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Atherosclerosis is recognized as a chronic inflammatory 
disease of the vascular wall, resulting in the narrowing 
of blood vessels caused by the growth of lipid-rich 
lesions. Immune cells of all sorts have been identified in 
atherosclerotic lesions and their individual contributions to 
the pathogenesis of atherosclerosis continue to be an active 
topic of cardiovascular disease research. Hyperlipidemia has 
long been recognized as a source of inflammation that drives 
atherosclerosis (1). Hyperlipidemia increases cytokine levels 
in the circulation that promote endothelial cell dysfunction 
and an upregulation of adhesion molecules that facilitate 
immune cell recruitment into the vasculature (2). More 
recently, hyperlipidemia has been recognized as a cause for 
accelerated hematopoiesis and increased leukocyte burden 
in the circulation that further drives cytokine production 
and the recruitment of immune cells into the vessel wall (3).  
Hyperlipidemia also results in lipid deposits within the 
vessel wall that become oxidized and avidly taken up by 
resident and newly recruited myeloid cells. The process 
of foam cell formation is itself accompanied by cellular 
activation including via the NF-κB pathway resulting in 
the secretion of cytokines that further promote lesion 
inflammation and plaque progression (1).

Non-coding RNA (ncRNA), including microRNA have 
recently emerged as central participants in the process of 
vascular inflammation in atherosclerosis (4). Prime examples 
include miR-33, miR-181b, miR-155 and miR-146a. 
Through pioneering studies of microRNA in atherosclerosis 
pathogenesis, Moore and colleagues elucidated contributions of 
miR-33 in the regulation of hepatic lipid synthesis and plasma 
lipid metabolism (5), as well as cellular cholesterol homeostasis, 
energy metabolism and polarity in macrophages (6). These 
investigators also demonstrated benefits of miR-33 antagonism 

in suppressing and even reversing atherosclerosis in rodents 
and primates (7). Furthermore, studies by Nazari-Jahantigh 
and colleagues revealed detrimental properties of miR-155 
in driving macrophage NF-κB activation and atherosclerosis 
in hyperlipidemic rodents (8). Antagonism of miR-155 was 
shown to relieve macrophage-derived vascular inflammation 
and thereby suppress atherosclerosis in hyperlipidemic Apoe–/– 
mice. Collectively, results of these findings support the value 
of inflammation control via microRNA as treatments for 
atherosclerosis (9). 

Augmentation of microRNA levels was soon thereafter 
reported as alternative avenues for atherosclerosis control. 
Studies by Feinberg and colleagues reported benefits of 
enhancing miR-181b levels in endothelial cells to control 
NF-κB–driven inflammation and adhesion molecule 
expression (10). Furthermore, systemic infusions of miR-
181b mimics emulsified in phospholipid liposomes were 
shown to enrich miR-181b levels in the endothelium 
of mice with dyslipidemia resulting in reduced vascular 
inflammation and atherosclerosis (11). The value of 
targeting NF-κB–driven inflammation via microRNA 
was reinforced through studies by Fish and colleagues 
who demonstrated benefits of miR-146a expression 
in suppressing inflammatory pathways in the murine 
endothelium (12). 

Building on these observations, our laboratory explored 
benefits of miR-146a augmentation in controlling NF-
κB–driven atherosclerosis in hyperlipidemic mice (13). An 
impetus for such studies derived from our observations of 
reduced miR-146a levels and increased NF-κB activity in 
myeloid cells isolated from mice deficient in apolipoprotein 
(apo) E expression (14). ApoE expression in the macrophage 
had long since been recognized in protecting against 
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atherosclerosis by preventing cellular activation caused by 
lipid over-accumulation (14). Our findings of enhanced 
miR-146a levels in monocytes and macrophages expressing 
apoE revealed a link between cellular lipid metabolism 
and microRNA biogenesis in the hematopoietic system  
(Figure 1). Furthermore, our findings demonstrated that 
systemic infusions of phospholipid-emulsified miR-146a 
mimics into hyperlipidemic Apoe–/– mice increased miR-
146a levels and reduced NF-κB signaling in peritoneal 
macrophages. In fact, a three-week course of miR-146a 
mimic infusion into hyperlipidemic Apoe–/– or Ldlr–/– mice 
fed a high fat western diet led to a profound suppression 
of hyperlipidemia-driven hematopoiesis as revealed by 
reduced levels of circulating Ly6Chi monocytes. This 
was accompanied by a corresponding suppression of 
vascular inflammation and atherosclerosis independent of 
a change in levels of hyperlipidemia (13). However, the 
importance of the cell specificity in endogenous miR-146a 
augmentation was not revealed in these studies as systemic 

miR-146a mimic infusions could have enriched cells of the 
endothelium as well as those of the hematopoietic system. 
A study recently published by Cheng et al. (15) addressed 
this timely and important question that revealed several 
unexpected outcomes. 

The recognition of miR-146a as a guardian of the 
hematopoietic system emanates from numerous studies by 
Baltimore and colleagues reporting its ability to control 
exaggerated NF-κB signaling and premature bone marrow 
(BM) failure in rodents (16). Guided by this body of 
literature, Cheng et al. (15) tested consequence of miR-146a 
deficiency in the BM relative to other cellular compartments 
in atherosclerosis susceptibility. At the outset, the 
investigators validated the presence of miR-146a within the 
vascular wall of Ldlr–/– mice fed a high cholesterol diet (HCD) 
for 18 weeks, which they found to be associated with both 
endothelial cells and macrophages within the vascular intima. 
Interestingly, repeating the assessment at an earlier stage 
of lesion development revealed increased miR-146a levels 
at anatomical locations prone to atheroma development 
including the inner curvature of the aorta. Conceivably, such 
miR146a enrichment could have derived from a preferential 
accumulation of myeloid cells in this vascular location, or 
from increased cellular NF-κB signaling in endothelial cells 
due to sheer stress forces caused by altered blood flow.

Next, Cheng et al. (15) examined the impact of miR-
146a loss on atherosclerosis susceptibility by comparing 
lesion sizes in hyperlipidemic Ldlr–/– mice to those in miR-
146–/–:Ldlr–/– double deficient mice henceforth termed DKO 
mice. Comparisons were made at two-time points; an early 
12-week time point and a late 18-week time point following 
initiation of a HCD. Although no changes in atherosclerosis 
were noted between the two models at the early time point, 
the absence of miR-146a protected both male and female 
DKO mice from atherosclerosis development in the aortic 
arch 18 weeks after HFD initiation. An explanation for the 
unexpected phenotype could have rested with an observed 
reduction in levels of atherogenic very-low density (VLDL) 
and low density (LDL) lipoprotein-associated cholesterol in 
the circulation of DKO mice. But despite a protective drop 
in plasma lipid levels, a global loss of miR-146a expression 
also led to a substantial increase in systemic inflammatory 
cytokine levels including IL-6 that should have driven 
the process of atherosclerosis in these mice. Interestingly, 
protective effects of global miR146a deficiency were 
manifest mainly within the aortic arch, a recognized site 
of atherosclerosis predilection, while other sites within the 
vascular tree seemed less sensitive to the protective effects.

Figure 1  ApoE regulation of myeloid cell activation via 
microRNA. Environmental ligands of Toll like receptors including 
oxLDL caused by hyperlipidemia provoke inflammatory signaling 
in monocytes and macrophages resulting in NF-κB activation. 
Gene transcription from NF-κB activity results in the production 
of inflammatory mediators including pro-atherogenic cytokines. It 
also results in the production of pri-miR-146a that is subsequently 
processed to mature miR-146a that silences the expression of key 
TLR-adaptor molecules IRAK1 and TRAFF6. The production of 
miR-146a thereby serves as a regulatory feedback loop to suppress 
NF-κB activity and resolve inflammation. Our recent findings have 
revealed that beyond serving to eliminate pools of cellular lipid 
levels via plasma HDL, apoE amplifies this regulatory feedback 
loop by enhancing the biogenesis of miR-146a (13).
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Such observations could at first glance be construed as 
heresy to dogma linking miR-146a to the control of NF-
κB–driven inflammation (17), including in the pathogenesis 
of atherosclerosis (13). To address this paradox, the 
investigators resorted to further experimentation including 
through BM transplant experiments in which wildtype 
(WT) or miR-146a–/– BM was transplanted into lethally 
irradiated Ldlr–/– mice, henceforth termed BMT mice 
that were subsequently fed the HCD and assessed for 
atherosclerosis burden. Recipient BMT mice displayed 
similar reconstitution of hematopoiesis 8 weeks after 
transplantation with either type of BM prior to initiation 
of a HCD. However, following a 12-week course of HCD, 
BMT mice reconstituted with miR-146–/– BM displayed 
fewer lipid-rich plaques in the aortic arch despite increased 
levels of circulating cytokines including IL-6 and TNF-α. 
These observations, combined with those of the DKO mice 
revealed an unexpected benefit of BM miR-146a deficiency 
in protecting against diet-induced atherosclerosis (Figure 2). 

An explanation to the paradoxical findings emerged at 

first from the reduced levels of cholesterol and other lipids 
carried by plasma lipoproteins including VLDL, LDL and 
HDL in both DKO and miR-146–/– BMT mice. Because 
lipid levels were not significantly altered in the liver or in 
feces, Cheng et al. (15) tested gene expression changes in the 
liver to gain insight into the observed reduced plasma lipids 
in miR-146–/– BMT mice. Their data showed a marked 
increase in the expression of macrophage markers as well 
as inflammatory cytokines that included IL-1β, IL-6 and 
IL-10 which had previously been associated with reduced 
hepatic lipid synthesis. Further scrutiny revealed mildly 
reduced expression of the ApoB gene that is important in 
the production of VLDL, and robustly increased expression 
of sortilin-1 (Sort-1) that had previously been identified as 
a source of macrophage inflammation and as a regulator 
of plasma LDL levels. Through further experimentation, 
the investigators confirmed Sort-1 as a new bona-fide 
target of miR-146a and that an exposure of cultured 
hepatocytes to IL-6 results in reduced lipoprotein secretion. 
Collectively, the findings gathered so far suggested that 

Figure 2 Paradoxical reduction of atherosclerosis in the absence of miR-146a. (A) Recent studies have reported a benefit in enhancing 
miR146a in myeloid cells (13) and the endothelium (18) to suppress NF-κB activity and thereby the progression of atherosclerosis in 
hyperlipidemic mice. (B) A recent study by Cheng et al. (15) uncovered that an elimination of miR146a in the BM does not enhance diet-
induced atherosclerosis but rather results in a reduction of lipid rich lesions in the aortic arch of hyperlipidemic mice. The paradoxical 
effect appears to stem from diet-induced BM failure and aberrant extramedullary hematopoiesis in the spleen that result in a loss of myeloid 
cell production. A lack of hematopoietic miR-146a production also resulted in increased cytokine levels in the circulation but reduced 
plasma lipid levels due to liver inflammation and reduced lipoprotein production. Together, such metabolic and inflammatory dysregulation 
combined to suppress the growth of atheroma in hyperlipidemic mice.
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a loss of miR-146a expression in the BM contributed to 
liver inflammation and thereby to reduced lipoprotein 
production and lower plasma lipid levels while at the same 
time resulted in increased systemic inflammation that 
together protected against atherosclerosis.

In working to resolve a conundrum of inflammatory and 
metabolic dysregulation that together led to atherosclerosis 
protection in both DKO and miR-146–/– BMT mice fed 
a HCD, the investigators paid closer attention to diet- 
and age-dependent defects in hematopoiesis among miR-
146a deficient mice. Although earlier studies had noted 
hematopoietic stem cell (HSC) dysfunction and BM failure 
in LPS-challenged and older miR-146a–/– mice due to 
unrestrained NF-κB signaling (16), the impact that a HCD 
could exert on precipitating aberrant hematopoiesis had 
not been previously examined in these mice. In pursuing 
this mode of reasoning, they observed that extramedullary 
hematopoiesis and BM failure could be accelerated in young 
DKO and miR-146–/– BMT mice fed a HCD as evidenced 
by large spleens and pale femurs. The investigators took a 
step further to examine the effects that ageing could impart 
on splenomegaly and its consequences on atherosclerosis. 
In contrast to young 10-week-old DKO mice that had 
unaltered plaque burden after a 12-week course of HCD, a 
similar course of HCD fed to older 20-week-old DKO mice 
led to a pronounced protection against atherosclerosis in 
the aortic arch. This protection was accompanied by paling 
of the femurs and splenomegaly due to an expansion of 
leukocytes. A similar phenotype of splenomegaly and paling 
of the femurs was noted in miR-146–/– BMT mice fed a 
HCD for 12 weeks, which again coincided with a reduction 
in plasma LDL and cholesterol levels. 

A closer inspection of HSC together with multipotent 
and committed progenitor cells in the BM and spleen 
revealed a profound dysfunction of hematopoiesis and loss 
of myelopoiesis in both DKO and miR-146–/– BMT mice 
fed a HCD. Interestingly, such dysfunction of hematopoiesis 
occurred more rapidly among miR-146–/– BMT mice than 
in DKO mice which led to an accumulation of lymphocytes 
and CD45+ leukocytes in the spleen. Collectively, these 
observations established the value of miR-146a in guarding 
against BM failure and extramedullary hematopoiesis caused 
by HCD feeding. 

In seeking to reconcile how diet-induced BM failure 
combined with accelerated extramedullary hematopoiesis 
and enhanced systemic inflammation could paradoxically 
convey protection against atherosclerosis, Cheng et al. (15) 
monitored levels of circulating immune cells in cohorts of 

DKO and miR-146–/– BMT mice fed a HCD. By including 
an earlier time point, the investigators observed a period of 
robust hematopoiesis 4 weeks after HCD initiation that led to 
pronounced monocytosis similar to what they had reported 
in prior models of diet-induced hematopoiesis (19). However, 
as soon as 12 and 18 weeks of HCD, leukocytosis had taken a 
downturn in both miR-146–/–BMT and DKO mice respectively 
indicative of a biphasic response of hematopoiesis in mice 
deficient in miR-146a in the hematopoietic compartment. A 
closer look at BM function through competitive BM transplant 
experiments revealed that miR-146–/– BM outperformed 
WT BM in producing neutrophils and Ly6Chi monocytes in 
recipient Ldlr–/– BMT mice fed a chow diet or after a short 
duration of HCD consumption. However, an extended period 
of HCD consumption resulted in a progressive decline in 
miR-146a–/– BM derived-leukocytes while leukocytes derived 
from WT BM persisted. Furthermore, an assessment of 
leukocytes enzymatically released from advanced atheroma in 
the aorta of recipient Ldlr–/– BMT mice revealed myeloid cells 
to be predominately of WT BM origin, while lymphocytes 
of both hematopoietic origins were present at similar levels. 
This finding was in sharp contrast to what was observed in 
cells detected in the aorta of recipient Ldlr–/– BMT mice fed 
a chow diet where the majority of leukocytes were derived 
from miR-146–/– BM. Consistent with observations in the 
circulation and atheroma, an examination of the BM revealed 
that hematopoietic cells were largely of WT origin in mice fed 
a HCD, but the opposite was seen in mice fed a normal diet.

In a final series of experiments, the investigators sought 
to look beyond the BM as a site sensitive to miR-146a loss 
in the pathogenesis of atherosclerosis. This was achieved 
through BMT experiments performed by transplanting 
WT BM into lethally irradiated Ldlr–/– mice and DKO 
mice that were subsequently maintained on a HCD for 12 
weeks. Interestingly, there were no noticeable differences 
in circulating pro-inflammatory cytokines or cholesterol-
containing lipoprotein particles between the two models 
demonstrating that the dysregulation in systemic 
inflammation and plasma lipoproteins levels are dependent 
on deletion of miR-146a from the BM rather than other 
tissue such as hepatocytes. Moreover, levels of leukocytes 
in the spleen and the circulation were also normalized. 
Overall, a miR-146a rescue of the hematopoietic system 
in the WT→DKO BMT mice resulted in increased lipid-
rich plaque burden compared to WT→Ldlr–/– BMT mice. 
Interestingly, the source of this added atherosclerosis likely 
derived from the inflamed endothelium of WT→DKO 
BMT mice that displayed increased expression levels 
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of adhesion and chemokines genes consistent with the 
investigators prior reports demonstrating the value of miR-
146a in suppressing endothelial cell activation (12).

In the end, how has this meticulous and exhaustive study 
succeeded in uncloaking the behavior of miR-146a in the 
pathogenesis of atherosclerosis? While some data cast miR-
146a as a foe through its ability to sustain myeloid cell 
output from the BM and spleen that populate the vascular 
wall of hyperlipidemic mice, other data find it to be a 
friend by protecting the vascular endothelium from NF-
κB inflammatory responses (Figure 2). The conundrum of 
miR-146a action in atherosclerosis predisposition revealed 
through studies of these mouse models will thus require 
further scrutiny to resolve the paradoxical observation. 
One avenue to explore could include an avoidance of HCD 
feeding to prevent rapid BM failure and an elimination of 
myeloid cells in the circulation. In this respect, it would 
be interesting to explore why a loss of miR-146 in the BM 
led to myeloid cell depletion but did not exert a similar 
destructive impact on lymphopoiesis. Also, exploring why 
the protective properties of miR-146a deficiency were 
limited to the aortic arch could reveal a flow sensitive 
nature of miR-146a in the vessel wall as recently reported 
(20). Furthermore, it would be of interest to test whether 
systemic delivery of miR-146a mimics in DKO and miR-
146–/– BMT mice fed a HCD would enhance atherosclerosis 
by preventing BM failure and by enhancing lipoprotein 
secretion in the liver. How such findings would relate to 
prior atheroprotective properties ascribed to miR-146a in 
mature myeloid cells (13) and the endothelium (18) would 
certainly sustain the mystery surrounding this microRNA. 
Clearly much more work will be required to fully define 
the role of miR-146a in atherosclerosis in order to 
determine whether it may serve as a useful target for human 
cardiovascular disease.
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