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Atherosclerosis is a chronic progressive inflammatory disease where advanced lesions 
can eventually completely obstruct blood flow resulting in clinical events, such as a 
myocardial infarction or stroke. Monocytes and macrophages are the dominant biologically 
active immune cells involved in atherosclerosis disease and play a pivotal role during 
initiation, progression, and regression of disease. Altering macrophage inflammation is 
critical to induce regression of atherosclerosis and microRNAs (miRs) have emerged as 
key regulators of the macrophage phenotype. MiRs are small noncoding RNAs that 
regulate gene expression. They are dysregulated during atherosclerosis development and 
are key regulators of macrophage function and polarization. MiRs are short nucleotide 
transcripts that are very stable in circulation and thus have potential as therapeutics and/
or biomarkers in the context of atherosclerosis. Of relevance to this review is that inhibition 
of macrophage-specific miR-155 may be a viable therapeutic strategy to decrease 
inflammation associated with atherosclerosis. However, further studies on these miRs 
and advancements in miR therapeutic delivery are required for these therapeutics to 
advance to the clinical setting. Conjugated linoleic acid (CLA), a pro-resolving lipid mediator, 
is an agonist of the peroxisome proliferator-activated receptor (PPAR)-γ. The biological 
activities of CLA have been documented to have anti-atherogenic effects in experimental 
models of atherosclerosis, inducing regression and impacting on monocyte and 
macrophage cells. Our work and that of others on PPAR-γ agonists and polyunsaturated 
fatty acids have shown that these mediators regulate candidate miRNAs and promote 
pro-resolving atherosclerotic plaque microenvironments.
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ATHEROSCLEROSIS

Atherosclerosis is a chronic progressive disease that is characterized by accumulation and 
deposition of lipids and fibrous elements, coupled with an inflammatory response resulting in 
the development of lesions. Lesions develop in the tunica intima of large- and medium-sized 
arteries (Ross, 1993), following endothelial cell (EC) damage due to hyperlipidemia, hyperglycemia, 
hypertension, and inflammation (Knowles et  al., 2000). The earliest clinical hallmark of a 
developing atherosclerotic lesion is the accumulation of lipid-laden macrophages termed foam 
cells which aggregate to form the “fatty streak” (Gerhard and Duell, 1999).
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ATHEROSCLEROSIS AND 
INFLAMMATION

Inflammation plays a pivotal role in atherosclerosis disease 
progression. Modified lipids such as oxidized low-density 
lipoprotein (oxLDL) cholesterol stimulate ECs to secrete 
pro-inflammatory mediators including cytokines and adhesion 
molecules which facilitate monocyte adhesion and subsequent 
migration, resulting in macrophage differentiation and expansion.

Monocytes originate from innate precursor myeloid cells 
in the bone marrow (Thomas et  al., 2017). They account 
for ~10% of all leukocytes and circulate in the blood for 
1–3  days (Ziegler-Heitbrock et  al., 1993; Ley et  al., 2011). 
Monocytes repopulate macrophage populations, control 
homeostasis, and participate in inflammatory responses switching 
on both innate and adaptive immune responses (Gerhard and 
Duell, 1999; Swirski et al., 2007). Monocytes are a heterogeneous 
cell population and different subsets are associated with changes 
in inflammation status (Ley et  al., 2011). Murine monocytes 
are identified by surface expression of CD115, CD11b, F4/80, 
and chemokine receptors CCR2 and CX3CR1 (Patel and Zhang, 
2017), which identify two distinct monocyte populations in 
mice, inflammatory and patrolling. The three main monocyte 
(Mo) subsets in humans are described as Mo1 classical, Mo2 
intermediate and Mo3 nonclassical or patrolling monocytes.

Classical or pro-inflammatory Mo1 monocytes represent 
80–90% of the monocyte population and are typically described 
as CD14++ CD16− in humans (Ley et  al., 2011) or Ly6C+ in 
mice (Swirski et  al., 2007). Upon stimulation, they secrete 
high levels of interleukin (IL)-10 (Swirski et  al., 2007), and 
activation with toll-like receptor 4 agonists results in the 
secretion of tumor necrosis factor (TNF)-α, IL-6, and IL-1β 
(Ley et al., 2011; Italiani and Boraschi, 2014), whereas stimulation 
with a toll-like receptor 3 agonist results in interferon (IFN)-α 
secretion. They extravasate into the blood in a CCR2-MCP-
1-dependent manner where they mediate inflammatory responses 
(Boyette et  al., 2017). Mo2 intermediate monocytes are only 
found in humans characterized by CD14++ CD16+ and are 
most similar to human classical and murine Ly6C+ monocytes 
(Ley et  al., 2011; Boyette et  al., 2017; Patel and Zhang, 2017). 
They secrete high levels of TNF-α and low levels of anti-
inflammatory IL-10 (Italiani and Boraschi, 2014) and are 
increased in patients with arterial disease compared to healthy 
controls (Tsujioka et  al., 2009). It has been shown that days 
following myocardial infarction, there is an increase in the 
classical Mo1 monocyte population, whereas days later, 

intermediate Mo2 monocytes prevail (Tsujioka et  al., 2009). 
Nonclassical Mo3 monocytes are identified by CD14−/+/lo CD16++ 
in humans (Ley et al., 2011) or Ly6C− in mice and are patrolling 
or resident monocytes (Ziegler-Heitbrock et  al., 1993; Patel 
and Zhang, 2017). Upon stimulation, they secrete lower levels 
of TNF-α, IL-6, and IL-1β, and higher levels of IL-10 compared 
to other subsets (Ley et  al., 2011) and they expand under 
conditions of stress (Patel and Zhang, 2017). Mo3 monocytes 
migrate to sites of damaged vasculature to promote wound 
healing (Figure 1).

Macrophage contribution to plaque development was identified 
when the macrophage-colony stimulating factor (M-CSF)-
deficient osteopetrotic apolipoprotein E knockout (ApoE−/−) 
mouse was shown to have an 86% decrease in lesion volume 
(Moore and Tabas, 2011). M-CSF drives the differentiation of 
monocytes into unpolarized M0 macrophages in vitro (Mosser 
and Edwards, 2008). M1 “classical” macrophages are 
pro-inflammatory, secreting the pro-inflammatory cytokines 
IL-1β, IL-6, IL-12, and TNF-α and are also characterized by 
increased expression of inducible nitric oxide synthase (iNOS), 
cyclooxygenase-2, and the generation of reactive oxygen species 
(Butcher and Galkina, 2011). The effects of macrophage-derived 
pro-inflammatory cytokines on vascular cells is well documented, 
where they contribute to EC dysfunction, reducing EC secretion 
of endothelial nitric oxide synthase and driving oxidative stress. 
M1 macrophages have been implicated in the formation of 
the necrotic core, plaque destabilization, and thrombus formation 
due to their ability to phagocytose oxLDL and secrete matrix 
metalloproteinase (MMP)-1, MMP-3, and MMP-9 (Boyle et al., 
2011). M2 “alternative” macrophages were first derived from 
monocytes using M-CSF and IL-4 (Gordon and Martinez, 2010) 
and are characterized by expression of CD206. More recently, 
M2 subsets such as M2a, M2b, and M2c macrophages have 
been identified, where M2a macrophages are derived from IL-4 
and IL-13, M2b macrophages from IL-1β or lipopolysaccharide 
(LPS), and M2c macrophages from IL-10, transforming growth 
factor β or glucocorticoids (Wolfs et al., 2011). In atherosclerotic 
plaques, M2 macrophages promote wound healing, matrix 
remodeling, efferocytosis, and fibroblast recruitment (Butcher 
and Galkina, 2011; Huang et  al., 2012) and are localized far 
from the lipid core, in contrast to M1 macrophages. M2 
macrophages are unable to efficiently phagocytose oxLDL but 
are professional efferocytes with the ability to promote secretion 
of MMP-11 and MMP-12 (Boyle et  al., 2011; Huang et  al., 
2012). This suggests that M2 macrophages mediate pro-resolving 
roles in the clearance of apoptotic cells in early atherosclerosis 
but may play a role in plaque destabilization in later stages 
of disease.

CONJUGATED LINOLEIC ACID AND 
ATHEROSCLEROSIS

Conjugated linoleic acid (CLA) is a generic term denoting a 
group of naturally occurring isomers of linoleic acid (18:2, n6), 
that differ in the position or geometry [i.e., cis (c) or trans (t)] 

Abbreviations: ApoE−/−, Apolipoprotein E knockout; BMDM, Bone marrow-derived 
macrophage; c, cis; CLA, Conjugated linoleic acid; EC, Endothelial cell; IFN, 
Interferon; IL, Interleukin; iNOS, Inducible nitric oxide synthase; LDLR, LDL 
receptor; LPS, Lipopolysaccharide; MCP-1, Monocyte chemoattractant protein-1; 
M-CSF, Macrophage-colony stimulating factor; miR, microRNA; MMP, Matrix 
metalloproteinase; Mo, Monocyte subset; mRNA, Messenger RNA; oxLDL, Oxidized 
low-density lipoprotein; PBMC, Peripheral blood mononuclear cell; pHLIP, 
pH-induced transmembrane structure; PPAR, Peroxisome proliferator-activated 
receptor; STAT, Singal transducer and activator of transcription; t, trans; TNF, Tumor 
necrosis factor; WT, Wild type.
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of their double bonds (Eder and Ringseis, 2010). There are 
28 CLA isomers with c9,t11-CLA, which accounts for ~80% 
of CLA intake in the diet and t10,c12-CLA is the most abundant. 
The biological activities of CLA have been documented to 
have anti-atherogenic effects in an experimental model of 
atherosclerosis when administered in an 80:20 blend of its 
two most abundant isomers c9,t11-CLA and t10,c12-CLA, 
respectively (Toomey et  al., 2006).

Our previous work, coincident with that of others, has 
shown that the CLA 80:20 blend induces resolution of 
pre-established atherosclerosis in ApoE−/− mice. In comparison 
with controls, CLA-fed mice also had decreased aortic 
macrophage accumulation, decreased CD36 expression (Toomey 
et  al., 2006), increased aortic peroxisome proliferator-activated 
receptor (PPAR)-α and PPAR-γ expression, and negative 
regulation of pro-inflammatory gene expression, suggesting that 

CLA exerts its pro-resolving effects in part via activation of 
PPARs (McClelland et  al., 2010; McCarthy et  al., 2013a,b). In 
more recent studies, it was shown that CLA isomers in an 
80:20 blend induce M2 macrophages (de Gaetano et al., 2015).

Furthermore, in the ApoE−/− model of atherosclerosis, CLA 
promotes a pro-resolving microenvironment, and we  have 
identified that the monocyte/macrophage is the cellular target 
through which CLA mediates its effect (Toomey et  al., 2006). 
CLA also inhibits monocyte adhesion to ECs, monocyte migration 
to monocyte chemoattractant protein-1 (MCP-1), and decreases 
MCP-1 production in part via a PPAR-γ-dependent mechanism 
(McClelland et al., 2010). This implies CLA is a potent inhibitor 
of monocyte function and may play a role in regulating the 
migratory monocytes in atherosclerosis.

Monocyte differentiation into macrophage subsets is critical 
for either promoting development or inducing resolution of 

FIGURE 1 | Monocytes in atherosclerosis. The three main monocyte subtypes are Mo1, Mo2, and Mo3. Mo1 are classical monocytes defined as inflammatory, 
phagocytic, CD14++ CD16− in humans and Ly6Chi in mice. They infiltrate lesions through CCR2 and differentiate into macrophages that can readily transform into 
foam cells. They secrete IL-10 and high levels of TNF-α upon stimulation with a toll-like receptor 4 agonist. Mo2 monocytes are termed intermediate monocytes and 
only found in humans defined by CD14++ CD16+. They are most similar to murine Ly6Chi inflammatory monocytes. They can convert into Mo3 nonclassical anti-
inflammatory monocytes differentiating into dendritic cells or pro-inflammatory macrophages most likely contributing to disease progression. Mo3 patrolling 
monocytes are identified as CD14− CD16++ in humans and Ly6Clo in mice. They secrete high levels of IL-10 and IL-6 with roles in wound healing and angiogenesis. 
They infiltrate plaques through CCR5. In atherosclerosis, high levels of pro-atherogenic lipids promote proliferation of Mo1 monocytes, inhibiting their apoptosis, and 
block the conversion of Mo2 intermediate monocytes into Mo3 nonclassical monocytes. Pro-resolving lipid mediators such as CLA can inhibit monocyte adhesion to 
ECs and promote M2 macrophage differentiation (adapted from Ley et al., 2011).
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atherosclerosis. The M1 macrophage content of atherosclerotic 
plaques is associated with the clinical incidence of ischemic 
stroke and increased inflammation (Brown et  al., 2002) and it 
has been shown that there is an M2 to M1 switch during 
plaque progression suggesting that interventional tools, able to 
revert the macrophage infiltrate toward the M2 phenotype, may 
exert an athero-protective action. CLA in an 80:20 blend of 
c9,t11:t10,c12-CLA impacts on macrophage polarization by 
reducing CD68 expression of M1 macrophages and increasing 
CD163 and CD206 expression associated with M2 macrophages, 
in human peripheral blood mononuclear cell (PBMC)-derived 
macrophages (de Gaetano et  al., 2015). These findings have 
been confirmed in vivo where CLA supplementation in ApoE−/− 
mice induced the anti-inflammatory M2 phenotype via increasing 
IL-10 production in atherosclerosis regression (McCarthy et  al., 
2013a,b). This suggests that CLA primes the monocyte/macrophage 
toward a pro-resolving M2 phenotype to exert athero-protective 
effects. Further understanding of the pathways through which 
CLA mediates its effect on monocytes and macrophages is critical 
in identifying regulators that drive atherosclerotic regression 
including microRNAs (miRs) which govern macrophage 
phenotype. The effects of CLA on miRs have been previously 
documented in adipose tissue (Parra et al., 2010; Qi et al., 2015), 
intestinal epithelial cells (Daimiel-Ruiz et  al., 2015), and ovarian 
cancer cells (Shahzad et  al., 2018).

miR FUNCTION

miRs are short noncoding RNAs, approximately 20 nucleotides 
in length. In a Caenorhabditis elegans model, it was demonstrated 
that lin-4 transcripts, approximately 22 and 61 nucleotides in 
length, did not encode for a protein but regulated the messenger 
RNA (mRNA) of lin-14 by inhibiting protein translation (Lee 
et  al., 1993). miRs regulate gene expression through inhibition 
of translation (Bartel, 2004). Through binding with an 
RNA-induced silencing complex, the nucleotide sequence of 
the miR allows targeted base pairing with the 3′ untranslated 
regions of complementary mRNA (Hammond et  al., 2000; 
Martinez et al., 2002). MiR sequence-specific silencing of mRNA 
can occur via two mechanisms: enzymatic cleavage of the 
transcript occurs if there is sufficient complementarity of the 
miR-mRNA sequences, or via translational repression if there 
is a lack of complementarity yet still some complementary 
miR sites present on the mRNA (Zeng et  al., 2002, 2003). A 
single miR can target multiple transcripts and a single gene 
can be  under the control of multiple miRs.

ANTI-INFLAMMATORY DIETARY 
COMPOUNDS AND miRs

Although the effects of CLA on miRs in the context of 
atherosclerosis remain to be  elucidated, in the context of 
myocardial infarction, treatment of mice with CLA in conjunction 
with nitrite improved heart function and induced miR-499 
(Qipshidze-Kelm et al., 2013). Other anti-inflammatory dietary 

compounds function in part by downregulation of miR-155, 
a key regulator of inflammation, these include resveratrol (Tili 
et  al., 2010), curcumin (Ma et  al., 2017), apigenin (Arango 
et  al., 2015), and quercetin (Boesch-Saadatmandi et  al., 2011). 
The polyunsaturated fatty acids, docosahexaenoic acid and 
arachidonic acid, significantly decrease miR-155  in murine 
macrophages stimulated with LPS (Roessler et  al., 2017). In 
addition, PPAR-γ agonists, rosiglitazone and telmisartan, decrease 
miR-155  in pre-adipocytes and in adipose tissue (Li et  al., 
2015; Peshdary and Atlas, 2018). Interestingly, CLA, a PPAR-γ 
agonist, increases aortic IL-10 secretion and increases 
phosphorylated signal transducer and activator of transcription 
(STAT)-3 signaling in the resolution of atherosclerosis (McCarthy 
et  al., 2013a,b). It has been documented that IL-10 inhibits 
the BIC gene which encodes for miR-155 via a STAT-3-dependent 
mechanism (McCoy et  al., 2010). miR-155 is one of several 
miRs that regulates inflammation and may be  of clinical 
significance for novel therapeutics or prognostic indices of 
atherosclerotic disease progression and regression.

miRs IN ATHEROSCLEROSIS

Multiple reviews have highlighted miR dysregulation in 
atherosclerosis progression (Small et  al., 2010; Santovito et  al., 
2012; Condorelli et al., 2014). Several miRs, including miR-155, 
are upregulated in human cardiac disease (Krishnan et  al., 
2017) and miR-155 is significantly increased in plasma and 
plaques in atherosclerotic patients (Li et  al., 2016). Given miR 
stability in circulation and their ability to regulate gene expression, 
they have potential in diagnostics (Fichtlscherer et  al., 2010), 
prognostics (Karakas et  al., 2017), and therapeutics. miRs 
involved in governing macrophage polarization and the distinct 
miR profiles of the M1 and M2 macrophage have been reviewed 
previously (Essandoh et  al., 2016; Li et  al., 2018) and miR-155 
and miR-33 are emerging targets in macrophages to reduce 
atherosclerosis development. miR-33 inhibition in macrophages 
enhances cholesterol efflux (Najafi-Shoushtari et  al., 2010) and 
reduces atherosclerotic lesions in mice (Horie et  al., 2012; 
Ouimet et  al., 2015). However, miR-155 may be  a more viable 
target given its role in determining macrophage phenotype.

miR-155 is encoded from the BIC gene in response to 
monocyte and macrophage stimulation. LPS upregulates miR-155 
expression in THP-1 monocytes and macrophages (Taganov 
et al., 2006; Graff et al., 2012). Furthermore, miR-155 is increased 
during phorbol 12-myristate 13-acetate-stimulated differentiation 
of THP-1 monocytes to macrophages (Forrest et  al., 2010). 
OxLDL also promotes miR-155 expression in PBMCs (Chen 
et  al., 2009) and THP-1 macrophages (Li et  al., 2016). In bone 
marrow-derived macrophages (BMDMs) from wild type (WT) 
mice, IFN-β and IFN-γ increased miR-155 expression via TNF-α 
autocrine signaling (O’Connell et  al., 2007). Polarization of 
PBMC-derived macrophages (Graff et  al., 2012), THP-1 cells, 
and BMDMs (Cai et  al., 2012) to the M1 phenotype (induced 
by IFN-γ and LPS) also resulted in increased miR-155 expression. 
There are multiple targets of miR-155  in macrophages that 
regulate inflammation (Figure 2).
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miR-155  IN MACROPHAGES AND 
MOUSE MODELS OF 
ATHEROSCLEROSIS

miR-155 is upregulated in response to inflammatory stimuli 
where nuclear factor-кB directly binds to the promoter of 
pri-miR-155/BIC gene (Li et  al., 2016). Several in vitro 
experiments have attempted to elucidate whether miR-155 
increases or decreases monocyte/macrophage inflammation. 
One study showed that miR-155 is anti-inflammatory and 
mediates its effects through degradation of calcium-regulated 
heat stable protein 1 which is critical for the stabilization 
of TNF-α mRNA (Li et  al., 2016). Transfection of miR-155 
mimic into THP-1 macrophages followed by oxLDL stimulation 
decreased TNF-α and increased oxLDL uptake, while miR-155 
inhibitors had opposing effects (Li et  al., 2016).

However, several other studies report that miR-155 has 
pro-inflammatory effects. Transfection of M0 THP-1 macrophages 
with a miR-155 mimic resulted in increased IL-6, TNF-α, and 
CXCL9 (Graff et  al., 2012). PBMCs from Helicobacter pylori-
infected patients had increased miR-155 expression. Transfection 
of miR-155 mimics into these infected macrophages increased 
cytokine secretion of IL-10, TNF-α, and IL-8 (Yao et al., 2015).

miR-155 inhibition in BMDMs from WT mice demonstrated 
that miR-155 is critical in sustaining the pro-inflammatory 

response. Pro-inflammatory LDL receptor (LDLR)-
related protein 1 antagonist activity was blocked by miR-155 
inhibition, as measured by decreased expression of TNF-α, 
IL-6, and CCL4 when stimulated with LDLR-related protein 1 
(Mantuano et  al., 2016). TNF-α has been shown to increase 
miR-155 which in turn may function in a positive feedback 
loop that sustains inflammation. In a separate study, inhibition 
of miR-155  in WT macrophages increased transcription factor, 
CCAAT enhancer binding protein beta, and downstream 
arginase-1 expression which are associated with an M2 phenotype 
(Arranz et  al., 2012). miR-155 inhibition also reduced LPS 
induction of iNOS and overexpression of miR-155 had directly 
opposing inflammatory effects (Arranz et  al., 2012).

M2 macrophages are essential for regression of atherosclerosis. 
Inhibition of miR-155  in M1s using antisense oligonucleotides 
resulted in an increase in M2 markers arginase-1, chitinase 3-like 
3, CD206, resistin-like molecule-α, and IL-10, and a decrease 
in M1 markers TNF-α, iNOS, and IL-12 (Cai et  al., 2012). 
Interestingly, transfection of a miR-155 mimic into M2 macrophages 
skewed them toward an M1 macrophage profile. M0s treated 
with pre-miR-155 mimics prior to M2 polarization resulted in 
a suppressed M2 phenotype following stimulation with IL-4. 
Depleting miR-155  in M0s followed by stimulation with LPS 
and IFN-γ resulted in a decreased M1 phenotype (Cai et al., 2012). 
In addition, miR-155 inhibition in macrophages increased IL-13 

FIGURE 2 | The inflammatory effects of miR-155 in macrophages. There are several activators of miR-155 including LPS, TNF-α, oxLDL, and H.pylroi.  
miR-155 can in turn inhibit gene expression. Several dietary compounds including the polyunsaturated fatty acids, docosahexaenoic acid (DHA) and 
arachidonic acid, can inhibit miR-155. Validated targets of miR-155 in macrophages include B Cell CLL/Lymphoma 6 (BCL-6) (Nazari-Jahantigh et al., 2012), 
inositol polyphosphate-5-phosphatase D (SHIP-1) (O’Connell et al., 2009), suppressor of cytokine signaling 1 (SOCS1) (Wang et al., 2010), and IL-13 receptor 
subunit α 1 (IL-13Rα1) (Martinez-Nunez et al., 2011). miR-155 mimetics cause increased pro-inflammatory cytokine secretion (TNF-α, IL-6, CXCL9, and  
IL-8). miR-155 inhibition decreased pro-inflammatory cytokines and chemokines and increased M2 markers. Overall, the literature suggests that miR-155 
mimetics shift macrophages toward an M1 phenotype, while miR-155 inhibition skews the macrophage toward an M2 phenotype, however this can 
be context dependent.
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receptor alpha subunit 1, which facilitated an IL-13-mediated 
increase in STAT-6 activation and upregulation of IL-13 regulated 
genes that are important in the development of the M2 phenotype 
(Martinez-Nunez et  al., 2011). These studies demonstrate that 
miR-155 is critical in orchestrating the inflammatory response 
and may be  a viable target to promote M2 polarization or to 
reprogram M1 macrophages to reduce chronic inflammation, 
which is essential for regression of atherosclerosis (Figure 2).

To date, studies on the effects of miR-155 deletion in vivo 
are conflicting. ApoE−/− mice with a leukocyte-specific miR-155 
deficiency had decreased plaque size and number of lesional 
macrophages following partial carotid ligation (Nazari-Jahantigh 
et  al., 2012). Furthermore, macrophages derived from this 
model had lower levels of MCP-1 when activated. Similarly, 
ApoE−/−miR-155−/− mice had decreased macrophage inflammation 
and reduced atherosclerotic lesion development. The regulatory 
effects of miR-155 on leukocyte cells were confirmed through 
transplantation of miR-155-deficient bone marrow into ApoE−/− 
mice which also halted atherogenesis (Du et  al., 2014). Other 
studies have demonstrated that injection of antagomir-155 
attenuated atherosclerosis development and progression in 
ApoE−/− mice (Yang et  al., 2015; Ye et  al., 2016). In contrast, 
Ldlr−/− mice transplanted with miR-155-deficient bone marrow 
had increased atherosclerotic plaques, elevated levels of 
pro-inflammatory monocytes, and decreased IL-10 production 
from peritoneal macrophages (Donners et  al., 2012). These 
contradictory results may be due to the different animal models 
used. After 3  months on a Western diet, ApoE−/− mice have 
elevated plasma cholesterol, larger aortic root lesion with 
macrophage-dense necrotic cores, and increased smooth muscle 
cells in comparison to Ldlr−/− mice (Roselaar et  al., 1996). 
Therefore, the ApoE−/− mouse model may be  more reflective 
of advanced atherosclerosis, suggesting that miR-155 may have 
stage-specific effects during atherosclerotic lesion development.

miR-155 THERAPEUTICS IN CLINICAL 
TRIAL AND miR DELIVERY

While no miR therapeutics have entered clinical trial for the 
treatment of atherosclerosis, two miR-155 inhibitors are currently 
under development. MRG-106, a miR-155 inhibitor, administered 
intratumorally, was well tolerated, had on-target activity, and 
had promising preliminary results in a phase 1 clinical trial 
in 6 patients with the mycosis fungoides form of cutaneous 
T-cell lymphoma (Querfeld et al., 2016). MRG-106 is currently 
in the phase 2 SOLAR trial (NCT03713320). MRG-107 is 
another anti-miR-155 therapy currently under development for 
treatment of Amyloid Lateral Sclerosis. However, several miR 
therapeutic clinical trials have been discontinued, including 
studies on MRX34 (NCT 01829971), RG-125 (NCT02826525), 
and RG-012 (NCT02855268).

Delivery of the miR therapeutic to the desired site of action 
is critical to prevent off-target effects. Cheng et  al. combined 
a peptide with a low pH-induced transmembrane structure 
(pHLIP) to a peptide nucleic acid anti-miR, specific for miR-155 

(Cheng et al., 2015). This delivery vector, pHLIP-anti-miR-155, 
can only be  transported through the plasma membrane under 
acidic conditions such as those located in solid tumors. In 
two mouse tumor models, intravenous administration of this 
construct inhibited miR-155, had no systematic toxicity, and 
reduced metastasis. RNA-sequencing and bioinformatic analysis 
showed that 25% of the genes upregulated by pHLIP-
anti-miR-155 were associated with cell adhesion and leukocyte 
transendothelial migration (Cheng et  al., 2015). Whether this 
technology could be effective in targeting atherosclerotic plaques 
directly remains to be  investigated. pHLIP-anti-miR-155 
functioned in solid tumors which have a pH of approximately 
6. In contrast, plaque pH is heterogenous, lipid-rich regions 
have a pH 7.15 whereas calcified areas had a pH 7.73 (Naghavi 
et  al., 2002). Young et  al. used a “blockmir” technology 
oligonucleotide-based drug, CD5–2, to selectively inhibit the 
miR-27a binding site in vascular endothelial-cadherin (Young 
et  al., 2013). Delivery of CD5–2 intravenously was shown to 
be  effective in reducing vascular leak and inflammation in 
animal models of retinopathy (Ting et  al., 2018). Further 
advancements in miR therapeutic delivery to the desired site 
of action may facilitate clinical development.

CONCLUSION

Atherosclerosis is an inflammatory disease where monocyte/
macrophage cells are the dominant biologically active immune 
cells. The athero-protective effects of CLA during an 
experimental in vivo model of atherosclerosis regression 
identified the monocyte/macrophage as the cellular target. 
Given the role of miRs in macrophage polarization, they 
are likely to be  critical regulators in the regression of 
atherosclerosis. miR-155 is upregulated in response to 
pro-inflammatory stimuli and its inhibition may be  a viable 
strategy to reduce the inflammatory response. However, given 
some conflicting results, more studies are required to 
investigate the stage-specific effects of miR-155 inhibition 
during atherosclerosis progression. However, further 
development of miRs in clinical trials and improved  
methods of miR delivery could lead to development of 
macrophage-specific miR therapeutics in the context 
of atherosclerosis.

AUTHOR CONTRIBUTIONS

RB and SF contributed equally to the preparation and writing 
of this manuscript, supervised by OB who edited the manuscript. 
All authors approved the final manuscript.

FUNDING

This paper was funded by the UCD-Wellcome Trust Institutional 
Strategic Support Fund, jointly supported by UCD and the 
SFI-HRB-Wellcome Biomedical Partnership.

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bruen et al. miR-155 in Atherosclerosis

Frontiers in Pharmacology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 463

 

REFERENCES

Arango, D., Diosa-Toro, M., Rojas-Hernandez, L. S., Cooperstone, J. L., 
Schwartz, S. J., Mo, X., et al. (2015). Dietary apigenin reduces LPS-induced 
expression of miR-155 restoring immune balance during inflammation. Mol. 
Nutr. Food Res. 59, 763–772. doi: 10.1002/mnfr.201400705

Arranz, A., Doxaki, C., Vergadi, E., Martinez de la Torre, Y., Vaporidi, K., 
Lagoudaki, E. D., et al. (2012). Akt1 and Akt2 protein kinases differentially 
contribute to macrophage polarization. Proc. Natl. Acad. Sci. USA 109, 
9517–9522. doi: 10.1073/pnas.1119038109

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. 
Cell 116, 281–297. doi: 10.1016/S0092-8674(04)00045-5

Boesch-Saadatmandi, C., Loboda, A., Wagner, A. E., Stachurska, A., 
Jozkowicz, A., Dulak, J., et al. (2011). Effect of quercetin and its metabolites 
isorhamnetin and quercetin-3-glucuronide on inflammatory gene expression: 
role of miR-155. J. Nutr. Biochem. 22, 293–299. doi: 10.1016/j.
jnutbio.2010.02.008

Boyette, L. B., Macedo, C., Hadi, K., Elinoff, B. D., Walters, J. T., Ramaswami, B., 
et al. (2017). Phenotype, function, and differentiation potential of human 
monocyte subsets. PLoS One 12:e0176460. doi: 10.1371/journal.pone.0176460

Boyle, J. J., Johns, M., Lo, J., Chiodini, A., Ambrose, N., Evans, P. C., et al. 
(2011). Heme induces heme oxygenase 1 via Nrf2: role in the homeostatic 
macrophage response to intraplaque hemorrhage. Arterioscler. Thromb. Vasc. 
Biol. 31, 2685–2691. doi: 10.1161/atvbaha.111.225813

Brown, G. D., Taylor, P. R., Reid, D. M., Willment, J. A., Williams, D. L., 
Martinez-Pomares, L., et al. (2002). Dectin-1 is a major beta-glucan 
receptor on macrophages. J. Exp. Med. 196, 407–412. doi: 10.1084/
jem.20020470

Butcher, M., and Galkina, E. (2011). Current views on the functions of 
interleukin-17A-producing cells in atherosclerosis. Thromb. Haemost. 106, 
787–795. doi: 10.1160/th11-05-0342

Cai, X., Yin, Y., Li, N., Zhu, D., Zhang, J., Zhang, C. Y., et al. (2012). Re-
polarization of tumor-associated macrophages to pro-inflammatory M1 
macrophages by microRNA-155. J. Mol. Cell Biol. 4, 341–343. doi: 10.1093/
jmcb/mjs044

Chen, T., Huang, Z., Wang, L., Wang, Y., Wu, F., Meng, S., et al. (2009). 
MicroRNA-125a-5p partly regulates the inflammatory response, lipid uptake, 
and ORP9 expression in oxLDL-stimulated monocyte/macrophages. Cardiovasc. 
Res. 83, 131–139. doi: 10.1093/cvr/cvp121

Cheng, C. J., Bahal, R., Babar, I. A., Pincus, Z., Barrera, F., Liu, C., et al. 
(2015). MicroRNA silencing for cancer therapy targeted to the tumour 
microenvironment. Nature 518, 107–110. doi: 10.1038/nature13905

Condorelli, G., Latronico, M. V., and Cavarretta, E. (2014). microRNAs in 
cardiovascular diseases: current knowledge and the road ahead. J. Am. Coll. 
Cardiol. 63, 2177–2187. doi: 10.1016/j.jacc.2014.01.050

Daimiel-Ruiz, L., Klett-Mingo, M., Konstantinidou, V., Mico, V., Aranda, J. F., 
Garcia, B., et al. (2015). Dietary lipids modulate the expression of miR-107, 
a miRNA that regulates the circadian system. Mol. Nutr. Food Res. 59, 
1865–1878. doi: 10.1002/mnfr.201570094

de Gaetano, M., Alghamdi, K., Marcone, S., and Belton, O. (2015). Conjugated 
linoleic acid induces an atheroprotective macrophage MPhi2 phenotype 
and limits foam cell formation. J. Inflamm. 12:15. doi: 10.1186/
s12950-015-0060-9

Donners, M. M., Wolfs, I. M., Stoger, L. J., van der Vorst, E. P., Pottgens, C. C., 
Heymans, S., et al. (2012). Hematopoietic miR155 deficiency enhances 
atherosclerosis and decreases plaque stability in hyperlipidemic mice. PLoS 
One 7:e35877. doi: 10.1371/journal.pone.0035877

Du, F., Yu, F., Wang, Y., Hui, Y., Carnevale, K., Fu, M., et al. (2014). MicroRNA-155 
deficiency results in decreased macrophage inflammation and attenuated 
atherogenesis in apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. 
Biol. 34, 759–767. doi: 10.1161/atvbaha.113.302701

Eder, K., and Ringseis, K. (2010). Metabolism and actions of conjugated linoleic 
acids on atherosclerosis-related events in vascular endothelial cells and smooth 
muscle cells. Mol. Nutr. Food Res. 54, 17–36. doi: 10.1002/mnfr.200900042

Essandoh, K., Li, Y., Huo, J., and Fan, G. C. (2016). MiRNA-mediated macrophage 
polarization and its potential role in the regulation of inflammatory response. 
Shock 46, 122–131. doi: 10.1097/shk.0000000000000604

Fichtlscherer, S., De Rosa, S., Fox, H., Schwietz, T., Fischer, A., Liebetrau, C., 
et al. (2010). Circulating microRNAs in patients with coronary artery disease. 
Circ. Res. 107, 677–684. doi: 10.1161/circresaha.109.215566

Forrest, A. R., Kanamori-Katayama, M., Tomaru, Y., Lassmann, T., Ninomiya, N., 
Takahashi, Y., et al. (2010). Induction of microRNAs, mir-155, mir-222, 
mir-424 and mir-503, promotes monocytic differentiation through 
combinatorial regulation. Leukemia 24, 460–466. doi: 10.1038/leu.2009.246

Gerhard, G. T., and Duell, P. B. (1999). Homocysteine and atherosclerosis. 
Curr. Opin. Lipidol. 10, 417–428. doi: 10.1097/00041433-199910000-00006

Gordon, S., and Martinez, F. O. (2010). Alternative activation of macrophages: 
mechanism and functions. Immunity 32, 593–604. doi: 10.1016/j.
immuni.2010.05.007

Graff, J. W., Dickson, A. M., Clay, G., McCaffrey, A. P., and Wilson, M. E. 
(2012). Identifying functional microRNAs in macrophages with polarized 
phenotypes. J. Biol. Chem. 287, 21816–21825. doi: 10.1074/jbc.M111.327031

Hammond, S. M., Bernstein, E., Beach, D., and Hannon, G. J. (2000). An 
RNA-directed nuclease mediates post-transcriptional gene silencing in 
Drosophila cells. Nature 404, 293–296. doi: 10.1038/35005107

Horie, T., Baba, O., Kuwabara, Y., Chujo, Y., Watanabe, S., Kinoshita, M., et  al. 
(2012). MicroRNA-33 deficiency reduces the progression of atherosclerotic 
plaque in ApoE−/− mice. J. Am. Heart Assoc. 1:e003376. doi: 10.1161/
jaha.112.003376

Huang, W. C., Sala-Newby, G. B., Susana, A., Johnson, J. L., and Newby, A. C. 
(2012). Classical macrophage activation up-regulates several  
matrix metalloproteinases through mitogen activated protein kinases and 
nuclear factor-kappaB. PLoS One 7:e42507. doi: 10.1371/journal.
pone.0042507

Italiani, P., and Boraschi, D. (2014). From monocytes to M1/M2 macrophages: 
phenotypical vs. functional differentiation. Front. Immunol. 5:514. doi: 10.3389/
fimmu.2014.00514

Karakas, M., Schulte, C., Appelbaum, S., Ojeda, F., Lackner, K. J., Munzel, T., 
et al. (2017). Circulating microRNAs strongly predict cardiovascular death 
in patients with coronary artery disease-results from the  
large AtheroGene study. Eur. Heart J. 38, 516–523. doi: 10.1093/eurheartj/
ehw250

Knowles, J. W., Reddick, R. L., Jennette, J. C., Shesely, E. G., Smithies, O., 
and Maeda, N. (2000). Enhanced atherosclerosis and kidney dysfunction 
in eNOS(−/−)Apoe(−/−) mice are ameliorated by enalapril treatment. J. 
Clin. Invest. 105, 451–458. doi: 10.1172/jci8376

Krishnan, R., Nair, A. S., and Dhar, P. K. (2017). Computational study of 
‘HUB’ microRNA in human cardiac diseases. Bioinformation 13, 17–20. doi: 
10.6026/97320630013017

Lee, R. C., Feinbaum, R. L., and Ambros, V. (1993). The C. elegans heterochronic 
gene lin-4 encodes small RNAs with antisense complementarity to lin-14. 
Cell 75, 843–854. doi: 10.1016/0092-8674(93)90529-Y

Ley, K., Miller, Y. I., and Hedrick, C. C. (2011). Monocyte and macrophage 
dynamics during atherogenesis. Arterioscler. Thromb. Vasc. Biol. 31, 1506–1516. 
doi: 10.1161/atvbaha.110.221127

Li, H., Jiang, T., Li, M. Q., Zheng, X. L., and Zhao, G. J. (2018). Transcriptional 
regulation of macrophages polarization by microRNAs. Front. Immunol. 
9:1175. doi: 10.3389/fimmu.2018.01175

Li, X., Kong, D., Chen, H., Liu, S., Hu, H., Wu, T., et al. (2016). miR-155 
acts as an anti-inflammatory factor in atherosclerosis-associated foam cell 
formation by repressing calcium-regulated heat stable protein 1. Sci. Rep. 
6:21789. doi: 10.1038/srep21789

Li, Y., Zuo, L., Zhu, W., Gong, J., Zhang, W., Guo, Z., et al. (2015). Telmisartan 
attenuates the inflamed mesenteric adipose tissue in spontaneous colitis by 
mechanisms involving regulation of neurotensin/microRNA-155 pathway. 
Biochem. Pharmacol. 93, 461–469. doi: 10.1016/j.bcp.2014.12.020

Ma, F., Liu, F., Ding, L., You, M., Yue, H., Zhou, Y., et al. (2017). Anti-
inflammatory effects of curcumin are associated with down regulating 
microRNA-155  in LPS-treated macrophages and mice. Pharm. Biol. 55, 
1263–1273. doi: 10.1080/13880209.2017.1297838

Mantuano, E., Brifault, C., Lam, M. S., Azmoon, P., Gilder, A. S., and 
Gonias, S. L. (2016). LDL receptor-related protein-1 regulates NFkappaB 
and microRNA-155  in macrophages to control the inflammatory  
response. Proc. Natl. Acad. Sci. USA 113, 1369–1374. doi: 10.1073/
pnas.1515480113

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1002/mnfr.201400705
https://doi.org/10.1073/pnas.1119038109
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/j.jnutbio.2010.02.008
https://doi.org/10.1016/j.jnutbio.2010.02.008
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1161/atvbaha.111.225813
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1160/th11-05-0342
https://doi.org/10.1093/jmcb/mjs044
https://doi.org/10.1093/jmcb/mjs044
https://doi.org/10.1093/cvr/cvp121
https://doi.org/10.1038/nature13905
https://doi.org/10.1016/j.jacc.2014.01.050
https://doi.org/10.1002/mnfr.201570094
https://doi.org/10.1186/s12950-015-0060-9
https://doi.org/10.1186/s12950-015-0060-9
https://doi.org/10.1371/journal.pone.0035877
https://doi.org/10.1161/atvbaha.113.302701
https://doi.org/10.1002/mnfr.200900042
https://doi.org/10.1097/shk.0000000000000604
https://doi.org/10.1161/circresaha.109.215566
https://doi.org/10.1038/leu.2009.246
https://doi.org/10.1097/00041433-199910000-00006
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.1074/jbc.M111.327031
https://doi.org/10.1038/35005107
https://doi.org/10.1161/jaha.112.003376
https://doi.org/10.1161/jaha.112.003376
https://doi.org/10.1371/journal.pone.0042507
https://doi.org/10.1371/journal.pone.0042507
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1093/eurheartj/ehw250
https://doi.org/10.1093/eurheartj/ehw250
https://doi.org/10.1172/jci8376
https://doi.org/10.6026/97320630013017
https://doi.org/10.1016/0092-8674(93)90529-Y
https://doi.org/10.1161/atvbaha.110.221127
https://doi.org/10.3389/fimmu.2018.01175
https://doi.org/10.1038/srep21789
https://doi.org/10.1016/j.bcp.2014.12.020
https://doi.org/10.1080/13880209.2017.1297838
https://doi.org/10.1073/pnas.1515480113
https://doi.org/10.1073/pnas.1515480113


Bruen et al. miR-155 in Atherosclerosis

Frontiers in Pharmacology | www.frontiersin.org 8 May 2019 | Volume 10 | Article 463

Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R., and Tuschl, T. (2002). 
Single-stranded antisense siRNAs guide target RNA cleavage in RNAi. Cell 
110, 563–574. doi: 10.1016/S0092-8674(02)00908-X

Martinez-Nunez, R. T., Louafi, F., and Sanchez-Elsner, T. (2011). The interleukin 
13 (IL-13) pathway in human macrophages is modulated by microRNA-155 
via direct targeting of interleukin 13 receptor alpha1 (IL13Ralpha1). J. Biol. 
Chem. 286, 1786–1794. doi: 10.1074/jbc.M110.169367

McCarthy, C., Duffy, M. M., Mooney, D., James, W. G., Griffin, M. D., 
Fitzgerald, D. J., et al. (2013a). IL-10 mediates the immunoregulatory response 
in conjugated linoleic acid-induced regression of atherosclerosis. FASEB J. 
27, 499–510. doi: 10.1096/fj.12-215442

McCarthy, C., Lieggi, N. T., Barry, D., Mooney, D., de Gaetano, M., James, W. G., 
et al. (2013b). Macrophage PPAR gamma co-activator-1 alpha participates 
in repressing foam cell formation and atherosclerosis in response to conjugated 
linoleic acid. EMBO Mol. Med. 5, 1443–1457. doi: 10.1002/emmm.201302587

McClelland, S., Cox, C., O’Connor, R., de Gaetano, M., McCarthy, C., Cryan, L., 
et al. (2010). Conjugated linoleic acid suppresses the migratory and 
inflammatory phenotype of the monocyte/macrophage cell. Atherosclerosis 
211, 96–102. doi: 10.1016/j.atherosclerosis.2010.02.003

McCoy, C. E., Sheedy, F. J., Qualls, J. E., Doyle, S. L., Quinn, S. R., Murray, P. J., 
et al. (2010). IL-10 inhibits miR-155 induction by toll-like receptors. J. Biol. 
Chem. 285, 20492–20498. doi: 10.1074/jbc.M110.102111

Moore, K. J., and Tabas, I. (2011). Macrophages in the pathogenesis of 
atherosclerosis. Cell 145, 341–355. doi: 10.1016/j.cell.2011.04.005

Mosser, D. M., and Edwards, J. P. (2008). Exploring the full spectrum of 
macrophage activation. Nat. Rev. Immunol. 8, 958–969. doi: 10.1038/nri2448

Naghavi, M., John, R., Naguib, S., Siadaty, M. S., Grasu, R., Kurian, K. C., 
et al. (2002). pH Heterogeneity of human and rabbit atherosclerotic plaques; 
a new insight into detection of vulnerable plaque. Atherosclerosis 164, 
27–35. doi: 10.1016/S0021-9150(02)00018-7

Najafi-Shoushtari, S. H., Kristo, F., Li, Y., Shioda, T., Cohen, D. E., Gerszten, R. E., 
et al. (2010). MicroRNA-33 and the SREBP host genes cooperate to control 
cholesterol homeostasis. Science 328, 1566–1569. doi: 10.1126/science.1189123

Nazari-Jahantigh, M., Wei, Y., Noels, H., Akhtar, S., Zhou, Z., Koenen, R. R., 
et al. (2012). MicroRNA-155 promotes atherosclerosis by repressing Bcl6  in 
macrophages. J. Clin. Invest. 122, 4190–4202. doi: 10.1172/jci61716

O’Connell, R. M., Chaudhuri, A. A., Rao, D. S., and Baltimore, D. (2009). 
Inositol phosphatase SHIP1 is a primary target of miR-155. Proc. Natl. 
Acad. Sci. 106, 7113–7118. doi: 10.1073/pnas.0902636106

O’Connell, R. M., Taganov, K. D., Boldin, M. P., Cheng, G., and Baltimore, D. 
(2007). MicroRNA-155 is induced during the macrophage inflammatory response. 
Proc. Natl. Acad. Sci. USA 104, 1604–1609. doi: 10.1073/pnas.0610731104

Ouimet, M., Ediriweera, H. N., Gundra, U. M., Sheedy, F. J., Ramkhelawon, B., 
Hutchison, S. B., et al. (2015). MicroRNA-33-dependent regulation of 
macrophage metabolism directs immune cell polarization in atherosclerosis. 
J. Clin. Invest. 125, 4334–4348. doi: 10.1172/jci81676

Parra, P., Serra, F., and Palou, A. (2010). Expression of adipose microRNAs 
is sensitive to dietary conjugated linoleic acid treatment in mice. PLoS One 
5:e13005. doi: 10.1371/journal.pone.0013005

Patel, A. A., and Zhang, Y. (2017). The fate and lifespan of human monocyte 
subsets in steady state and systemic inflammation. J. Experimen. Med. 214, 
1913–1923. doi: 10.1084/jem.20170355

Peshdary, V., and Atlas, E. (2018). Dexamethasone induced miR-155 up-regulation 
in differentiating 3T3-L1 preadipocytes does not affect adipogenesis. Sci. 
Rep. 8:1264. doi: 10.1038/s41598-018-19704-4

Qi, R. L., Chen, Y., Huang, J. X., and Yang, F. Y. (2015). Effects of conjugated 
linoleic acid on the expression levels of miR-27 and miR-143  in pig adipose 
tissue. Genet. Mol. Res. 14, 6985–6992. doi: 10.4238/2015.June.26.7

Qipshidze-Kelm, N., Piell, K. M., Solinger, J. C., and Cole, M. P. (2013). Co-
treatment with conjugated linoleic acid and nitrite protects against myocardial 
infarction. Redox Biol. 2, 1–7. doi: 10.1016/j.redox.2013.10.009

Querfeld, C., Pacheco, T., Foss, F. M., Halwani, A. S., Porcu, P., Seto, A. G., 
et al. (2016). Preliminary results of a phase 1 trial evaluating MRG-106, a 
synthetic microRNA antagonist (LNA antimiR) of microRNA-155, in patients 
with CTCL. Blood 128, 1829–1829. Retrieved from http://www.bloodjournal.
org/content/128/22/1829 (Accessed April 21, 2019).

Roessler, C., Kuhlmann, K., Hellwing, C., Leimert, A., and Schumann, J. (2017). 
Impact of polyunsaturated fatty acids on miRNA profiles of monocytes/

macrophages and endothelial cells—a pilot study. Int. J. Mol. Sci. 18:284. 
doi: 10.3390/ijms18020284

Roselaar, S. E., Kakkanathu, P. X., and Daugherty, A. (1996). Lymphocyte 
populations in atherosclerotic lesions of apoE −/− and LDL receptor −/− 
mice. Decreasing density with disease progression. Arterioscler. Thromb. Vasc. 
Biol. 16, 1013–1018. doi: 10.1161/01.ATV.16.8.1013

Ross, R. (1993). The pathogenesis of atherosclerosis: a perspective for the 1990s. 
Nature 362, 801–809. doi: 10.1038/362801a0

Santovito, D., Mezzetti, A., and Cipollone, F. (2012). MicroRNAs and 
atherosclerosis: new actors for an old movie. Nutr. Metab. Cardiovasc. Dis. 
22, 937–943. doi: 10.1016/j.numecd.2012.03.007

Shahzad, M. M. K., Felder, M., Ludwig, K., Van Galder, H. R., Anderson, M. L., 
Kim, J., et al. (2018). Trans10,cis12 conjugated linoleic acid inhibits 
proliferation and migration of ovarian cancer cells by inducing ER stress, 
autophagy, and modulation of Src. PLoS One 13:e0189524. doi: 10.1371/
journal.pone.0189524

Small, E. M., Frost, R. J., and Olson, E. N. (2010). MicroRNAs add a new 
dimension to cardiovascular disease. Circulation 121, 1022–1032. doi: 10.1161/
circulationaha.109.889048

Swirski, F. K., Libby, P., Aikawa, E., Alcaide, P., Luscinskas, F. W., Weissleder, R., 
et al. (2007). Ly-6Chi monocytes dominate hypercholesterolemia-associated 
monocytosis and give rise to macrophages in atheromata. J. Clin. Invest. 
117, 195–205. doi: 10.1172/jci29950

Taganov, K. D., Boldin, M. P., Chang, K. J., and Baltimore, D. (2006). NF-
kappaB-dependent induction of microRNA miR-146, an inhibitor targeted 
to signaling proteins of innate immune responses. Proc. Natl. Acad. Sci. 
USA 103, 12481–12486. doi: 10.1073/pnas.0605298103

Thomas, G. D., Hamers, A. A. J., Nakao, C., Marcovecchio, P., Taylor, A. M., 
McSkimming, C., et al. (2017). Human blood monocyte subsets: a  
new gating strategy defined using cell surface markers identified by mass 
cytometry. Arterioscler. Thromb. Vasc. Biol. 37, 1548–1558. doi: 10.1161/
atvbaha.117.309145

Tili, E., Michaille, J. J., Adair, B., Alder, H., Limagne, E., Taccioli, C., et al. 
(2010). Resveratrol decreases the levels of miR-155 by upregulating miR-663, 
a microRNA targeting JunB and JunD. Carcinogenesis 31, 1561–1566. doi: 
10.1093/carcin/bgq143

Ting, K. K., Zhao, Y., Shen, W., Coleman, P., Yam, M., Chan-Ling, T., et al. 
(2018). Therapeutic regulation of VE-cadherin with a novel oligonucleotide 
drug for diabetic eye complications using retinopathy mouse models. 
Diabetologia. 62, 322–334. doi: 10.1007/s00125-018-4770-4

Toomey, S., Harhen, B., Roche, H. M., Fitzgerald, D., and Belton, O. (2006). 
Profound resolution of early atherosclerosis with conjugated linoleic acid. 
Atherosclerosis 187, 40–49. doi: 10.1016/j.atherosclerosis.2005.08.024

Tsujioka, H., Imanishi, T., Ikejima, H., Kuroi, A., Takarada, S., Tanimoto, T., 
et al. (2009). Impact of heterogeneity of human peripheral blood monocyte 
subsets on myocardial salvage in patients with primary acute myocardial 
infarction. J. Am. Coll. Cardiol. 54, 130–138. doi: 10.1016/j.jacc.2009.04.021

Wang, P., Hou, J., Lin, L., Wang, C., Liu, X., Li, D., et al. (2010). Inducible 
microRNA-155 feedback promotes type I  IFN signaling in antiviral innate 
immunity by targeting suppressor of cytokine signaling 1. J. Immunol. 185, 
6226–6233. doi: 10.4049/jimmunol.1000491

Wolfs, I. M., Donners, M. M., and de Winther, M. P. (2011). Differentiation 
factors and cytokines in the atherosclerotic plaque micro-environment as 
a trigger for macrophage polarisation. Thromb. Haemost. 106, 763–771. doi: 
10.1160/th11-05-0320

Yang, Y., Yang, L., Liang, X., and Zhu, G. (2015). MicroRNA-155 promotes 
atherosclerosis inflammation via targeting SOCS1. Cell. Physiol. Biochem. 
36, 1371–1381. doi: 10.1159/000430303

Yao, Y., Li, G., Wu, J., Zhang, X., and Wang, J. (2015). Inflammatory response 
of macrophages cultured with Helicobacter pylori strains was regulated by 
miR-155. Int. J. Clin. Exp. Pathol. 8, 4545–4554.

Ye, J., Guo, R., Shi, Y., Qi, F., Guo, C., and Yang, L. (2016). miR-155 regulated 
inflammation response by the SOCS1-STAT3-PDCD4 axis in atherogenesis. 
Mediat. Inflamm. 2016:14. doi: 10.1155/2016/8060182

Young, J. A., Ting, K. K., Li, J., Moller, T., Dunn, L., Lu, Y., et al. (2013). 
Regulation of vascular leak and recovery from ischemic injury by general 
and VE-cadherin-restricted miRNA antagonists of miR-27. Blood 122, 
2911–2919. doi: 10.1182/blood-2012-12-473017

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1016/S0092-8674(02)00908-X
https://doi.org/10.1074/jbc.M110.169367
https://doi.org/10.1096/fj.12-215442
https://doi.org/10.1002/emmm.201302587
https://doi.org/10.1016/j.atherosclerosis.2010.02.003
https://doi.org/10.1074/jbc.M110.102111
https://doi.org/10.1016/j.cell.2011.04.005
https://doi.org/10.1038/nri2448
https://doi.org/10.1016/S0021-9150(02)00018-7
https://doi.org/10.1126/science.1189123
https://doi.org/10.1172/jci61716
https://doi.org/10.1073/pnas.0902636106
https://doi.org/10.1073/pnas.0610731104
https://doi.org/10.1172/jci81676
https://doi.org/10.1371/journal.pone.0013005
https://doi.org/10.1084/jem.20170355
https://doi.org/10.1038/s41598-018-19704-4
https://doi.org/10.4238/2015.June.26.7
https://doi.org/10.1016/j.redox.2013.10.009
https://doi.org/10.3390/ijms18020284
https://doi.org/10.1161/01.ATV.16.8.1013
https://doi.org/10.1038/362801a0
https://doi.org/10.1016/j.numecd.2012.03.007
https://doi.org/10.1371/journal.pone.0189524
https://doi.org/10.1371/journal.pone.0189524
https://doi.org/10.1161/circulationaha.109.889048
https://doi.org/10.1161/circulationaha.109.889048
https://doi.org/10.1172/jci29950
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1161/atvbaha.117.309145
https://doi.org/10.1161/atvbaha.117.309145
https://doi.org/10.1093/carcin/bgq143
https://doi.org/10.1007/s00125-018-4770-4
https://doi.org/10.1016/j.atherosclerosis.2005.08.024
https://doi.org/10.1016/j.jacc.2009.04.021
https://doi.org/10.4049/jimmunol.1000491
https://doi.org/10.1160/th11-05-0320
https://doi.org/10.1159/000430303
https://doi.org/10.1155/2016/8060182
https://doi.org/10.1182/blood-2012-12-473017
http://www.bloodjournal.org/content/128/22/1829


Bruen et al. miR-155 in Atherosclerosis

Frontiers in Pharmacology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 463

Zeng, Y., Wagner, E. J., and Cullen, B. R. (2002). Both natural and  
designed micro RNAs can inhibit the expression of cognate mRNAs when 
expressed in human cells. Mol. Cell 9, 1327–1333. doi: 10.1016/
S1097-2765(02)00541-5

Zeng, Y., Yi, R., and Cullen, B. R. (2003). MicroRNAs and small interfering 
RNAs can inhibit mRNA expression by similar mechanisms. Proc. Natl. 
Acad. Sci. USA 100, 9779–9784. doi: 10.1073/pnas.1630797100

Ziegler-Heitbrock, H. W., Fingerle, G., Strobel, M., Schraut, W., Stelter, F., 
Schutt, C., et al. (1993). The novel subset of CD14+/CD16+ blood monocytes 
exhibits features of tissue macrophages. Eur. J. Immunol. 23, 2053–2058. 
doi: 10.1002/eji.1830230902

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Bruen, Fitzsimons and Belton. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1016/S1097-2765(02)00541-5
https://doi.org/10.1016/S1097-2765(02)00541-5
https://doi.org/10.1073/pnas.1630797100
https://doi.org/10.1002/eji.1830230902
http://creativecommons.org/licenses/by/4.0/

	miR-155 in the Resolution of Atherosclerosis
	Atherosclerosis
	Atherosclerosis and Inflammation
	Conjugated Linoleic Acid and Atherosclerosis
	miR Function
	Anti-inflammatory Dietary Compounds and miRs
	miRs in Atherosclerosis
	miR-155 in Macrophages and Mouse Models of Atherosclerosis
	miR-155 Therapeutics in Clinical Trial and miR Delivery
	Conclusion
	Abbreviations
	Author Contributions

	References

