA), and lllumina Nextera XT library was used for
sequencing library preparation. Briefly, cDNA was fragmented, and the
adaptors were ligated using Transposase. The resulting cDNA fragments
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were subjected to limited PCR enrichment and index addition prior to the
sequencing using an lllumina HiSeq instrument. The sequencing reads were
trimmed and mapped to the latest mouse reference genome (Genome
Reference Consortium Mouse Build 39). Total gene hit counts and normal-
ized values were calculated for each gene and differential expression ana-
lysis (log2 fold-change > 0.58, P-adj < 0.1) between specified groups was
performed using DESeq2. The core pathway analysis of differentially ex-
pressed genes between group 369-m vs. NS control was performed using
Ingenuity Pathway Analysis (IPA, Qiagen), and visualization of the pathway
enrichment data was performed using R-ggplot2 (version 3.4.3) library.
RNA-Seq data are available open access through Gene Expression
Omnibus (GSE244760).

2.20 Immunohistochemistry

Hearts were sectioned through the aortic root (6 um) using a tissue pro-
cessor (Leica CM3050) and stained with Oil red O (ORO) and haematoxy-
lin and eosin (H&E) for quantification of lesion area, as previously
described.'® The staining area was measured using Image-Pro Plus soft-
ware (Media Cybernetics).

2.21 Enzyme-linked immunosorbent assay
Cell supernatants were collected from cultured mouse BMDMs as well as
from mouse and human primary monocytes. The concentrations of the
pro-inflammatory cytokines, IL-1B, TNF-a, and apoptosis-associated
speck-like protein (ASC) in the supernatants were detected using ELISA
kits (R&D Systems), according to the manufacturer’s instruction.

2.22 Multiplex ELISA cytokine profiling

Mouse plasma was collected from each group, aliquoted and stored in
—80°C for BMDMs experiments as well as for Cytokine/Chemokine
31-Plex Discovery Assay® Array (MD31, EVE Technologies).

2.23 Statistical analyses

All data are presented as mean = standard error of the mean (SEM). Data
are analysed by GraphPad Prism 9 statistical software (GraphPad Software
Inc, San Diego, CA, USA). Comparisons between two groups were ana-
lysed by unpaired Student’s t-test. One-way ANOVA tests were used
where indicated followed by Holm-Sidak test for post hoc test correction.
In case of time-course data for two independent tissue samples, two-way
ANOVA with Siddk’s multiple comparisons was performed. In Figures,
* P < 0.05, #%P < 0.01, ***P < 0.001, and ****P < 0.0001 for a given test.

3. Results

3.1 Identification of differentially expressed
miRNAs in diabetes-associated

atherosclerosis

WEe first sought to identify the differentially expressed miRNAs in diabetic
atherosclerotic plaque progression. Ldlr—/— mice were placed on a HFSC
diet for 12 weeks to develop advanced atherosclerotic plaques. At this time-
point, RNA was isolated from the intimal layer of lesions and miRNA-seq
performed, which revealed differential miRNA expression profiles (log2 fold-
change, 1.5; P-value <0.05; Supplementary material online, Figure S7).
Interestingly, miR-369-3p came up as one of the most significantly down-
regulated miRNAs in the aortic intima from atherosclerosis progressing
mice as compared to chow-diet-fed mice (see Supplementary material
online, Figure S1). The miRNA-seq results for miR-369-3p were further veri-
fied by reverse transcription quantitative PCR (RT-qPCR) which revealed re-
duced expression of miR-369-3p in the aortic intima after 12 weeks of HFSC
diet (progression group) as compared to chow-diet-fed mice (baseline con-
trol group) (Figure 1A). Importantly, miR-369-3p expression was higher in aor-
tic intima RNA samples (rich in leukocytes and endothelial cells) as compared
to media RNA samples (rich in non-immune cells), as shown in Figure 1A.

3.2 miR-369-3p expression is enriched in
macrophages and is down-regulated in

diabetes-associated atherosclerosis

Because the aortic intima is composed of heterogeneous cell-types, we
next performed cell-specific profiling of miR-369-3p expression in various
cell-types isolated from aortic plaques, bone marrows and PBMCs of
Ldlr—/— mice fed a HFSC diet for 12 weeks. RT-qPCR analyses of these cell-
types revealed a robust enrichment of miR-369-3p in aortic plaque macro-
phages followed by monocytes and PBMC:s (Figure 1B). To explore the trans-
lational relevance of miR-369-3p in diabetes-associated atherosclerosis, we
isolated PBMCs from heathy donors, patients with CAD, DM, or DM with
CAD (DM + CAD). miR-369-3p expression was significantly reduced in
DM, CAD, and DM + CAD PBMC:s (Figure 1C). Furthermore, to understand
the influence of inflammation on miR-369-3p expression, we determined its
expression in response to pro-inflammatory stimuli (Lipopolysaccharide
[LPS], oxLDL, palmitate, IL-1B) or anti-inflammatory stimuli (IL-4).
miR-369-3p expression was significantly reduced in LPS, IL-1f, palmitate
and oxLDL-loaded macrophages (foam cells) compared to unstimulated con-
trol macrophages (basal). IL-4 stimulation did not alter miR-369-3p expres-
sion compared to basal control (Figure 1D). These findings highlight
macrophage-enriched expression of miR-369-3p is markedly reduced in re-
sponse to pro-inflammatory stimuli in mouse BMDM:s.

3.3 miR-369-3p overexpression ameliorates
oxLDL-mediated metabolic inflammation in
BMDMs

miRNAs are important modulators of oxLDL-mediated inflammation in ath-
erosclerosis.>” miR-369-3p can decrease LPS-mediated intestinal inflamma-
tion via regulating BRCC3 expression in BMDMs.*® However, its role in
regulating lipid-driven macrophage inflammation in the context of athero-
sclerosis is still unknown. Therefore, we sought to determine the specific
role of miR-369-3p in regulating macrophage lipid-mediated inflammation.
To overexpress miR-369-3p in macrophages, BMDMs were transfected
with miR-369-3p mimic (369-m) or NS-m control for 48 h, and subsequently
stimulated with oxLDL for 24 h. First, we confirmed the overexpression of
miR-369-3p expression by gPCR at both basal and oxLDL-treated conditions
(see Supplementary material online, Figure S2A). OXxLDL-treatment increased
the mRNA levels of lI1b, tnfa, 16 and nos2 (see Supplementary material online,
Figure S2B—E) and secretion of pro-inflammatory cytokines (IL-18 and
TNF-0) and the NLRP3 inflammasome mediator ASC (apoptosis-associated
speck-like protein containing a CARD) (see Supplementary material online,
Figure S2F—H). Intriguingly, oxLDL-induced /b, tnfa, l6, and nos2 mRNA levels
were significantly reduced in miR-369-3p overexpressing BMDMs. (see
Supplementary material online, Figure S2B—E). Correspondingly, secretion
of pro-inflammatory molecules IL-18, TNF-a, and ASC was also reduced in
miR-369-3p overexpressing BMDMs (see Supplementary material online,
Figure S2F-H), indicating a crucial role of miR-369-3p in regulating
oxLDL-mediated inflammation in macrophages.

3.4 miR-369-3p overexpression restores
oxLDL-mediated reduction in mitochondrial
respiration and altered cellular metabolites

Altered mitochondrial metabolism results in priming of monocytes and
macrophages towards a pro-inflammatory phenotype, characteristic of
lesion macrophages.®**° Yet, the factors contributing to the skewed
macrophage metabolism remain unclear. OxLDL is known to cause mito-
chondrial dysfunction by generating ROS as well as nitric oxide (NO),41 and
consequently an increase in HIF-1aZ*? and IL-1p secretion®? to propagate
metabolic inflammation. miR-369-3p has been previously reported to
regulate inflammation in bone marrow-derived dendritic cells via decreas-
ing nos2.** Consistently, our results showed a marked reduction in il1b and
nos2 mRNA levels (see Supplementary material online, Figure S2B and E) as
well as reduced IL-1P secretion in miR-369-3p overexpressing cells despite
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Figure 1 Expression profiling of miR-369-3p expression. (A) miR-369-3p expression in aortic intima from Ldlr—/— mice on HFSC diet for 12 weeks (pro-
gression) or 0 week (chow-diet-fed control); n=>5 per group. (B) Cell-type profiling of miR-369-3p in FACS-sorted cells (aortic plaque macrophages, non-
macrophages immune cells, and endothelial cells); MACs-sorted cells (aortic smooth muscle cells, aortic fibroblasts, primary bone marrow monocytes, and
neutrophils); and PBMCs from Ldlr—/— mice on HFSC diet for 12 weeks (N =7 mice per group). (C) miR-369-3p expression in human PBMCs (healthy con-
trols, DM, CAD, or DM + CAD (N = 11-15 subjects/group). (D) miR-369-3p expression in BMDMs under the various indicated stimuli or basal control (N =5
biological replicates per group). BMDMs were stimulated with Lipopolysaccharide (LPS) (50 ng/mL); oxLDL (50 pg/mL); palmitate (200 pM); IL-18 (10 ng/mL),
or IL-4 (10 ng/mL). Unstimulated BMDMs (Basal) were used as control. Statistical analyses were performed using two-way ANOVA followed by Sidék’s test for
multiple comparisons (A) or using one-way ANOVA followed by Holm-Sidék test for multiple comparisons (C and D). All data are mean =+ SEM. Statistical
differences are indicated as *P < 0.05; **P < 0.01, ***P < 0.001, and ****P < 0.001 vs. control.

stimulation by oxLDL (see Supplementary material online, Figure S2F).
Thus, we speculated if miR-369-3p plays a direct role in regulating
oXLDL-induced metabolic reprogramming. To explore this in further de-
tail, Seahorse assay was performed to assess mitochondrial respiration in
BMDMs loaded with oxLDL with or without miR-369-3p overexpression.
OxLDL-treated macrophages with NS-m control were distinguishable by a
decreased OCR, as evident by a decrease in basal and maximal respiration,
ATP production, and an increase in proton leak (Figure 2A and B). In
contrast, these oxLDL-treated macrophages exhibited an increased
ECAR as evident by an increase in glycolytic capacity (Figure 2C and D),
signifying enhanced glycolytic flux in these cells. In addition to decreased
OCR, we observed concurrent downregulation of oxidative phosphoryl-
ation (OXPHQOS) complexes (Figure 2E and F) in oxLDL-loaded

macrophages. These findings indicated that oxLDL-treated macrophages
preferentially use aerobic glycolysis over OXPHOS, contributing to a
pro-inflammatory phenotype. Importantly, overexpressing miR-369-3p re-
versed these effects (Figure 2A-D) and promoted OXPHOS (OCR) for en-
ergy production over glycolysis (ECAR), suggestive of an anti-inflammatory
phenotype. We also found that the oxLDL-mediated decrease in OXPHOS
subunits was restored by miR-369-3p overexpression (Figure 2E and F).
OxLDL is known to shift cellular energy balance to a glycolytic profile
through generation of ROS and stabilizing HIF-1a protein levels which in-
creases inflammatory cytokine secretion, specifically, IL-1.*** These meta-
bolic impairments have been recently shown to be associated with
dysregulation of cellular metabolites in human macrophages. Because
oXxLDL-loaded miR-369-3p overexpressing BMDMs restored mitochondrial
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Figure 2 miR-369-3p overexpression in BMDMs reduces oxLDL-mediated mitochondrial stress pro-inflammatory mediators. BMDMs were transfected
with NS-m control or miR-369-3p (369-m) mimic (30 nM) for 48 h, after which the cells were serum-starved overnight and oxLDL was loaded for 24 h.
(A-D) Seahorse analysis of cellular (A and B) OCR, basal respiration, maximum respiration, and spare respiratory capacity, (Cand D) ECAR, glycolysis, glycolytic
capacity, and glycolytic reserve. Data are normalized to total protein content and expressed as mean + SEM (N =4 biological replicates per group). (E and F)
Western blotting was performed on total cell lysates to determine the levels of OXPHOS complex (N = 3 biological replicates per group). Statistical analysis
was performed using one-way ANOVA followed by Holm-Sidék test for multiple comparisons. All data are mean + SEM. Statistical differences are indicated as
*P < 0.05; **%P < 0.01; ***P < 0.001; and ****P < 0.0001 vs. NS-m control.
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homeostasis (Figure 2A and B) and reduced IL-1f secretion (see Supplementary
material online, Figure STE), we speculated that miR-369-3p may play a critical
role in regulating oxLDL-mediated metabolic reprogramming by modulating
the levels of specific cellular metabolites. To characterize the metabolic repro-
gramming in macrophages, we performed metabolomics analyses in the
supernatants from oxLDL-treated BMDMs with or without miR-369-3p over-
expression and determined the extracellular metabolic profile under these
conditions. Consistent with the increase in pro-inflammatory cytokine
secretion, the levels of about 20 extracellular metabolites also changed sub-
stantially after oxLDL-loading in macrophages vs. BSA control (Figure 3A).
OxLDL-stimulated macrophages exhibited altered patterns of some key me-
tabolites (Figure 3B). Among the most profound alterations in metabolites was
the increase in succinate levels (Figure3B), which was found to be associated
with several metabolic pathways, including the citric acid (TCA) cycle
(Figure 3C). As an intermediate of the TCA cycle, succinate is released and ac-
cumulates under hypoxia and oxidative stress to promote glycolysis and the
Warburg effect.”"™ Overexpression of miR-369-3p in oxLDL-loaded
BMDMs showed a markedly different pattern of extracellular metabolites
compared to the NS control group in oxLDL-loaded BMDMs (Figure 3B),
including reduced extracellular release of succinate. These observations
were further validated by a colorimetric assay for measuring succinate
(Figure 3D). Next, to understand the functional relevance of increased
extracellular succinate, we isolated monocytes from C57BL6 mice and
treated them with either succinate alone or primed them with succinate
prior to oxLDL-treatment. As shown in Supplementary material online,
Figure S3A—C, oxLDL alone increased the activation of monocytes, indicated
by an increase in percentage of Ly6C" pro-inflammatory monocyte subset
and a decrease in the Ly6C" anti-inflammatory subset. While succinate alone
has no effect on the activation of monocytes, priming of monocytes with suc-
cinate prior to oxLDL-treatment enhanced the pro-inflammatory phenotype
in monocytes (see Supplementary material online, Figure S3B). In addition toan
increase in the Ly6C" subset, there was a significant increase in IL-1p secretion
in oxLDL-loaded monocytes as well as those primed with succinate prior to
oxLDL-treatment (see Supplementary material online, Figure S3D).

An increase in intracellular succinate levels have been previously shown to
promote IL-1B transcription via stabilization of HIF-1a after LPS stimula-
tion."** Elevated cytosolic succinate levels may promote protein post-transla-
tional modifications by addition of succinyl groups to a lysine residue of a
protein.48 Notably, we found that oxLDL-stimulated BMDMs also showed sig-
nificantly increased levels of intracellular succinate, which was coupled with an
increase in HIF-1a protein expression. Interestingly, these effects were attenu-
ated in miR-369-3p overexpressing (369-m) BMDMs (see Supplementary
material online, Figure S4A-C). Therefore, to examine if oxLDL-mediated suc-
cinate accumulation is directly involved in regulating HIF1o. expression in
BMDMs, we incubated BMDMs with DMM prior to oxLDL-treatment.
DMM is a SDH inhibitor that is known to reduce succinate accumulation.*’
While oxLDL-loading alone increased HIF-1a protein, pre-treating oxLDL-
stimulating BMDMs with DMM effectively reduced HIF-1a protein expression
(see Supplementary material online, Figure $4D and E), indicating that the re-
duction in HIF-1a expression in oxLDL-loaded BMDMs upon miR-369-3p
overexpression (see Supplementary material online, Figure S4B and C)
was likely due to decreased succinate accumulation by miR-369-3p.
Together, these results highlight that: (i) oxLDL-stimulated BMDMs exhibit
an increase in extracellular and intracellular succinate levels to drive inflam-
mation in macrophages; and (ii) miR-369-3p overexpression ameliorated
the oxLDL-mediated metabolic inflammation in macrophages.

3.5 Identification of GPR91 as a target of
miR-369-3p

To understand the molecular mechanisms by which miR-369-3p regulated
oxLDL-mediated metabolic inflammation, we sought to determine its targets.
We used TargetScan database to perform bioinformatic analysis to predict
miR-369-3p targets that have a putative seed region for miR-369-3p binding
in their 3'-UTRs (untranslated region). Our bioinformatic analysis predicted a
total of 303 putative targets that were common between mouse and human
species (see Supplementary material online, Figure S5A). Using GO

enrichment analyses, we identified target genes that were associated with in-
flammation (GO: 0050727). This led to identifying seven putative target genes
associated with regulation of inflammatory response (sucnr1, cebpb, metrnl,
adipoq, stap1, il22, and hgf) (see Supplementary material online, Figure S5A).
Our metabolomics data showed an increase in succinate levels in o
oXxLDL-loaded BMDMs (Figure 3B). Intriguingly, succinate is known to bind S
to its cognate receptor SUCNR1 (also known as GPR91) and activates its sig- 2
nalling to propagate inflhammation in macrophages under diabetes®® and o
diet-induced obesity.>" Thus, we hypothesized that SUCNR1 may play a &
role in driving the oxLDL-mediated metabolic inflammation and may underlie 5
the ability of miR-369-3p to confer anti-inflammatory effects via regulating 3
GPR91 expression. To further confirm this, we performed 3" UTR luciferase _%
reporter assays and found that miR-369-3p overexpression repressed the
wild-type GPR91 3" UTR compared to the NS control (see Supplementary g
material online, Figure S5B and C). In contrast, there was no change in 3' &
UTR reporter activity usinga GPR91 3" UTR harbouring a mutant seed region 3
in the presence of miR-369-3p (see Supplementary material online, Figure S5B £
and C), indicating GPR91 is a direct target of miR-369-3p.

Ol

3.6 miR-369-3p overexpression abrogated
the succinate-GPR91 signalling in
oxLDL-treated BMDMs

In response to inflammatory signals, succinate is released in the extracellular mi-
lieu and can bind to and activate its cognate receptor, GPR91 (SUCNR1)>>%3 &
which then acts in synergy with toll-like receptors to propagate inflammation.>* ;%'
GPR91 is a G-protein coupled receptor that acts as a cell surface sensor for 3
extracellular succinate and is known to play a critical role in mediating metabolic g
reprogramming in dendritic cells, endothelial cells, and macrophages. Analyses =:
of metabolites of the supernatants revealed that oxLDL elicited the release of ©
succinate along with several other inflammatory metabolites from macro- 9.
phages, while miR-369-3p overexpression abrogated this effect (Figure 3A, B, &
and D). In addition, oxLDL-treated macrophages showed increased GPR91 2
expression, suggesting that activation of the succinate-GPR91 signalling may g
contribute at least in part to the oxLDL-mediated inflammation (Figure 4A 2
and B). In contrast, miR-369-3p overexpression repressed the expression of &
GPR91 in oxLDL-loaded macrophages (Figure 4A and B).

GPR91 plays an important role in inflammasome activation in chronic
inflammatory diseases, such as diabetic kidney disease.”>* 8 Therefore, we <
next assessed the components of the inflammasome pathway (NLRP3, @
cleaved caspase 1 and cleaved IL-1PB) in oxLDL-treated macrophages. We &
observed a significant increase in these inflammasome mediators parallel to ?
the upregulation of GPR91, whereas overexpression of miR-369-3p amelio-;
rated GPR91-mediated inflammasome activation (Figure4A, C, F, and G) in £
oxLDL-treated macrophages. OxLDL-mediated ROS generation is a conse- ©
quence of mitochondrial dysfunction which subsequently results in inflamma- o§
some activation.***® GPR91 was shown to facilitate mitochondrial dysfunction 3
in cardiomyocytes by activating extracellular signal-regulated kinases (ERK) sig- @
nalling (P-ERK 1/2) and its downstream mediator Drp1 (p-Drp1) under the %
hypoxic state.>” In another study, p-DRP1 activation was shown to increase §
the ROS production and subsequently increase the NLRP3 inflammasome.®° £
To further investigate if overexpression of miR-369-3p in oxLDL-treated
BMDMs regulates the mitochondrial dynamics via the succinate-GPR91 signal-
ling pathway, we investigated p-ERK and p-Drp1 levels in oxLDL-treated S
macrophages. p-Drp1 is known to promote mitochondrial fission under meta- Q
bolic stress conditions.®"*> While p-ERK1/2 and p-DRP1 expression were up- ®
regulated in oxLDL-loaded BMDMs, miR-369-3p overexpression blocked this 2
induction (Figure 4A, D, and E). Taken together, these findings suggest that 3
miR-369-3p dampens oxLDL-mediated mitochondrial dysfunction and inflam- E
masome activation at least, in part, through the regulation of the [y

succinate-GPR91 pathway. N
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3.7 GPR91 is up-regulated in oxLDL-treated

macrophages in a ROS-dependent manner

The above findings suggested that GPR91 is up-regulated in response to
oXLDL, while miR-369-3p repressed its expression and altered macrophage
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Figure 3 Effect of miR-369-3p overexpression alters global extracellular metabolic profile in oxLDL-treated BMDMs. (A) Venn diagram displaying altered
metabolites between NS-m-oxLDL vs. NS-m-BSA and 369-m-oxLDL vs. NS-m-oxLDL (N = 3 biological replicates per group). (B) Bar plot showing 13 com-
mon altered metabolites between NS-m-oxLDL vs. NS-m-BSA and 369-m-oxLDL vs. NS-m-oxLDL. (C) Chordplot for metabolic pathways associated with
altered metabolites that are inversely regulated between (NS-m-oxLDL vs. NS-m-BSA) and (369-m-oxLDL vs. NS-m-oxLDL) using the KEGG database and
metaboanalyst tool (v5). P-values were generated by metaboanalyst tool based on the number of metabolites associated per pathway (D) Validation of extra-
cellular succinate levels by colorimetric assay in oxLDL-treated BMDMs with or without miR-369-3p overexpression. Statistical analysis was performed using
one-way ANOVA followed by Holm-Sidék test for multiple comparisons. All data are mean + SEM. Statistical differences are indicated as ¥*P < 0.01 and *¥#%p

< 0.0001 vs. NS-m control.

cellular energetics. However, it remains unclear how GPR91 is regulated un-
der oxLDL stimulation. OxLDL is known to induce persistent ROS produc-
tion which in turn, regulates the expression of several pro-inflammatory
genes.®>** Therefore, we investigated if oxLDL-mediated ROS generation

up-regulates GPR91 expression and activates downstream NLRP3 inflamma-
some expression in BMDMs. We first confirmed the increased levels of cel-
lular ROS in oxLDL-loaded BMDMs. In contrast, pre-treatment with NAC, a
ROS inhibitor, significantly reduced the oxLDL-mediated ROS generation
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Figure 4 miR-369-3p regulates GPR91-mediated inflammasome activation and mitochondrial dysfunction markers in oxLDL-loaded macrophages. (A-G)
BMDMs were transfected with NS-m control or miR-369-3p (369-m) mimic (30 nM) for 48 h, after which the cells were serum-starved overnight and
oXxLDL was loaded for 24 h. Whole cell lysate was prepared, and western blotting was performed. Representative blots (A) and quantification of western blots
for GPR91 (B), NLRP3 (C), phosphor-ERK1/2 (D), phospho-DRP1 (E), cleaved IL-1f (F), and cleaved caspase 1 (G) using Image) software (N =5 biological
replicates per group). Statistical analysis was performed using one-way ANOVA followed by Holm-Sidak test for multiple comparisons. All data are mean
+ SEM. Statistical differences are indicated as *P < 0.05; ¥*P < 0.01; ***P < 0.001; and ***¥*¥P < 0.0001 vs. NS-m control.

(see Supplementary material online, Figure S6A). Using the same experimental
conditions, we next assessed the protein expression of GPR91 and NLRP3
with and without NAC pre-treatment. Strikingly, NAC treatment markedly
reduced the oxLDL-mediated induction of GPR91 and NLRP3 expression
(see Supplementary material online, Figure S6B), suggesting that oxLDL-
mediated ROS generation up-regulates GPR91 expression.

3.8 Inhibition of miR-369-3p increases
GPR91 expression and contributes to
oxLDL-mediated inflammation in BMDMs

Because miR-369-3p overexpression conferred protective effects on
oxLDL-mediated mitochondrial infllammation and metabolic dysfunction,
we also explored the impact of miR-369-3p inhibition. BMDMs were treated
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with miR-369-3p inhibitor or NS inhibitor control, followed by oxLDL-loading.
As expected, miR-369-3p inhibition resulted in a profound increase in GPR91
expression in oxLDL-loaded BMDMs (see Supplementary material online,
Figure S7A and B). Examination of inflammasome mediators revealed that-3
miR-369-3p inhibition increased NLRP3 and cleaved IL-1B in oxLDL-loaded &
BMDMs (see Supplementary material online, Figure S7A, C, and D). g
Furthermore, miR-369-3p inhibition also increased the downstream activation N
of p-ERK1 (see Supplementary material online, Figure S7A and E) and p-DRP1 §
(see Supplementary material online, Figure S7A and F) that are involved in mito-
chondrial dysfunction. Correspondingly, OXPHQOS subunits, CIV and Cll were
also down-regulated upon miR-369-3p inhibition (see Supplementary material
online, Figure S7G and H). These findings further support our data that
miR-369-3p is critical in the maintenance of mitochondrial homeostasis and
regulation of metabolic inflammation.
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We next assessed if the functional changes in macrophage inflammation
after miR-369-3p inhibition are directly attributed to GPR91. Firstly, using
mouse macrophage RAW 264.7 cells, we overexpressed GPR91 followed
by treatment with BSA control or oxLDL for 24 h. Western blot analyses
confirmed the overexpression of GPR91 with or without oxLDL-loaded
Raw 264.7 cells, as shown in Supplementary material online, Figure S8A
and B. Further, it was observed that GPR91 overexpression increased
NLRP3 (see Supplementary material online, Figure S8A and C) and IL-18
release (see Supplementary material online, Figure S8D), suggesting
GPR91 acts upstream of activation of inflammasome pathway. To further
corroborate our findings, BMDMs were treated with control siRNA
NS control inhibitor, GPR91-specific siRNA, miR-369-3p inhibitor, or a
combination of GPR91 siRNA and miR-369-3p inhibitor, followed by
oxLDL-treatment for 24 h (Figure 5A-E). Our results showed that the
oxLDL-mediated increase in succinate paralleled an increase in GPR91,
NLRP3, and IL-1B (Figure 5A—E). Further, these changes were significantly
higher in the presence of miR-369-3p inhibitor. In response to
siRNA-mediated knockdown of GPR91, the oxLDL-mediated NLRP3 in-
duction was significantly reduced. Intriguingly, using the miR-369-3p inhibi-
tor in the presence of GPR91 siRNA showed a lower induction in NLRP3
expression and IL-1B secretion, indicating a direct role of miR-369-3p in
regulating GPR91 and in turn NLRP3-mediated inflammation in macro-
phages. Notably, inhibition of miR-369-3p increased the release of extra-
cellular succinate (Figure 5E). However, using GPR91 siRNA either in the
presence or absence of miR-369-3p inhibitor did not significantly alter
the levels of succinate in oxLDL-treated BMDMs (Figure 5E), suggesting
that the miR-369-3p regulation on succinate extracellular release may be
independent of GPR91 expression. Future studies will be of interest to
clarify the GPR91-mediated effects on succinate extracellular release.

3.9 miR-369-3p overexpression in vivo
inhibits GPR91 expression, inflammasome
activation, and diabetes-associated

atherosclerosis
Because overexpression of miR-369-3p in vitro dampened metabolic inflam-
mation, we sought to determine the therapeutic potential of miR-369-3p in
diabetes-associated atherosclerosis. Ldlr—/— mice were fed a HFSC for 8
weeks to develop plaques, following which miR-369-3p mimic (369-m) or
NS-m control were administered for 4 weeks (Figure6A). gPCR analysis on
FACS-sorted aortic macrophages showed ~7-fold increase in miR-369-3p
expression in the 369-m group compared to NS control (Figure 6B).
Furthermore, miR-369-3p administration reduced atherosclerotic lesion
size by 27% (Figure 6C and D) and ORO lipid content by 25% in the aortic
sinus when compared to NS control (Figure 6C and E). No significant changes
were observed inthe GTT, ITT, body weight, blood glucose, and the lipid pro-
file in both groups (see Supplementary material online, Figure S?A-H).
Using mRNA-Seq and miR-Seq analyses from the intimal layer of Ldlr—/—
mice, we observed a marked reduction in miR-369-3p expression (see
Supplementary material online, Figure S10A) and a parallel increase in
GPR91/sucnr1 expression (see Supplementary material online, Figure S10B)
with the atherosclerosis progression. Correlation analyses revealed an
inverse correlation (r=-81; P<0.05) between the expression of
miR-369-3p and GPR91 at baseline (chow-diet) and advanced stages (12
weeks HFSC diet) of diabetic atherosclerosis progression (see
Supplementary material online, Figure ST0A-C). To assess the cell-specific
expression of GPR91 in the atherosclerosis lesions, we performed immuno-
phenotyping of GPR91 on whole aortas derived from LdlIr—/— mice with
advanced lesions using flow cytometry. We observed GPR91 to be highly
expressed in aortic plaque macrophages and infiltrating monocytes, as mea-
sured by MFI (see Supplementary material online, Figure STOD). Intriguingly,
therapeutic delivery of miR-369-3p mimics (369-m) in HFSC-fed LDLR—/—
mice significantly reduced GPR91 expression compared to NS control in-
jected mice (see Supplementary material online, Figure S10E). Collectively,
these results highlight that (i) the progression of diabetes-associated athero-
sclerosis leads to a decrease in miR-369-3p and an increase in GPR91
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Figure 5 oxLDL-mediated inflammation is exacerbated by miR-369-3p
inhibition and is partially dependent on GPR91 in macrophages. BMDMs
were transfected with NS inhibitor/siRNA control (CT) or miR-369-3p
inhibitor (369-i), or GPR91 siRNA (GPR91 KD) or co-transfected with
both 369-i and GPR91 KD for 72 h, after which the cells were serum-
starved overnight and oxLDL was loaded for 24 h. Whole cell lysate
was prepared, and western blotting was performed. Representative blots
(A) and quantification of western blots for GPR91 (B) and NLRP3 (C) are
shown. ELISA was performed on cell supernatants to detect IL-1B (D).
Extracellular succinate levels were measured by colorimetric assay (E).
N =5 biological replicates per group for all experiments. Statistical ana-
lysis was performed using one-way ANOVA followed by Holm-Sidak
test for multiple comparisons. All data are mean + SEM. Statistical differ-
ences are indicated as *P < 0.05; **P < 0.01; ***P < 0.001; and **¥*pP <
0.0001 vs. NS-m control.

expression in lesions; and (ii) restoration of miR-369-3p expression in aortic
plaque macrophages markedly repressed GPR91 expression and lesion
formation.

RNA-Seq analyses of FACS-sorted aortic macrophages from NS-m and
369-m-injected mice revealed a marked downregulation of sucnri

$20Z Jaquieldasg Zo uo Jesn AlSIaAlun SUBWOAA BYMT AQ 929199/ /201 8BAD/IAD/S60 L 01 /I0P/[0IIB-80UBAPE/SSIOSEAOIPIED/ W0 dNo"0IWapeoe//:sdny WwoJl papeojumoq


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae102#supplementary-data

miR-369-3p inhibits succinate signalling and diabetes-associated atherosclerosis

13

A B w157
g ﬂc), % % %k
]
®EQ .
dir- £ o 10
NS/miR-369-3p $03 s=
ot i wem
o o mimic, biweekly o £
i 2 Q2 59 =
Weeks—=0 T
8 9 1011 12 € | @@
i 1 1
NS-m 369-m
D E
& 600000 * & 200000 *
E E
5 L ] & L]
® . | © 150000 |
© 400000 = o . =
(] e . 4] ‘.
5 % b § 1000001 o gze
® 200000 “°° PrE=t ® s
/] . ;
= : of 2 50000 . -..-
1] [ + : ]
g o :
| + 0 T T o (] T T
NS-m 369-m NS-m 369-m
F H
80 =
Il NS 0 ] NS
[ 369-m [] 369-m
- a0 - - 0=
= [=4
= -
3 S
20 - 20
10 ) 10* 10 10 a0t 0 1ot w® w®
GPR91 GPR91
G |
@ 150000 5 150000
et
c § ¥k % £ %
; g 100000 : g'g_ 100000
xE * x 2
&2 e S 3
&£ . =2,
= -g 50000 H : = E 50000
=3 ,E =t
= s S
o 0- 0-

-1 1
NS-m 369-m

NS-m 369-m

Figure 6 Invivo miR-369-3p overexpression halts diabetes-associated atherosclerosis progression (A) experimental outline: diabetes-associated atheroscler-
osis was established in Ldlr—/— mice by feeding a HFSC diet for 8 weeks after which mice were treated with NS-m control or miR-369-3p mimic (369-m) for 4
weeks on HFSC. (B) Cells were FACS-sorted directly into Trizol LS for lysis and total RNA was isolated to assess miR-369-3p expression using RT-qPCR
analyses (N = 5/group). (C—E) Representative images (C) and quantification of aortic sinus lesion size (D) and lipid content (E) using ORO staining (N =16

mice per group) are shown. Scale bar = 200 pm. (F—/) GPR91 expression was

quantified as MFl in circulating monocytes (F and G) and aortic arch macrophages

(H and I) using flow cytometry analyses (N = 8-9 mice per group). All data are mean + SEM. Statistical analysis was performed using unpaired Student’s t-test
and statistical differences were indicated as *P < 0.05; **P < 0.01; and ***P < 0.001 vs. NS-m control.

(GPR91) in the 369-m-injected mice compared to NS-m control mice
(see Supplementary material online, Figure S77A). Correspondingly,
flow cytometric analyses revealed a reduction of GPR91 in both
circulating monocytes (Figure 6E and F) and aortic macrophages in

369-m-injected-injected mice compared to the NS-m group (Figure 6G
and H). Furthermore, miR-369-3p restoration decreased CD68+ macro-
phage content (Figure 7A and B) and macrophage NLRP3 expression in aor-
tic lesions in the miR-369-m treated group as compared to the NS control
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Figure 7 Therapeutic delivery of miR-369-3p reduced the expression of NLRP3 inflammasome in plaque macrophages and is associated with accumulation of
alternatively active macrophages M2-like macrophages in the aortic plaques. (A) Shown are representative images and (B) quantification of CD68+ macrophages and
(C) NLRP3+CDé68+ macrophage staining in the aortic lesions of Ldlr—/— mice treated with miR-369-3p mimic (369-m) or NS-m control (N = 8 per group; scale bar =
50 pm). (D and E) Flow cytometric analyses of % M1 (B) and % M2 (C) subsets of CD11b + F4/80 + infiltrated macrophages (N = 8-9 mice per group). (F—H) Flow
cytometric analyses of pro-inflammatory M1 markers, CCR2 (F), CD86 (G) and anti-inflammatory M2 marker, Arg1 (H). All data are mean + SEM. Statistical analysis
was performed using unpaired Student’s t-test and statistical differences were indicated as *P < 0.05; **P < 0.01; and ***P < 0.001 vs. NS-m control.

group (Figure 7A and C). The circulating levels of IL-1B (see Supplementary Supplementary material online, Figure S712C) were reduced in the
material online, Figure S12A) and other inflammatory markers such as LIF miR-369-m treated group with non-significant trends for lower levels of
(see Supplementary material online, Figure S12D) and CCL3 (see TNF-o. (see Supplementary material online, Figure S712E), IL-6 (see
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Supplementary material online, Figure S12F), MCP-1 (see Supplementary
material online, Figure S12G), and CXCL1 (see Supplementary material
online, Figure S12H) as compared to NS control. In contrast, the
miR-369-3p mimic treated mice exhibited increased levels of the anti-
inflammatory cytokine IL-10 (see Supplementary material online,
Figure S12B). Collectively, these results indicate suppression of GPR91-
mediated inflammasome activation upon miR-369-3p mimic administration
in diabetes-associated atherosclerotic mice.

We next investigated the effect of restoring miR-369-3p on the compos-
ition of circulating leukocytes. While the percentage of total monocytes (see
Supplementary material online, Figure S13B) remained unchanged between
369-m and NS-m groups, there were significant differences in the compos-
ition of monocytes subsets between the two groups. miR-369-3p restor-
ation increased the percentage of Ly6C'® monocytes (considered to be
anti-inflammatory M2-like macrophages)®® while it reduced Ly6C™ mono-
cytes (considered to be pro-inflammatory M1-like macrophages)®® (see
Supplementary material online, Figure S13A, C and D). No significant changes
were observed in neutrophils (see Supplementary material online,
Figure S13E), B cells (see Supplementary material online, Figure S13F),
CD3+ T cells (see Supplementary material online, Figure $13G), and CD8
+ T cells (see Supplementary material online, Figure S13H), while a modest
non-significant increase in circulating CD4+ T cells (see Supplementary
material online, Figure S13[) was observed in the miR-369-treated group
compared to the NS control group. Flow cytometric analyses showed a ro-
bust decrease in inflammatory (M1-like) plaque macrophages (CD11b +
CD11c + CD206—) and an increase in pro-resolving M2-like macrophages
(CD11b+ CD11c—CD206 +) in mice treated with miR-369-3p mimic
compared to the NS controls (Figure 7D, E and Supplementary material
online, Figure S14). This was accompanied by a decrease in expression of
M1 markers, CCR2 (Figure 7F) and CD86 (Figure 7G) and an increase in
the expression of the M2 marker, arginase (Arg1) (Figure 7H). In line with
these findings, the Ingenuity Pathway Analyses (IPA) of differentially ex-
pressed genes in miR-369 treated mice identified pathways related to
phagosome formation (a known characteristic of pro-resolving, alternatively
activated M2 macrophages) as the most enriched BP in aortic macrophages
from the miR-369-3p mimic treated mice compared to NS control mice
(see Supplementary material online, Figure S11B).

3.10 miR-369-3p restoration increases the
accumulation of pro-resolving M2-like
macrophages in diabetes-associated

atherosclerotic lesions

Activated M2 macrophages are known to efficiently clear apoptotic cells, a
process known as efferocytosis and is essential for tissue repair and homeo-
stasis.®”® However, chronic inflammation states, such as in atherosclerosis,
exhibit reduced levels of M2-like macrophages and consequently defective
efferocytosis and formation of necrotic cores in lesions. In addition, M2
macrophages express high levels of Arginase 1 and have increased secretion
of collagen, which could promote tissue repair and plaque stability.*>”°
Because our IPA analyses and flow cytometric analyses indicated a favour-
able pro-resolving macrophage phenotype as well as enrichment of genes
associated with phagosome formation in the miR-369 treatment group,
we sought to investigate the extent of necrosis and markers of macrophage
efferocytosis in aortic lesions of both groups. Intriguingly, co-staining of
aortic lesions for TUNEL and the macrophage marker Mac-2 showed a
significant increase in macrophage-bound compared to free apoptotic cells
in aortic lesions of MiR-369-m compared to NS control treated mice (see
Supplementary material online, Figure S15A—-C), whereas free apoptotic
(TUNEL+) cells were reduced (see Supplementary material online,
Figure S15B). These findings indicate that administration of miR-369-3p mi-
mics increased macrophage efferocytosis in diabetes-associated atheroscler-
otic lesions, thereby contributing to the reduction of atherosclerosis plaque
burden. Consistent with these findings, plaque necrosis was also reduced in
aortic lesions from miR-369-treated mice compared to NS injected mice
(see Supplementary material online, Figure S15D and E). Taken together,

these findings reveal a critical in vivo role of miR-369-3p in suppressing
GPR91-mediated inflammasome activation and promoting a pro-resolving
macrophage phenotype that contributes to the amelioration of
diabetes-associated atherosclerosis progression.

3.11 GPR91 is up-regulated in PBMCs from
patients with diabetes and CAD and is
involved in regulating monocyte

inflammation

Our findings reveal that GPR91 is a direct target of miR-369-3p. GPR91 is =
implicated in regulating inflammation,®® however, it is unknown if GPR91 ]
expression is altered in patients with diabetes and CAD. To extend the 5
clinical significance of our findings, we isolated PBMCs from patients g
with CAD (with and without diabetes) and assessed GPR91 transcript ex- @
pression. Consistent with our preclinical studies, GPR91 expression in- _a
creased in patients with diabetes and CAD (Figure 8A). Next, to explore 2 =
the effects of oxLDL on miR-369-3p and GPR91 in human monocytes, g
we isolated primary monocytes from PBMCs from healthy subjects. We 3
found that oxLDL-loading in human monocytes markedly reduced § g
miR-369-3p expression, which occurred in parallel to an increase in D—
sucnr1/GPR91 and IL-1B expression (Figure 8B—E), consistent with the in <
vivo observations. Finally, to identify the therapeutic benefits of targeting & 3

GPR91, we treated primary monocytes from human subjects with or with- 3

out diabetes with a human-specific GPR91 antagonist (NF-56-EJ40) in the g
presence of oxLDL-treatment. OxLDL-loading significantly increased the 5
IL-1B secretion in healthy and diabetic monocytes compared to control. §

In contrast, blocking of GPR91 signalling significantly reduced IL-18 in the m
presence of the GPR91 antagonist (Figure 8E and F), suggesting a thera- &
peutic role of blocking GPR91 signalling in regulating inflammation in hu-

man monocytes.
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4. Discussion

Despite optimal glycaemic control and successful lipid lowering strategies, in-
dividuals with diabetes exhibit accelerated development of atherosclerotic &
plaques. Diabetes skews monocyte/macrophage metabolism and an inflam- 5
matory phenotype that promotes plaque burden. Identifying a key regulator N
capable of dampening metabolic inflammation is an important, yet unmet ?2
therapeutic need. We discovered a novel role of miR-369-3p in regulating &
metabolic inflammation in macrophages through a succinate-GPR91 inflam- ©
matory signalling pathway. Our study found reduced miR-369-3p expression ”I:_I
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in inflammatory macrophages in mice, and in PBMCs from patients with dia- z
betes and CAD. Given the macrophage-enriched expression of miR-369-3p, ®
the downregulation of miR-369-3p in human PBMC:s s likely attributed to the O§
large percentage of monocyte/macrophage population in PBMCs. In an 3
idiopathic pulmonary fibrosis model, LPS-mediated lung inflammation @
down-regulated miR-369-3p expression.”’ In addition, a recent report =
highlighted the downregulation of serum levels of miR-369-3p in &
COVID-19 infected patients.”* In dendritic cells, LPS-induced inflamma- 28
tion also down-regulated miR-369-3p expression.““‘73 Pro-inflammatory =
markers IL-6, IL-1B, and tumour necrosis factor (TNF)-a, and cell death &
were also suppressed in miR-369-3p overexpressing cardiomyocytes.”* §
In another report, miR-369-3p was shown to ameliorate intestinal inflamma- o
tory responses by dampening BRCC3 expression in macrophages.®® ,
Consistent with this specific role for miR-369-3p in regulating inflammation, G
our study provides in vitro, in vivo and translational evidence that: (i)
miR-369-3p ameliorates oxLDL-mediated mitochondrial stress and inflam-
masome activation by regulating succinate-GPR91 signalling; (i) therapeutic
delivery of miR-369-3p halts the progression of diabetes-associated athero-
sclerosis in mice by suppressing the plaque macrophage inflammatory signals,
in part by regulating GPR91 signalling; and iii) blockade of GPR91 signalling
suppressed inflammasome activation as observed by significant reduction
in IL-1p release in primary monocytes from human subjects with diabetes.
Mitochondrial dysfunction and metabolic inflammation are classic
features of diabetes. Of note, oxLDL-mediated inflammation disrupts
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Figure 8 GPR91 is up-regulated in PBMCs from patients with diabetes and CAD and by oxLDL in primary human monocytes. (A) RT-gPCR analysis of
SUCNR1/GPR91 expression in human PBMCs (healthy controls, DM, CAD, or DM + CAD (n = 11-15/group). (B and C) Primary human monocytes were
serum-starved overnight and oxLDL was loaded for 24 h. RNA was isolated, and RT-qPCR was performed to determine miRNA-369-3p (B) and GPR91
(C) expression. (D) ELISA was performed on cell supernatants to detect IL-1f secretion. (E and F) Primary monocytes from human subjects without
(E) or with diabetes (F) were either untreated or pre-treated with human-specific GPR91 inhibitor, NF-56-EJ40 for 1 h, followed by oxLDL-loading for
24 h and ELISA was performed on cell supernatants to detect IL-1p (N =5 biological replicates per group). Statistical analysis was performed using unpaired
Student’s t-test (B-D) or using one-way ANOVA followed by Holm-Sidak test for multiple comparisons (A and E). All data are mean + SEM. Statistical differ-
ences are indicated as *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 vs. NS-m control.

the TCA cycle and increases the glycolysis pathway over OXPHOS Importantly, the increase in markers of mitochondrial dysfunction
for energy production.”> Our discovery shows a novel role for (p-DRP1, p-ERK1/2) in BMDMs with miR-369-3p inhibition highlighted
miR-369-3p in positively regulating mitochondrial homeostasis by redu- the impact of miR-369-3p deficiency on macrophage mitochondrial
cing glycolysis and restoring OXPHOS in oxLDL-loaded BMDMs. stress.
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Disruption of the TCA cycle alters metabolite levels, especially succinate,
fumarate, and malate, propagating metabolic inflammation.""™* A distinct
role of increased accumulation and release of succinate has been highlighted
in metabolic diseases such as diabetic retinopathy, diabetic kidney disease,
rheumatoid arthritis, and other chronic inflammatory diseases.'+?%>>>8
Under physiological conditions, succinate is oxidized to fumarate by the en-
zyme SDH in the TCA cycle to generate electrons for ATP production. In
addition, the electrons generated during the conversion of succinate to fu-
marate in the TCA cycle can enter the electron transport chain to drive
OXPHOS. However, metabolic conditions, such as diabetes can cause
SDH deficiency and therefore the excess accumulation of succinate.”®
Intracellular succinate has three potential fates that are not mutually exclu-
sive; (i) it can efflux from the cell and act as an extracellular metabolic signal-
ling mediator by ligating to its receptor GPR91, thereby, promoting
inflammation and inflammasome activation'*’”; (ii) it can re-enter mitochon-
dria as a respiratory substrate to drive ROS production; and/or (jii) it can en-
ter the cytosol and causes HIF-1a stabilization by inhibiting the activity of
prolyl hydroxylase domain enzymes. Notably, circulating levels of succinate
are known to be elevated in patients with CAD and diabetes.>"’®
Succinate acts as an extracellular signalling mediator through its receptor
GPR91, promoting inflammation and inflammasome activation.>® As such,
succinate is considered as an ‘alarmin’ released by macrophages in the inflam-
matory state. However, factors governing the succinate-GPR91 axis re-
mained poorly understood. Using biocinformatics analyses, we discovered
GPR91 as a novel and direct target of miR-369-3p and validated this inter-
action via 3' UTR reporter assays. Most importantly, miR-369-3p overex-
pression significantly reduced intracellular and extracellular succinate
levels, GPR91 expression, and the inflammasome activation. To identify if
the decrease in inflammation and inflammasome activation by miR-369-3p
is attributed directly to GPR91, we used three approaches: (i) using
miR-369-3p inhibitor in oxLDL-loaded BMDMs; (ii) overexpressing GPR91
in oxLDL-loaded RAW 264.7 macrophages; and (jii) silencing GPR91 in
oxLDL-loaded BMDMs. The miR-369-3p inhibitor as well as the overexpres-
sion of GPR91 increased GPR91 expression, NLRP3 inflammasome activa-
tion, and IL-1B secretion, whereas silencing of GPR91 profoundly reduced
NLRP3 inflammasome activation and IL-1f secretion, suggesting that these
effects were dependent on GPR91. Further, the silencing of GPR91 had
no significant impact on the extracellular succinate release, indicating that
the regulation of succinate release may be independent of GPR91 expres-
sion. As miR-369-3p overexpression significantly decreased extracellular
succinate levels in oxLDL-loaded BMDMs, we conclude that this effect might
be an indirect effect of miR-369-3p by maintaining the overall mitochondrial
homeostasis, and therefore, the levels of TCA metabolites. Future studies
will be of interest to provide deeper insights into the role of miR-369-3p
in regulating both intracellular and extracellular succinate.

In contrast to our data, another report indicated that succinate treatment
in vitro promoted M2-like polarization of macrophages.”” In this study,
myeloid-specific deletion of SUCNR1 (GPR91) was shown to promote a
pro-inflammatory phenotype of macrophages. These discrepancies highlight
that succinate signalling via GPR91 guides divergent responses in immune
cells, which are tissue and context dependent. Activation of Gi-sub-unit
may favour the pro-inflammatory phenotype while activation of the Gq sub-
unit can promote an anti-inflammatory phenotype as previously discussed.”
Nevertheless, our findings are consistent with reports from diabetic patients
and mice,>"® indicating a pro-inflammatory role for succinate-GPR91 signal-
ling in macrophage inflammation. In support of the pro-inflammatory effects
of succinate, we observed that priming of mouse primary monocytes with
succinate prior to oxLDL-treatment exacerbated the pro-inflammatory
phenotype of monocytes. This suggests that succinate can induce a
pro-inflammatory phenotype under atherogenic stimuli. Succinate accumula-
tion is known to stabilize HIF-1a expression and promote inflammatory gene
expression."* We observed a similar phenomenon where oxLDL-mediated
accumulation of succinate increased HIF-1a expression, while miR-369-3p
overexpression reduced HIF-1a expression. Since HIF-1a is not a direct tar-
get of miR-369-3p, we hypothesize that the repression of HIF-1a. is an indir-
ect effect of miR-369-3p via regulating overall cellular energetics and likely by
modulating succinate levels.

Consistent with previous reports, results from our study demonstrate
that oxLDL increases mitochondrial damage, associated with altered cellu-
lar metabolites, likely due to increased ROS production. Because
miR-369-3p served an important role in mediating mitochondrial stress
via repressing GPR91 and p-DRP1, we speculated if the increased ROS o
production by oxLDL leads to increased GPR91 expression in macrophage 2
foam cells. Consistent with this hypothesis, ROS inhibition using NAC in =
oxLDL-treated foam cells reduced the GPR91 expression and its down-
stream inflammasome activation marker NLRP3.

Because miR-369-3p was markedly reduced in response t
pro-inflammatory stimuli in macrophages in vitro, and from intimal lesion:
of atherosclerotic mice, in vivo, we raised the possibility of miR-369-3p ‘re-
placement therapy’, as our findings demonstrated a protective role in normal- ¢
izing metabolic inflammation in vitro. Indeed, miR-369-3p overexpression in &
Ldlr—/— HFSC mice halted atherosclerotic progression and decreased serum !:%’
pro-inflammatory cytokines. Moreover, therapeutic administration of 3
miR-369-3p mimic not only reduced GPR91, NLRP3, and inflammatory &
macrophage markers in the plaque, but also enhanced the functionality of 5
macrophages, specifically by enriching M2-like pro-resolving macrophages 8
in lesions of diabetic atherogenic mice. Additionally, restoration of %
miR-369-3p in aortic macrophages increased their ability to clear apoptotic £
cells and impart plaque stability as evident by increased efferocytosis and re- °
duced plaque necrosis. As such, miR-369-3p is a pleiotropic regulator of £
metabolic and inflammatory processes in atherosclerotic plaques and conse-
quently promotes diabetic atherosclerosis regression. These findings are not-
able in that there were no changes in the glucose or insulin tolerance in mice
administered miR-369-3p mimic, which suggested a specific and prominent
role of miR-369-3p in regulating metabolic inflammation.

A few limitations of the study include the recognition that though
miR-369-3p is enriched in macrophages, it is also expressed in other immune @
cells and non-immune cells as we have shown in our cell-type profiling. This &
study was focused on the role of miR-369-3p in macrophages; however, we g
hypothesize that the anti-inflammatory or pro-resolving effect of miR-369-3p =
overexpression in vivo may also be conferred by other regulatory immune &
cells, which may further indirectly influence macrophage function and metab- &
olism. The precise mechanisms governing the ability of miR-369-3p in regu-
lating oxLDL-induced intracellular and extracellular succinate levels and the
relative contribution of GPR91 in vivo is an intriguing avenue for further inves-
tigation. Future studies will be needed to elucidate the direct or indirect inter-
actions between miR-369-3p expression and activity of enzymes involved in
succinate metabolism in response to miR-369-3p modulation. The contribu-
tion of immunometabolites other than succinate is also not a focus of this g
study, but future investigation will be required to address this possibili‘cy.”lfl_I
GPR91 is well-studied in macrophages; however, it is also expressed in other z
cell-types. Given miR-369-3p expression in cell-types other than macro- ®
phages, it will be of interest to explore the potential contributing role of o§
miR-369-3p-mediated regulation of the succinate-GPR91 axis elsewhere in 3
future studies. In addition, future studies using GPR91 knockout mice will fur-
ther help to strengthen our current findings on the impact of miR-369-3p &
regulation on GPR91 signalling in diabetes-associated atherosclerosis. We &
also acknowledge the fact that there could be potential downstream targets 2.
of miR-369-3p beyond GPR91 that are attributable towards the therapeutic =
benefits of miR-369-3p in vivo. Lastly, the current study only used male Ldir—/— &
mice based on prior findings of aggravated atherogenesis in male Ldlr—/— mice é
on a high-fat sucrose-containing diet.®” However, future studies will be of inter- S
est to understand if there may be sex-specific roles for miR-369-3p and the ¢,
succinate-GPR91 signalling pathway.

In summary, this study highlights a multifaceted role of miR-369-3p in
regulating inflhammation, mitochonderial stress, and inflammasome activa-
tion in lipid-laden foam cells, at least in part, by targeting the metabolite
succinate and its cognate receptor GPR91 in diabetes-associated athero-
sclerosis. Expression of the monocyte/macrophage-enriched miR-369-3p
is markedly reduced in macrophages and in PBMCs-derived from human
subjects with diabetes and diabetes-associated CAD and was coupled
with the increase of SUCR1/GPR91 expression in those samples.
Therapeutic delivery of miR-369-3p in an advanced diabetic atheroscler-
osis in vivo model showed marked reduction in plaque progression and
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reduced inflammation in plaque macrophages. The data presented in this
study highlights a promising therapeutic potential of miR-369-3p to reduce

or resolve metabolic inflammation in a range of diabetes-associated vascu-
lar disease states.

Translational perspective

atherosclerosis.

Patients with diabetes are at a higher risk of complications from accelerated atherosclerosis such as heart attack, stroke, and peripheral artery disease.
Diabetes is known to promote both systemic and atherosclerotic plague inflammation, leading to dysregulated macrophage metabolism and a skewing
towards a pro-inflammatory macrophage phenotype. However, the role of microRNAs in this process are still poorly understood. This study identified
a novel role for the macrophage-enriched miR-369-3p in regulating macrophage immunometabolism in diabetes-accelerated atherosclerosis by sup-
pressing a succinate-GPR91-inflammasome signalling pathway. Restoration of miR-369-3p may serve as a promising approach to diabetes-associated
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