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Diabetes mellitus increases the clinical risk of cardio-
vascular morbidity and mortality. This risk remains 

elevated with conventional low-density lipoprotein (LDL) cho-
lesterol–lowering therapies, such as statins.1 In the Fenofibrate 
Intervention and Event Lowering in Diabetes study, type 2 
diabetic patients with mixed dyslipidemia (high triglycer-
ides and low high-density lipoprotein cholesterol [HDL-C]) 
showed the most benefit of combination fenofibrate/statin 
therapy, suggesting the importance of raising HDL-C in these 
patients.2 In mouse models, diabetes mellitus dramatically 
accelerates the progression of atherosclerosis,3 and we have 
shown that it inhibits atherosclerosis regression after aggres-
sive LDL reduction. This was caused by increased monocyte 
infiltration and macrophage burden in the plaque compared 
with nondiabetic mice.4,5 The plaque macrophages from dia-
betic mice also exhibited an M1 inflammatory phenotype, 

unlike the M2 inflammation-resolving/tissue remodeling 
macrophages we have typically found in regressing plaques in 
nondiabetic mice.4,6 These impairments were largely driven by 
hyperglycemia, as glucose reduction improved the response to 
lipid lowering.5 Notably, this restored regression was associ-
ated with reduced circulating monocyte levels as a result of 
the loss of the proliferative stimulus that hyperglycemia has 
on monocyte bone marrow (BM) progenitor cells.5
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In nondiabetic atherosclerotic mice, increasing the plas-

ma level of HDL by providing apoA1 (by transgenesis7 or 
infusion)8 or by anti-miR33 treatment9 promotes plaque re-
gression with an enrichment of macrophages expressing anti-
inflammatory M2 markers. An important component of this 
beneficial effect of HDL is ascribed to its ability to promote 
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Rationale: Diabetes mellitus increases cardiovascular disease risk in humans and remains elevated despite 
cholesterol-lowering therapy with statins. Consistent with this, in mouse models, diabetes mellitus impairs 
atherosclerosis plaque regression after aggressive cholesterol lowering. MicroRNA 33 (miR33) is a key negative 
regulator of the reverse cholesterol transport factors, ATP-binding cassette transporter A1 and high-density 
lipoprotein, which suggested that its inhibition may overcome this impairment.

Objective: To assess the effects of miR33 inhibition on atherosclerosis regression in diabetic mice.
Methods and Results: Reversa mice, which are deficient in the low-density lipoprotein receptor and in which 

hypercholesterolemia is reversed by conditional inactivation of the microsomal triglyceride transfer protein gene, were 
placed on an atherogenic diet for 16 weeks, then either made diabetic by streptozotocin injection or kept normoglycemic. 
Lipid-lowering was induced by microsomal triglyceride transfer protein gene inactivation, and mice were treated 
with anti-miR33 or control oligonucleotides. Although regression was impaired in diabetic mice treated with control 
oligonucleotides, anti-miR33 treatment decreased plaque macrophage content and inflammatory gene expression in 
these mice. The decreased macrophage content in anti–miR33 treated diabetic mice was associated with a blunting 
of hyperglycemia-induced monocytosis and reduced monocyte recruitment to the plaque, which was traced to an 
inhibition of the proliferation of bone marrow monocyte precursors associated with the upregulation of their Abca1.

Conclusions: miR33 inhibition overcomes deleterious effects of diabetes mellitus in atherosclerosis regression in 
mice, which suggests a therapeutic strategy in diabetic patients, who remain at elevated cardiovascular disease 
risk, despite plasma cholesterol lowering.   (Circ Res. 2014;115:759-769.)
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cholesterol efflux from macrophages in the plaque. This pro-
cess is mediated by the ATP-binding cassette (ABC) trans-
porters, ABC transporter A1 (ABCA1) and ABC transporter 
G1 (ABCG1), which provide cholesterol to lipid-poor and 
spherical HDL particles, respectively. In the liver, ABCA1 also 
provides phospholipids to newly secreted apoA1 to generate 
nascent lipid-poor HDL particles. We have previously shown 
that Abca1 and Abcg1 mRNAs are both targets of miR3310 
and that treatment of Ldlr−/− mice with anti-miR33 upregu-
lated ABCA1 in the liver and macrophages and resulted in 
plaque regression.9 Taken with our findings that both Abca1 
and Abcg1 are downregulated by hyperglycemia,11 which may 
contribute to impaired regression of atherosclerosis in diabetic 
mice after plasma lipid lowering, this made anti-miR33 treat-
ment an attractive candidate for overcoming this impairment.

To test this hypothesis, we turned to the Reversa mouse, which 
we have reported to be a model of atherosclerosis regression.12 
To create a regression environment after plaques develop, the 
hyperlipidemia of the LDL receptor knockout (Ldlr−/−) mouse is 
suppressed by the conditional inactivation of the microsomal tri-
glyceride transfer protein gene (Mttp), which shuts down the se-
cretion by the liver of VLDL (the precursor of LDL). As clinical 
studies show that atherosclerotic plaque formation starts before 
the onset of diabetes mellitus,13 our protocol was to first establish 
atherosclerosis by placing mice on a western diet for 16 weeks 
and then inducing diabetes mellitus with streptozotocin (STZ) 
in a subset of mice. We then tested the effects of anti-miR33 (or 
control oligonucleotides) in both normoglycemic and diabetic 
mice after plasma lipid normalization.

Consistent with our previous results,4 regression was im-
paired by diabetes mellitus in control oligonucleotide-treated 
mice, but inhibition of miR33 caused a significant decrease in 
the content and inflammatory state of plaque macrophages. 
These beneficial effects of anti-miR33 therapy were associ-
ated with changes in the population of circulating monocytes 
and their BM precursors, as will be presented. Overall, the 
results suggest that targeting of miR33 may improve cardio-
vascular risk reduction by statins and other lipid-lowering 
therapies in patients with hyperglycemia.

Methods
Animals
Reversa mice (Ldlr−/−; ApoB100/100; Mttpfl/fl; Mx1-Cre+/+)14 and C57Bl6J 
were cared for in accordance with the National Institutes of Health 

guidelines and the New York University Institutional Animal Care 
and Use Committee (Protocol 090908). Reversa pups were weaned 
at 4 to 5 weeks and placed on a western diet (21% [wt/wt] fat, 0.15% 
cholesterol [Research Dyets]) to allow the development of athero-
sclerotic plaques. After 15 weeks, mice were injected IP daily with 
STZ (50 mg/kg, Sigma-Aldrich) or citrate buffer for 5 days to induce 
diabetes mellitus or serve as a control. One week later, all mice were 
switched to a chow diet. After the diet switch Reversa mice were in-
jected IP with polyinosinic polycytidylic RNA (Sigma-Aldrich 15 
mg/kg) every other day for a total of 4 injections.4 Mice were then 
treated subcutaneously 4× with the antisense oligonucleotides (ASO) 
anti-miR33 or the ASO control (Regulus Therapeutics, 10 mg/kg) as 
previously described.9 Regulus Therapeutics provided 2′ fluoro/me-
thoxyethyl (2′F/MOE)–modified, phosphorothioate backbone–mod-
ified anti-miR33 (TGCAATGCAACTACAATGCAC) and mismatch 
control (TCCAATCCAACTTCAATCATC) anti-miR. At euthenize, 
mice were anesthetized with xylazine/ketamine, and blood was col-
lected via cardiac puncture for plasma analyses. Mice were perfused 
with PBS, followed by 10% sucrose in PBS. Aortic roots were em-
bedded in optimal cutting temperature compound medium and frozen 
immediately, and tissues were snap-frozen under liquid nitrogen and 
stored at –80°C until further use.

Plasma Lipoprotein Analyses
Total cholesterol, HDL-C, and triglyceride concentrations were mea-
sured using colorimetric assays (all kits from Wako Diagnostics, 
Richmond, VA). Glycemia was measured after 4 hours of fast with a 
blood glucometer (Freestyle lite, Roche).

Histochemical Analyses
Aortic roots were harvested, frozen in optimal cutting temperature 
compound, and serial-sectioned at a thickness of 6 μm onto glass 
slides. For immunostaining of CD68 (macrophage marker), slides 
were fixed in 100% acetone and exposed to primary anti-CD68 anti-
body (Serotec), followed by biotinylated secondary antibody (Vector 
Laboratories), with visualization using a Vectastain ABC kit (Vector 
Laboratories). Microscopic images of aortic root sections were digi-
tized, and morphometric measurements were performed using Image 
Pro Plus software (Micro Optical Solutions).

For collagen content, tissues were stained with picrosirius red 
and quantified with Image Pro Plus software using polarizing light 
microscopy.

Necrosis Analysis
Necrosis, an indicator of the effectiveness of efferocytosis, was quan-
tified in aortic roots from Reversa mice by measuring the acellular 
areas of plaques with Image Pro Plus software.15

Apoptosis Analysis
Apoptosis was analyzed in aortic roots from Reversa mice by termi-
nal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
method using an in situ cell detection kit (Roche Diagnostics). Nuclei 
were labeled with Vectashield Mounting media with 4',6-diamidino-
2-phenylindole (DAPI; Vector laboratories). Only TUNEL-positive 
cells that colocalized with DAPI-stained nuclei were considered 
apoptotic.

Laser Capture Microdissection
CD68+ cells were isolated from atherosclerotic plaques by laser cap-
ture microdissection.16,17 All laser capture microdissection procedures 
were performed under RNase-free conditions. Aortic root sections 
were stained with hematoxylin-eosin and captured from 36 frozen 
sections. After laser capture microdissection, RNA was isolated 
using the PicoPure Kit (Molecular Devices), and quality and quan-
tity were determined using an Agilent 2100 Bioanalyzer (Agilent 
Technologies). RNA was converted to cDNA and amplified using the 
WT-Ovation Pico RNA Amplification Kit (NuGEN). Real-time PCR 
was performed with 5 ng of amplified cDNA using the ABI PRISM 
7300 sequence detection system (Applied Biosystems). Gene expres-
sion was assessed using the ΔΔCt calculation method.

Nonstandard Abbreviations and Acronyms

ABCA1 ATP-binding cassette transporter A1

ABCG1 ATP-binding cassette transporter G1

ASO Anti-sense oligonucleotides

BM Bone marrow

CMP Common myeloid progenitor

GMP Granulocyte–macrophage progenitor

LSK Lin−, Sac1+, ckit+ stem cells

miR33 microRNA 33

Mttp Microsomal triglyceride transfer protein

pIpC Polyinosinic polycytidylic RNA

STZ Streptozotocin
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Monocyte Tracking
Monocytes were labeled as previously described.18,19 Briefly, 1 μm 
Fluoresbrite fluorescein isothiocyanate-dyed (YG) plain micro-
spheres (Polysciences Inc.) were diluted in PBS (1:4), and 250 μL of 
the solution was injected into the retro-orbital vein of mice to label 
circulating Ly6Clo monocytes. For the egress study, beads were in-
jected at week 14 before any treatment. For the recruitment study, 
beads were injected 24 hours before harvesting. For both protocols, 
bead labeling efficiency was assessed by flow cytometry 24 hours 
after bead injection.18,19

Flow Cytometry

Blood Leukocytes
Blood was collected via retro-orbital bleeding with EDTA-coated cap-
illaries. Red blood cells were lysed with RBL buffer (Sigma Aldrich) 
and blocking achieved with antimouse CD16/CD32 (eBioscience). 
Monocytes were identified by staining with PE antimouse CD115 
(Biolegend) and APC antimouse Ly-6G/Ly-6C (Biolegend).18,19 
Neutrophils were identified as CD45hiCD115loLy6-C/Ghi cells. Flow 
cytometry was performed using a LSRII analyzer.

Hematopoietic Stem and Progenitor Cells
Hematopoietic stem and progenitor cells were analyzed by flow cy-
tometry as previously described.5,20 Briefly, BM was harvested from 
femurs and tibias, and red blood cells were lysed with BD Pharm 
Lyse (BD Biosciences). Cells were incubated with a cocktail of an-
tibodies against lineage-committed (lin) cells (B220, CD19, CD11b, 
CD3e, TER-119, CD2, CD8, CD4, Ly6-C/Ly6-G, and all fluorescein 
isothiocyanate) and markers to identify the stem and progenitor cells 
that were identified as LSK (lin−, Sac1+, and ckit+), common myeloid 

progenitor (CMP; lin−, Sca1−, ckit+, CD34int, and FcγRIIint/FcγRIIIint), 
and granulocyte–macrophage progenitor (GMP; lin−, Sca1−, ckit+, 
CD34int, and FcγRIIhi/FcγRIIIhi). Cell cycle analysis was performed 
using DAPI (Sigma Aldrich) to measure cells in the S-G

2
M phase, 

G0 and sub-G0 (apoptotic). Flow cytometry was performed using an 
LSRII (for analysis) or MoFlo (for sorting). All flow cytometry data 
were analyzed using FlowJo X software (Tree Star). RNA from sorted 
cells was extracted with RNeasy Micro kit (Qiagen) and cDNA was 
obtained with SuperScript VILO (Life Technologies).

Statistical Analysis
For atherosclerosis and immunohistochemical analyses, all compari-
sons were made using a 1-way ANOVA (P≤0.05), and data are ex-
pressed as mean±SEM.

Results
Anti-miR33 Increases HDL-C and Target Gene 
Expression in Livers of Diabetic Mice
To assess the effects of miR33 inhibition on atherosclerosis 
regression in a hyperglycemic environment, Reversa mice 
were fed a western diet (21% fat and 0.15% cholesterol) for  
16 weeks to allow complex plaques to develop (see Figure 1A 
for a schematic depiction of the overall protocol). At 15 weeks, 
mice were given daily (IP) injections for 5 consecutive days 
with citrate buffer or 50 mg/kg STZ to induce diabetes mel-
litus.4 At 16 weeks, all mice were switched to a standard chow 
diet (6% fat) and injected IP every other day (4 injections  
total) with polyinosinic polycytidylic to conditionally delete 
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Figure 1. α-miR33 treatment 
derepresses its target genes in the 
liver of Reversa mice. A, Experimental 
design: Reversa mice were placed on a 
western diet for 16 weeks. At 15 weeks, 
the mice received 5 injections of citrate 
(control) or 50 mg/kg streptozotocin (STZ; 
diabetic). At 16 weeks, all mice were 
switched to a chow diet and received 
polyinosinic polycytidylic RNA (pIpC) 15 
mg/kg every other day for a total of 4 
injections to initiate lipid lowering. Mice 
then received weekly (s.c.) injections of 
either control anti-miR or anti-miR33 2′F/
MOE oligonucleotides (10 mg/kg) for 4 
weeks, before euthenizing (ie, 4 weeks 
post the final pIpC injection). Hepatic 
expression of Abca1 (B), Abcg1 (C), Cpt1 
(D), and Hmgcr (E). #P≤0.05 vs con α-miR 
normoglycemic; *P≤0.05, ***P≤0.001 vs 
con α-miR diabetic.
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the Mttp gene and induce lipid lowering. Mttp deletion result-
ed in effective cholesterol lowering compared with baseline 
levels (baseline: 863±47 to 83–101 mg/dL in the experimental 
groups; Table 1). The reduction in total cholesterol levels was 
independent of STZ or anti-miR (control or miR33) treatment.

After polyinosinic polycytidylic injections, mice were treated 
weekly by subcutaneous injection with either miR33 or control 
ASOs. After 4 weeks, anti-miR33 treatment increased HDL-C 
by 30% (P≤0.05) and 42% (P≤0.05) in the normoglycemic 
and in the diabetic groups, respectively (Table 1). Anti-miR33 
treatment did not affect the blood glucose levels of either the 
normoglycemic or diabetic mice when compared with the cor-
responding ASO control–treated mice (Table 1). Consistent with 
previous observations in mouse models21 and diabetic patients,22 
plasma triglyceride levels were increased by hyperglycemia; no 
effect of anti-miR33 on triglyceride levels was observed when 
compared with control ASO–treated mice (Table 1).

The efficacy of miR33 inhibition was evaluated by measur-
ing the expression of known target mRNAs in the liver. As 
previously reported,10 anti-miR33 treatment significantly in-
creased Abca1 mRNA expression (P≤0.05) in normoglycemic 
mice (Figure 1B). Furthermore, although Abca1 mRNA was 
reduced by almost 50% (P≤0.05) in the livers of hyperglyce-
mic mice, anti-miR33 treatment restored Abca1 expression 
to the level seen in normoglycemic anti–miR33 treated mice 
(Figure 1B). Abcg1 expression in the livers of diabetic mice 
was modestly reduced compared with normoglycemic mice 
(Figure 1C). Anti-miR33 treatment increased Abcg1 mRNA 
levels by 1.5-fold (P≤0.05) in the diabetic mice, whereas no 
effect of anti-miR33 was observed in normoglycemic mice. 
Levels of Cpt1 mRNA, another miR33 target gene, were also 
increased by anti-miR33 treatment in both normo- and hyper-
glycemic mice (P≤0.05; Figure 1D). Non-miR33 target genes, 
such as HMG-CoA reductase, were not affected by anti-miR33 
treatment (Figure 1E), although its expression was increased in 
the diabetic mice (P≤0.05; Figure 1E), as previously reported.23

Anti-miR33 Reduces Plaque Macrophage Content 
in Diabetic Mice After Plasma Lipid Lowering
Anti-miR33 treatment has been shown to promote plaque re-
gression in Ldlr-/- mice fed western diet for 16 weeks and then 

switched to chow for the duration of treatment (4 weeks). This 
beneficial effect of anti-miR33 was associated with increased 
HDL-C and reverse cholesterol transport, presumably as a con-
sequence of greater Abca1 expression in liver and plaque mac-
rophages.9 Consistent with our previous findings,4 we observed 
that diabetes mellitus impaired plaque regression after lower-
ing of plasma cholesterol as reflected by the decrease in plaque 
macrophage content (CD68+ cells) in the normoglycemic group 
(P≤0.001), but not in the diabetic group (Figure 2). Anti-miR33 
treatment restored plaque regression in the diabetic group and 
reduced macrophage content to the same level observed in nor-
moglycemic mice. Interestingly, anti-miR33 treatment did not 
further reduce plaque macrophage content in the nondiabetic 
group, suggesting that, in the absence of hyperglycemia, the 
reduction in plasma cholesterol level alone was sufficient to 
drive this process, as shown by the ≈50% decrease of plaque 
CD68 content compared with baseline (Figure 2; baseline 52% 
versus Regression+anti-miR33 26±2.2%; P≤0.05). As we have 
observed previously,4 reduction in macrophage content did not 
result in changes in total plaque area (Online Figure I), which 
has been shown to be from increases in plaque collagen con-
tent in the regressing plaque. Consistent with this, anti-miR33 
treatment increased the plaque collagen content in the diabetic 
group, restoring it to the same level observed in normoglyce-
mic mice (Figure 2B). Together, these data suggest that anti-
miR33 treatment promotes a remodeling of the diabetic plaque 
toward a more stable-appearing phenotype.

Anti-miR33 Treatment Favorably Alters Plaque 
Macrophage Inflammatory Phenotype in Diabetic 
Mice After Plasma Lipid Lowering
We next assessed the effects of anti-miR33 on the phenotype 
of diabetic plaque macrophages by analyzing mRNA expres-
sion of laser-captured cells. Consistent with our previous 
findings,4,5 macrophages in the plaques from control anti–
miR treated diabetic mice showed a pattern of gene expres-
sion predominantly of the inflammatory M1 phenotype (eg, 
increased Il1β and Tnfα) and also had reduced expression of 
Abca1 (Table 2). Notably, anti-miR33 treatment of diabetic 
mice reduced mRNAs of M1 macrophage-related genes (Il1β, 
Tnfα, and Nos2) and increased those of anti-inflammatory M2 
macrophage-related genes (Ym1 and Cd206). Furthermore, 
treatment with anti-miR33 restored levels of macrophage 
Abca1 mRNA in the diabetic group to that observed in nor-
moglycemic mice (Table 2). These findings suggest that anti-
miR33 treatment dampened the persistent inflammation in the 
plaque associated with hyperglycemia.

Anti-miR33 Treatment Reduces Plaque  
Monocyte Recruitment, But Does Not Change 
Macrophage Egress
A decrease in macrophage content in the regressing plaque 
could be because of reduced recruitment of monocytes to the 
plaque, loss of macrophages through egress (regulated by re-
tention and chemotaxis), or macrophage death.6 To investigate 
the mechanisms underlying the reduction in macrophages 
in diabetic plaques by anti-miR33 treatment, we used an in 
vivo bead-labeling technique12,19 to assess monocyte recruit-
ment and macrophage egress. To measure the recruitment of 

Table 1. Plasma Characteristics of Reversa Mice After 5 
Weeks of α-miR Control or α-miR33 Treatment

mg/dL Baseline

Normoglycemic Diabetic

Con α-miR α-miR33 Con α-miR α-miR33

Glucose … 113±10 116±6 410±35* 365±29*

TC 863±46 101±14 93±10 83±13 94±9

HDL-C 35±3 25±3 33±3† 35±2 50±6‡

Triglyceride … 30±6 31±5 52±5† 64±11†

Glycemia, total plasma cholesterol, HDL-C, and triglyceride levels were 
obtained after 16 weeks of diet (baseline) and when euthenized. All data are 
expressed as mean±SEM (n>10).

HDL-C indicates high-density lipoprotein cholesterol; and TC, total cholesterol.

*P≤0.001 vs con α-miR diabetic.

†P≤0.05 vs con α-miR normoglycemic.

‡P≤0.05 vs con α-miR diabetic.

D
ow

nloaded from
 http://ahajournals.org by on M

ay 16, 2023



Distel et al  Anti-miR33 Improves Plaque Regression in Diabetes Mellitus  763

monocytes, mice were injected with fluorescent latex beads 
24 hours before the harvesting of aortic roots and the number 
of beads in the plaques counted. Monocyte labeling was not 
affected by either diabetes mellitus or anti-miR treatment, in-
dicating that neither condition had a significant effect on the 
phagocytic ability of circulating monocytes (Online Figure 
II). Hyperglycemia was associated with a 60% increase in 
monocyte recruitment to the plaque (P≤0.01; Figure 3B), 
consistent with our previous observations in another model 
of regression.5 Notably, anti-miR33 treatment prevented this 
diabetes mellitus–induced increased recruitment of mono-
cytes (P≤0.01; Figure 3B). Although these results could be 
attributed in large part to changes in the circulating number 
of monocytes (see below), studies in vitro suggested that 

anti-miR33 treatment could also have caused an intrinsic de-
crease in monocyte/macrophage chemotaxis in a hyperglyce-
mic environment (Online Figure IIIA and IIIB).24

To study macrophage egress, we injected fluorescent beads 
before the induction of diabetes mellitus or anti-miR treat-
ment (week 14; Figure 3A). One week after bead injection, 
a group of mice was euthanized to obtain baseline measure-
ments of the content of labeled macrophages (ie, CD68+ cells 
colocalized with beads) in aortic root plaques. As in the ex-
periment described above, additional mice were then treated 
with STZ, polyinosinic polycytidylic, and anti-miR (control 
or miR33; Figure 3A), and the beads remaining in the aor-
tic root plaques when euthenized were quantified. Reversal 
of hyperlipidemia was associated with a reduction in plaque 
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bead content to ≈50% of baseline independent of the treat-
ment (P≤0.001; Figure 3C). These results suggest that though 
macrophages were actively leaving the plaque during regres-
sion, this process was not differentially affected by diabetes 
mellitus or anti-miR33 treatment. Consistent with this was the 
lack of significant changes in the plaque macrophage expres-
sion of the chemotactic factor, Ccr7,25 or of the retention fac-
tor,25 Netrin-1, and its receptor, Unc5b26 (Table 2).

Anti-miR33 Treatment Does Not Affect Plaque 
Macrophage Apoptosis, But Does Increase 
Efferocytosis
Plaque macrophage content can also be modulated by apop-
tosis, but we did not observe any significant differences in 
this among the groups as measured by TUNEL analysis 
(Figure 3D). Diabetes mellitus, however, promoted an in-
crease in the area occupied by necrotic cores, which negative-
ly reflects the level of efferocytotic activity,15 compared with 
plaques from regressing normoglycemic mice (Figure 3E; 
P≤0.05), similar to its effects in progression.27 Notably, an-
ti-miR33 treatment of diabetic mice significantly reduced 
the plaque necrotic area to that of normoglycemic mice 
(Figure 3E; P≤0.05), suggesting that diabetes mellitus–asso-
ciated deficiencies in efferocytosis were corrected.

Anti-miR33 Treatment Reduces Hyperglycemia-
Induced Monocytosis, But Not Neutrophilia
The increased recruitment of monocytes in the diabetic mice 
after plasma lipid reduction may be a consequence of the 
higher numbers of circulating monocytes observed in mice 
that have hyperglycemia, which are also elevated with hy-
percholesterolemia.18–20 Indeed, in the present study, plasma 

lipid lowering induced a significant decrease in the level of 
monocytes (expressed as their percent of circulating leuko-
cytes) compared with baseline (P≤0.001; Figure 4A and 4B). 
Lipid lowering, however, had no effect on the monocyte levels 
in the control anti–miR treated diabetic group, likely because 
of the increased monocyte precursor proliferation via glucose-
dependent mechanisms.5 In contrast, anti-miR33 treatment 
decreased monocyte levels in the diabetic mice to levels com-
parable to the nondiabetic mice (P≤0.001; Figure 4A and 4B).

In addition to the monocytosis, hyperglycemia induced 
neutrophilia, as we previously observed,5 but this was not af-
fected by cholesterol lowering in the regression period or by 
anti-miR33 treatment (Figure 4C).

Anti-miR33 Treatment Reduces Bone Marrow 
Monocyte Progenitors in Diabetic Mice
We previously showed that diabetes mellitus induces my-
elopoiesis in the BM,5 and it has also been shown that the 
membrane content of cholesterol, as influenced by cholesterol 
efflux–related genes and plasma cholesterol levels, positively 
regulates myeloid cell production by increasing BM progeni-
tor cell proliferation.20,28,29 Because the anti-miR33 treatment 
is given concurrent with plasma lipid lowering, to study the 
effects of anti-miR33 on BM progenitors, we used normolip-
idemic C57Bl/6J (WT) mice, to avoid the confounding effects 
of hypercholesterolemia.20

A group of mice were made diabetic with STZ and treated 
with control anti-miR or anti-miR33 weekly for 4 weeks as 
earlier. Treatment with the control anti-miR or anti-miR33 
had no effect on blood glucose levels (Figure 5A) or on 
plasma levels of total cholesterol and triglycerides (Online 
Figure IVA and IVB). As expected, anti-miR33 significantly 
increased HDL-C in both diabetic and normoglycemic mice 
(Figure 5B and Online Figure IVB). Consistent with our pre-
vious findings,5 hyperglycemia induced an increase in the 
abundance and proliferation of both CMP and GMP, without 
affecting the stem cells (LSK; Figure 5C and 5D). This was 
accompanied by a reduction of CMP and GMP, but not LSK 
in the G0 phase, confirming entry into the proliferative cell 
cycle (Online Figure VA). Importantly, the reduction in the 
abundance and proliferation of myeloid precursors with anti-
miR33 in the diabetic mice was not caused by enhanced apop-
tosis (Online Figure VB) or senescence (Online Figure VC).

Treatment with anti-miR33 reduced the expansion and 
proliferation of the CMP and GMP in the diabetic mice 
(Figures 5C and 6D), indicating that anti-miR33 acts via 
glucose-independent mechanisms to inhibit the production 
of monocytes in diabetes mellitus. This effect of anti-miR33 
treatment on proliferation of monocyte progenitors, however, 
was not observed in macrophages in vitro; although there was 
evidence of their increased proliferation in a hyperglycemic 
environment, it was not suppressed by anti-miR33 treatment 
(Online Figure IIIC).

Anti-miR33 Treatment Restores Abca1 and Abcg1 
Gene Expression in Bone Marrow Monocyte 
Progenitor Cells
ABCA1 and ABCG1 have been shown to play a cru-
cial role in hematopoietic stem cell proliferation.29,30 We 

Table 2. Gene Expression Analysis of Laser-Captured Plaque 
CD68+ Cells

Normoglycemic Diabetic

Con α-miR α-miR33 Con α-miR α-miR33

α-miR33 
targets

Abca1 116±21 96±11 61±7* 110±12†

Abcg1 115±25 111±15 146±19 116±20

M2 Cd206 129±44 223±70 108±23 192±49

Ym1 252±115 2479±1588* 92±30 527±170†

M1 Tnfα 116±27 87±14 236±75 99±22

Il1β 138±40 90±21 304±74* 63±12†

Nos2 159±63 121±54 179±54 43±15

Trafficking Ccr2 122±26 153±60 349±77* 126±16†

Ccr5 124±27 119±13 154±26 120±27

Ccr7 137±33 189±80 139±50 131±41

Netrin-1 123±38 188±46 195±45 155±41

Unc5b 113±23 139±25 121±19 117±32

Adhesion Vcam1 103±12 138±27 2537±51* 110±16†

Icam1 113±27 144±37 269±56 185±30

CD68+ cells from aortic plaques of Reversa mice were isolated using 
LCM. mRNA was isolated, amplified, and analyzed by RT-PCR. mRNA levels 
are presented as relative levels normalized to HPRT. Data are expressed as 
mean±SEM (n≥6 per group).

*P≤0.05 vs con α-miR normoglycemic.

†P≤0.05 vs con α-miR diabetic.
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hypothesized that hyperglycemia-induced BM progenitor 
proliferation was caused by a defect of Abca1/Abcg1 ex-
pression in the different progenitor subsets, which would 
increase the plasma membrane cholesterol content of these 
cells, stimulating their proliferation.29 Indeed, as observed 
in the liver and in plaque macrophages, Abca1 and Abcg1 

gene expression was decreased by hyperglycemia in the 
CMP (Figure 6B) and GMP (Figure 6C), without affect-
ing expression in the LSK population (Figure 6A). Notably, 
anti-miR33 treatment restored Abca1 expression in both the 
CMP and GMP subset (Figure 6B and 6C). These results 
suggest that anti-miR33 may prevent monocytosis at the 
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level of BM progenitor cells, through its upregulation of 
Abca1 expression in those cells.

Discussion
Diabetic patients after cholesterol lowering remain at higher 
risk of CVD relative to nondiabetics. Consistent with this is 
our finding in 2 independent mouse models that after cho-
lesterol lowering, atherosclerosis regression is impaired by 
hyperglycemia.4,5 Because anti-miR33 treatment regressed 
plaques in nondiabetic mice,9 we reasoned that a similar ap-
proach may overcome this impairment. Indeed, our results 
show that miR33 inhibition confers several atheroprotective 
benefits in the context of hyperglycemia, chief among them 
being the reduction in the content and inflammatory state of 
plaque macrophages. This was found to be because of the abil-
ity of anti-miR33 to reduce the monocytosis associated with 
diabetes mellitus, which decreased the continued recruitment 
of monocytes into plaques that occurs even in the face of lipid 

lowering.31 These findings, then, expand the atheroprotective 
mechanisms of anti-miR33 to the diabetic setting, an area of 
great clinical importance.

Although we observed, as before,12 egress of macrophages 
after plasma lipid lowering in Reversa mice, this was not fur-
ther increased by anti-miR33 treatment in either normo- or 
hyperglycemic mice. The lack of increase in egress associated 
with anti-miR33 treatment was consistent with the absence of 
changes in the gene expression of previously identified factors 
affecting this pathway, including the chemotactic factor Ccr7 
or the retention factor Netrin-1. We also observed no changes 
in plaque macrophage apoptosis and senescence or in mac-
rophage proliferation in vitro with anti-miR33 treatment, but 
did find evidence for increased efferocytosis, as judged by ne-
crotic core analysis. Thus, the basis for the reduction in plaque 
macrophage content in the diabetic mice by anti-miR33 seems 
to derive primarily from decreased recruitment of monocytes 
into the plaques and increased clearance of apoptotic cells. 
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That recruitment continues in a regression environment has 
been previously established,18,31 and the present results repre-
sent another demonstration that its reduction can contribute 
to decreased plaque content of macrophages after cholesterol 
lowering.5,18

As we recently reported in another mouse model, hyper-
glycemia induces monocytosis because of BM progenitor 
proliferation, and this in turn results in increased recruit-
ment of these cells to plaques after reduction in the plas-
ma lipid level.5 As shown in Figures 4 and 6, anti-miR33 
treatment reduced monocytosis and BM progenitor prolif-
eration, despite persistence of the hyperglycemia, thereby 
preventing the expansion of the pool of recruitable cells 
by hyperglycemia. These findings are related to the report 
from Yvan-Charvet et al29 that links cholesterol efflux-re-
lated genes in the BM progenitors to their proliferation and 
subsequent production of monocytes. Yvan-Charvet et al29 
showed that deficiency of Abca1 and Abcg1, even in the 
nonhyperlipidemic setting, led to monocytosis and leuko-
cyte infiltration into tissues, presumably through changes in 
plasma membrane cholesterol that affected responsiveness 
to proliferative factors. In the present study, hyperglycemia 
induced a decrease in Abca1 and Abcg1 expression in the 
BM progenitors (Figure 6), which would be expected to be 
a proliferative stimulus. Restoration of Abca1 and Abcg1 
expression with anti-miR33 treatment, therefore, would be 
predicted to normalize BM proliferation and the level of cir-
culating monocytes, just as observed. Because monocytosis 
is also observed in people with diabetes mellitus and corre-
lates with their risk of cardiovascular disease,32 it is tempt-
ing to speculate that anti-miR33 therapy would be effective 
in that population to reduce this risk, in part, through similar 
effects in human BM.

We previously reported that when plasma lipids are low-
ered, in addition to the reduction in the plaque content of 
macrophages, the inflammatory state of these cells is also 
lowered in normoglycemic, but not hyperglycemic, mice.4,7,12 
As also previously reported,9 anti-miR33 treatment induces 
an enrichment in anti-inflammatory M2 macrophages. In the 
present study, consistent with this, and shown in Table 2, 
miR33 inhibition reversed this adverse effect of hypergly-
cemia on plaque macrophage inflammation. There are ≥2 
potential bases for this. One could be related to previous 
findings from the laboratories of Alan Tall33 and John Parks34 
that showed that free cholesterol enrichment of the plasma 
membrane, particularly in lipid-rafts in macrophages with 
ABCA1 deficiency, leads to enhanced inflammatory signal-
ing via toll-like receptors. That the downregulation of Abca1 
by hyperglycemia and the restoration of its expression by an-
ti-miR33 modulated plaque macrophage inflammatory state 
through this mechanism is supported by finding that increases 
in Ccr2, Vcam1, and Icam1, all NF-kB targets downstream 
of toll-like receptor signaling, were reversed by anti-miR33. 
Despite Abcg1 also being a NF-kB target,9,35 its gene expres-
sion was not changed in plaque macrophages or in CMP pre-
cursors, suggesting that under our experimental conditions, 
ABCG1 may be more likely in these cell types to be regulated 
by post-transcriptional mechanisms.

The other potential basis, particularly for the enrichment 
in M2 features, is that direct or indirect targets that promote 
the M2 phenotypic state of macrophages were derepressed by 
the anti-miR33 treatment. A previous report36 has also impli-
cated the eicosanoid pathway in the inflammatory process of 
diabetes mellitus–accelerated atherosclerosis. In the present 
studies, however, we found no significant evidence to suggest 
this pathway as a mechanism for the effects of anti-miR33 
treatment, as judged by the lack of change in the gene expres-
sion of the major related enzymes (Acsl1, Pges1, Ptges; data 
not shown).

It is interesting to compare the benefits of anti-miR33 
treatment in atherosclerosis regression to those in progres-
sion. Recent studies report conflicting results. Rotllan et 
al37 and Horie et al38 showed that miR33 inhibition, ei-
ther by therapeutic or by genetic silencing, lead to a de-
lay in plaque progression. Marquart et al,39 however, did 
not observe any differences in atherosclerosis progression 
between anti–miR33 treated and control oligonucleotide–
treated mice. The major differences between the studies 
were the oligonucleotide inhibitors of miR33 used and the 
amount of cholesterol in the diets (0.15%,38 0.3%37 ver-
sus 1.25%39), which resulted in a wide range of plasma 
cholesterol levels. It seems that when plasma cholesterol 
was above 1200 mg/dL, anti-miR33 was less able to be 
atheroprotective.

A qualitatively similar phenomenon may also occur in 
regression. We have seen in another mouse model of athero-
sclerosis that anti-miR33 treatment was able to improve the 
content and inflammatory state of the macrophages in the 
normoglycemic setting, but in that study, the plasma cho-
lesterol levels were ≥250 mg/dL in the treatment groups9 
compared with <100 mg/dL in the present study. The lack 
of an effect on regression of miR33 inhibition in the nor-
moglycemic group in the present study, then, likely reflects 
that the plasma cholesterol level was sufficiently low so 
that no additional treatment benefit would be realized un-
less there was the concurrent stress of hyperglycemia. Thus, 
like many therapeutics tested for cardiovascular disease 
risk reduction, there is likely a range of plasma cholesterol 
levels above which the effects of anti-miR33 treatment are 
attenuated and below which it cannot exert further improve-
ments, with the range potentially dependent on the presence 
of comorbidities.

In conclusion, the present results show for the first time 
that miR33 inhibition is able to overcome the deleterious 
effects of hyperglycemia on plaque regression in atheroscle-
rotic mice after their plasma lipids were aggressively low-
ered. Because we did not test the effects of miR33 inhibition 
in a setting of hyperglycemia and insulin resistance, the full 
relevance of our findings to patients with type 2 diabetes 
mellitus remains to be established. Nevertheless, given that 
patients with either type 1 and 2 diabetes mellitus both have 
hyperglycemia and high rates of cardiovascular disease, it 
is tempting to suggest anti-miR33 treatment as a promis-
ing combination strategy to make statins and other lipid-
lowering therapies more effective in these patients to reduce 
their elevated risk.
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What Is Known?

•	 Compared with nondiabetics, diabetic patients have high rates of car-
diovascular disease, low plasma levels of high-density lipoprotein, and 
attenuated risk reduction after plasma low-density lipoprotein (LDL)–
lowering therapies.

•	 Diabetic mice have impaired atherosclerotic plaque regression after 
plasma LDL lowering compared with nondiabetic mice, in part from 
monocytosis associated with hyperglycemia.

•	 miR-33 controls high-density lipoprotein metabolism in mice and 
nonhuman primates through regulation of ATP-binding cassette trans-
porter A1 and is considered to be a potential antiatherosclerosis thera-
peutic target.

What New Information Does This Article Contribute?

•	 After plasma LDL lowering, diabetic mice treated with anti-miR33 
therapy had improved regression of atherosclerosis as indicated 
by decreases in the plaque content and inflammatory state of 
macrophages.

•	 Decreased plaque content of macrophages was explained by a re-
duction in hyperglycemia-associated monocytosis as a result of anti-
miR33 treatment and reduced recruitment of monocytes to plaques.

•	 Reduced monocytosis reflected decreased proliferation of bone mar-
row monocyte precursors most likely through upregulation of ATP-
binding cassette transporter A1, a factor known to regulate their 
proliferation.

The overwhelming cause of death in type 1 and 2 diabetic pa-
tients is cardiovascular disease. Though diabetics have shown 
relative risk reduction in statin intervention trials, their absolute 
risk remains elevated, making the understanding of this phenom-
enon an important clinical need. Consistent with the clinical find-
ings, in mouse models, we showed that diabetes mellitus impairs 
atherosclerosis regression after aggressive lowering of high LDL 
levels. This impairment was traced to monocytosis, which drives 
more monocytes into diabetic plaques. In preclinical studies by 
others, the cholesterol content of the bone marrow monocyte pre-
cursors was positively associated with their proliferation. We now 
show, for the first time, that anti-miR-33 therapy reduced cellular 
cholesterol content by increasing ATP-binding cassette transport-
er A in the diabetic bone marrow precursors and decreased bone 
marrow monocyte precursor proliferation. This prevented diabetic 
monocytosis and decreased plaque recruitment of monocytes. 
We previously reported anti-inflammatory effects of anti-miR33 
treatment on mouse plaque macrophages and again observed 
these effects in diabetes mellitus. Thus, by reducing the content 
and inflammatory state of plaque macrophages after LDL lower-
ing, anti-miR33 treatment was able to improve atherosclerosis 
regression in diabetic mice.

Novelty and Significance
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