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ABSTRACT
Alterations in DNA methylation patterns in peripheral
blood leukocytes precede atherosclerotic lesion devel-
opment in mouse models of atherosclerosis and have
been linked to cardiovascular death in patients. The aim
of this study is to investigate the long-term changes in-
duced by WTD feeding on BM cells and the conse-
quences for atherosclerosis susceptibility. Hereto, WTD
BM or Chow BM was transplanted into LDLR KO mice
on chow. BM from WTD BM recipient mice exhibited
hypomethylation of CpG regions in the genes encoding
Pu.1 and IRF8, key regulators of monocyte proliferation
and macrophage differentiation. In agreement, in blood,
the numbers of leukocytes were 40% (P�0.05) higher
as a result of an increase in F4/80� monocytes (3.4-
fold; P�0.01). An increase of CD11c�� cells was also
found (2.4-fold; P�0.05). Furthermore, spleens were
enlarged, and the percentage of F4/80� cells express-
ing CD86 was induced (1.8-fold; P�0.01), indicating in-
creased activation of splenic macrophages. Impor-
tantly, mice reconstituted with WTD BM showed a sig-
nificant, 1.4-fold (P�0.05) increase in aortic root plaque
size in the absence of changes in serum cholesterol.
We conclude that WTD challenge induces transplant-
able epigenetic changes in BM, alterations in the hema-
topoietic system, and increased susceptibility to ath-
erosclerosis. Manipulation of the epigenome, when
used in conjunction with blood lipid reduction, could
thus prove beneficial to treat cardiovascular disorders.
J. Leukoc. Biol. 96: 833–841; 2014.

Introduction
The increasing prevalence of cardiovascular disorders in West-
ern societies is linked to several risk factors, such as smoking,
diet, and genetic predisposition. Recently, epigenetic mecha-
nisms, such as histone modification and DNA methylation,
have been proposed as factors contributing to cardiovascular
risk [1, 2].

DNA methylation is a key mechanism for epigenetic regula-
tion of gene expression [3]. The presence of methyl groups
on cytosine nucleotides in guanine and cytosine-rich gene re-
gions, called CpG islands, can influence transcription of associ-
ated genes. Epigenetic mechanisms, such as DNA methylation,
do not determine short-term changes in gene expression but
rather, enable long-term changes in expression, as may occur
when a cell differentiates [4]. In line, in utero exposure to
nutritional factors has been shown to have lifelong implica-
tions for the epigenome, with associated changes in phenotype
[5, 6]. Moreover, diet-induced changes to the epigenome are
common in adult life and have been implicated in cancer and
longevity [7–10].

Many common nutrients, such as folates or vitamin C, affect
DNA methylation patterns when deficient in diet or taken in
excess [9, 11]. In the context of atherosclerosis, this raises the
possibility that dietary components known to increase cardio-
vascular risk, such as excess cholesterol or alcohol consump-
tion, can influence the epigenome. There is increasing sup-
port in the literature for the hypothesis that changes in DNA
methylation are associated with increased risk for atherosclero-
sis. In 2010, Alkemade et al. [5] described how diet-induced
hypercholesterolemia and prenatal exposure to high serum
lipid levels induce epigenetic histone modifications in vascular
smooth muscle cells and endothelial cells, suggesting that al-
tered epigenetic patterning in the vasculature might affect ath-
erosclerosis susceptibility. In line, alterations in DNA methyl-
ation profiles of the arterial wall precede lesion development,
as observed in aortas of 4-week-old apoE KO mice, a widely
used model to study atherosclerosis [12].

In addition to vascular smooth muscle cells and endothelial
cells, altered DNA methylation patterns of leukocytes have
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been implicated in atherosclerosis. PBMCs of 4-week old apoE
KO mice show altered DNA methylation profiles even before
the mice developed detectable atherosclerotic lesions [12].
Furthermore, increased global DNA methylation in peripheral
blood leukocytes has been linked with increased inflammation
and cardiovascular death in patients [13–17]. Exposure of dif-
ferentiated human THP-1 cells to proatherogenic lipoproteins
promotes global DNA hypermethylation [12, 18]. This suggests
that hypercholesterolemia might form a link between altered
DNA methylation patterning in blood leukocytes and in-
creased susceptibility to atherosclerotic lesion development. In
line, a study by Pearce et al. [19] demonstrated that human
blood lipid profiles positively correlate with global DNA meth-
ylation, measured as LINE methylation. Interestingly, HDL
cholesterol levels are negatively correlated with LINE methyl-
ation, whereas LDL cholesterol shows a strong, positive corre-
lation. In a study in familiar hypercholesterolemia patients
with elevated LDL cholesterol levels as a result of mutations in
the LDLR, concentrations of circulating HDL cholesterol cor-
related with demethylation of the promoter for ABCA1, a cel-
lular cholesterol transporter determining HDL levels in the
circulation [20].

The aim of this study is to test whether dietary-induced hy-
percholesterolemia can lead to alterations in the epigenetic
programming of BM DNA and consequently, lead to pheno-
typic alterations in HSCs, including monocytes and macro-
phages. Hereto, we fed LDLR KO mice a proatherogenic WTD
and subsequently, used their BM for transplantation to LDLR
KO recipients fed regular chow. We show that after transplan-
tation, the recipients have altered BM methylation patterns
when compared with controls transplanted with BM from
chow-fed controls, profoundly altered leukocyte counts, and an
increased susceptibility to atherosclerosis.

MATERIALS AND METHODS

Animals and BMT
LDLR KO mice were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA) and were bred at the Gorlaeus Laboratories in Leiden, The
Netherlands. Male mice (age 12 weeks) were fed a high-fat, high-choles-
terol WTD, containing 15% cacao butter and 0.25% cholesterol (WTD;
Special Diets Services, Essex, UK) for 45 weeks or were kept on control
chow diet (RM3; Special Diets Services) for the indicated periods. At 45
weeks, mice were killed, and BM was isolated for BMT to 12-week-old fe-
male LDLR KO recipient mice. In short, 3 � 106 BM cells were injected
into the tail vein of lethally irradiated recipients [21]. During the whole
experiment, the BM recipients were kept on a regular chow diet. At 16
weeks after transplantation, the mice were anesthetized using a mix of rom-

pun, ketamine, and atropine at a lethal dose. Mice were then exsangui-
nated and perfused with PBS.

All animal work was approved by the regulatory authority of Leiden
University and carried out in compliance with the Dutch government
guidelines.

Histological analysis of the aortic root
Serial sections (7 �m) of the aortic root were cut using a Leica CM3050S
cryostat. The atherosclerotic lesion areas in Oil Red O-stained cryostat sec-
tions of the aortic root were quantified using the Leica image analysis sys-
tem, consisting of a Leica DMRE microscope coupled to a video camera
and Leica QWin imaging software (Leica, Cambridge, UK). The mean le-
sion area (in �m2) was calculated from 10 consecutive Oil Red O-stained
sections, starting at the appearance of the tricuspid valves.

To visualize plaque composition, a Masson Trichrome kit was used
(HT15-1,4; Sigma Aldrich, St. Louis, MO, USA), consisting of Biebrich scar-
let-acid fuchsin, phosphotungstic acid, phosphomolybdic acid, and aniline
blue. The tissue was stained according to the manufacturer’s instructions
(procedure HT15).

Furthermore, aortic root sections were stained for the presence of T
cells using an anti-CD3 antibody [RM-9107; Thermo Scientific (Waltham,
MA, USA); dilution 1:150] after antigen retrieval by incubating the sections
for 20 min in a Tris-EDTA buffer, pH 6. Leica QWin software was used to
quantify adventitia size in the stained sections. CD3� cells were quantified
and expressed relative to adventitia size.

Serum cholesterol and glucose measurements
Serum concentrations of FC were determined by enzymatic colorimetric
assays with 0.048 U/mL cholesterol oxidase (228250; Calbiochem,
Gibbstown, NJ USA) and 0.065 U/mL peroxidase (P8375; Sigma Aldrich)
in reaction buffer (1.0 KPi buffer, pH 7.7, containing 0.01 M phenol, 1
mM 4-amino-antipyrine, 1% polyoxyethylene-9-laurylether, and 7.5% metha-
nol). For the determination of TC, 0.03 U/mL cholesteryl esterase
(228180; Calbiochem) was added to the reaction solution. Absorbance was
read at 490 nm.

Glucose concentration was measured in plasma samples using an Accu-
Chek compact system (3021548; Roche, South San Francisco, CA, USA).

DNA isolation and McrBc digestion
To quantify DNA methylation, DNA was isolated by column filtration
(D3024; Zymo Research, Irvine, CA, USA) and incubated with McrBc en-
zyme (M0272; New England Biolabs, Ipswich, MA, USA) overnight, as de-
scribed previously [6]. The enzyme cleaves methylated CpG sites, prevent-
ing amplification across these sites by RT-PCR. We designed primers to
CpG regions in our genes of interest (Table 1). By calculating the � com-
parative threshold of DNA incubated with the McrBc enzyme compared
with a non-McrBc-digested control, the level of DNA methylation for the
genes of interest was determined.

Flow cytometry analysis and Sysmex
EDTA anti-coagulated blood samples and single-cell suspensions of BM
and spleen, obtained using a 70-�m cell strainer (734-0003; VWR, Rad-

TABLE 1. Sequences of Primers Used in This Study

Gene Forward Reverse

Notch-1 GGTTTTGGTTTCCTGTTGCTTCTTGGG ATCGTCTCTGCCCCGCTCTAAGT
Csf2ra GGGGACTGGAGAAAAGGAAGTGGCT CCTGTGGCCTGACTGTGTGTAGGT
Tal.1 GGGCTCTTTCCTTTTTCCGGCCTTGG TTGGCTGCTTTTATTCGTGCCTGGAGC
Pu.1 TCTTCAACAGCTCAGGCTCGACACCTT GGACCAGGTACTCACCGCTATGGCTT
IRF8 GGTGCTTGCTCTGGCTGCTCTC CGCGCGGTGATTGGCAGATCTATT
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nor, PA, USA), were used for FACS analysis. Red blood cells in the
splenocyte preparations and blood were lysed with ERY lysis buffer (0.15
M NH4Cl, 10 mM NaHCO3, 0.1 mM EDTA, pH 7.3), and the cells were
analyzed on a FACSCanto II (BD Biosciences, Mountain View, CA,
USA), using the relevant FACS antibodies (all obtained from eBioscience,
San Diego, CA, USA).

The amount of LSK progenitor cells in the isolated BM cells was eval-
uated by flow cytometry as follows: BM cells were stained with FITC-la-
beled anti-CD3, anti-CD4, anti-CD8, anti-CD11b, anti-CD19, anti-GR-1,
anti-NK1.1, and anti-TER119 (all obtained from eBioscience) to discrim-
inate between Lin� and Lin� cells. Cells lacking these markers are des-
ignated further as Lin�. The cells in the Lin� population that stain
double-positive for PE-labeled anti-LY6A/E (Sca-1�) and APC-labeled
anti-CD117 (cKit�; both obtained from eBioscience), are defined as the
LSK population. Leukocyte, red blood cell, and platelet counts were an-
alyzed using an automated Sysmex XT-2000iV veterinary hematology an-
alyzer (Sysmex, Kobe, Japan).

Statistical analysis
Statistically significant differences among the means of the different popu-
lations were tested using the unpaired Student’s t test (GraphPad Prism
software, GraphPad, La Jolla, CA, USA). A Welch correction was applied to
the t test in the case of unequal variances in the dataset. The probability
level (�) for statistical significance was set at 0.05. Results are expressed as
an average � sem.

Online supplemental material
Time-dependent, diet-induced changes in DNA methylation of ABCA1,
Pu.1, and Notch-1 were measured after periods of WTD feeding, from 8 up
to 45 weeks. Hereto, male LDLR KO mice were fed WTD for 8, 20, 30, or
45 weeks. At the end of the dietary period, the mice were killed, and BM
was isolated for DNA extraction, followed by DNA methylation analysis us-
ing McrBc (Supplemental Fig. 1).

RESULTS

Enhanced atherosclerotic plaque development in
LDLR KO recipients transplanted with WTD BM
WTD BM or Chow BM, for 45 weeks, was transplanted into
LDLR KO recipient mice. After the transplantation, the
mice were kept on a regular chow diet for 16 weeks. To ex-
clude possible confounding effects caused by differences in

BM engraftment after the BMT, we performed a FACS anal-
ysis on BM cells isolated from the recipients at 16 weeks af-
ter transplantation. Both total Lin� cells and LSK cells were
counted, and no differences between the groups were found
(Fig. 1A and B).

No differences were found in FC or TC levels in serum (Fig. 2A).
Similarly, no differences in the distribution of cholesterol over
the different lipoprotein fractions were found (data not
shown). There was a 40% increase in blood glucose concentra-
tion in the animals receiving WTD BM at 16 weeks but not at
8 weeks after transplantation (P�0.05; Fig. 2B). Throughout
the study, the mice were weighed, and a small dip in body
weight, associated with the irradiation preceding the BMT, was
observed 2 weeks after BMT and quickly recovered in the 3rd
week. There was no difference in body weight between the
treatment groups (Fig. 2C).

At 16 weeks after transplantation, the mice were killed, and
plaque development was quantified at the tricuspid area in the
aortic root. Both groups of mice had developed small fatty-
streak lesions composed of macrophage foam cells (Fig. 3A).
Interestingly, LDLR KO mice, reconstituted with WTD BM,
displayed a 40% (P�0.05) increase in mean atherosclerotic
lesion size when compared with LDLR KO mice that had re-
ceived Chow BM (Fig. 3A and B).

Furthermore, reduced numbers of CD3� T cells (0.5-fold;
P�0.05) were found in the adventitia underlying atheroscle-
rotic plaques in the WTD BM recipients when compared
with the Chow BM recipient mice (P�0.05; Fig. 3A and C).

DNA methylation of key transcription factors
for hematopoiesis is reduced in WTD
BM-transplanted mice
DNA methylation in the promoter regions of the Pu.1, IRF8,
and GM-CSFR genes, important to monocyte and macrophage
hematopoiesis, was measured using Q-PCR on McrBc-digested
DNA. Furthermore, methylation of Tal.1 and Notch-1 genes,
important to T cell, MK, and ERY hematopoiesis, was mea-
sured in the same manner (Fig. 4A). Interestingly, Pu.1 was
demethylated significantly in BM cells of the WTD BM recipi-

Figure 1. No difference in amounts of BM progenitor cells between LDLR KO recipients transplanted with WTD BM or Chow BM. (A) BM cells
were stained for myriad differentiation markers (see Materials and Methods). The cells that were negative for any of these markers were desig-
nated Lin�. Flow cytometry (FACS) analysis of BM samples did not reveal a difference in the amount of Lin� BM cells between the groups. (B)
The amount of LSK cells in the Lin� population of BM cells was determined, but there was no detectable difference between the groups of BM
recipients. Results are expressed as mean � sem. Significance was assessed by unpaired t test.
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ents, as was IRF8 (twofold, P�0.05; and fourfold, P�0.05, re-
spectively; Fig. 4B and C). We did not observe any differences
in DNA methylation of the genes for GM-CSFR, Tal.1, and
Notch-1 (Fig. 4D–F).

Effect of transplantation of WTD BM on leukocyte
counts in LDLR KO recipients but not on red blood
cell and platelet counts
WTD BM recipient mice displayed a 40% increase in leuko-
cytes in the blood compartment at 8 weeks and 16 weeks after
transplantation (P�0.001, P�0.05; Fig. 5A). There was no dif-
ference in red blood cells or platelets at 8 weeks or 16 weeks
after transplantation (Fig. 5B and C).

Next, FACS analysis was performed to analyze the effects
on leukocyte subsets at 16 weeks after transplantation. Despite

the observed increase in total blood leukocytes, we did not
detect changes in the amounts of circulating CD3� cells
(Fig. 6A). A trend to increased NK1.1� cells was observed,
but this failed to reach statistical significance (Fig. 6B).
There was also no difference in the number of circulating
CD19� cells (Fig. 6C). Ultimately, the increase in total
blood leukocyte counts was driven by strikingly augmented
numbers of circulating F4/80� monocytes (3.4-fold, P�0.01;
Fig. 6D) [22, 23]. There was also a significant increase in
circulating CD11c�� dendritic cells, but the contribution to
the absolute increase in total leukocytes was minimal (2.4-
fold, P�0.05; Fig. 6E) [24].

In line with the finding that the blood leukocyte counts of
WTD BM recipients were elevated, spleen weight was increased
in the WTD BM recipient mice (P�0.01; Fig. 7A). Moreover,

Figure 2. No difference in blood cholesterol content or body weight but increased blood glucose in mice receiving WTD BM. (A) Plasma samples
of BM recipient mice isolated 16 weeks after transplantation were analyzed for FC and TC content. No difference between treatment groups was
detected by unpaired t test, n � 8. (B) At 16 weeks after transplantation, blood glucose levels in the WTD BM recipients were increased compared
with Chow BM control, *P � 0.05, n � 5. (C) The body weight of the BM recipients was measured weekly throughout the study. No difference
between the groups was found (n�9). Results are expressed as mean � sem. Significance was assessed by unpaired t test.

Figure 3. Transplantation with WTD BM increased plaque size in LDLR
KO mice on chow but decreased T cell content in the adventitia. (A) At
16 weeks after transplantation, an Oil Red O (ORO) staining, a Masson
Trichrome (MTC) staining, and a CD3 staining of the aortic root were
performed to enable histological analysis. Representative images of Oil
Red O-, Masson Trichrome-, and CD3-stained aortic root sections from
Chow BM (left) and WTD BM (right) recipient mice; original magnifi-
cations, 10�, 40�, and 20�, respectively, are shown. (B) Plaque size
was quantified using Leica QWin software, *P � 0.05 compared with the
Chow BM group, n � 8. (C) Adventitial CD3� cells in aortic root sec-
tions were quantified. Subsequently, the data were normalized for ad-
ventitia size, *P � 0.05, n � 8. Arrows indicate positive staining. Values
are means � sem; significance was assessed by unpaired t test.
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on average, 2.5-fold more splenocytes could be isolated from
spleens of WTD BM recipients compared with spleens from
the Chow BM group (P�0.05; Fig. 7B). No significant changes
could be detected in the relative size of T cell, B cell, macro-
phage, and dendritic cell populations in the spleen by FACS
(data not shown). However, we did observe differences in im-
mune cell activation. The amounts of CD14� monocytes (1.5-
fold, P�0.05; Fig. 7C) and CD86� F4/80� macrophages (1.8-
fold, P�0.01; Fig. 7D) were increased. This indicates a strong

increase in macrophage costimulatory potential and a decrease
in T cell activation.

DISCUSSION

A growing body of evidence indicates an important role for
DNA methylation alterations in determining atherosclerosis
susceptibility via a causal link among blood lipoproteins, DNA

Figure 4. Demethylation of macrophage differentiation factors in BM samples of WTD BM recipients. (A)
Transcription factors and receptors important for cell differentiation during hematopoiesis. Pu.1 is impor-
tant for differentiation of HSCs toward monocytes and for the development of NK cells. IRF8 has also been
shown to be important for monocyte development. Notch-1 and Tal.1 are important for the development of
T cells. LMP, Lymphoid myeloid progenitor; GMP, granulocyte-macrophage progenitor; CFU-M, CFU
monocyte; CFU-G, CFU granulocyte; M, monocyte; G, granulocyte; CLP, common lymphoid progenitor;
MEP, MK-erythroid progenitor. (B) DNA samples from BM cells were incubated with a methylation-sensitive
restriction enzyme, McrBc. Primers were designed for a CpG region in the start of the Pu.1 gene. Loss of

PCR amplification as a result of enzymatic cleavage of the DNA was quantified using Q-PCR and comparing the signal with undigested, control
DNA. Data are expressed as percentage of unmethylated DNA, *P � 0.05, n � 7. (C) DNA methylation of IRF8 was quantified as for Pu.1, *P �
0.05, n � 7. (D–F) Similarly, DNA methylation was quantified for GM-CSFR, Tal.1, and Notch-1; no significant differences were found. Results are
expressed as mean � sem, n � 7. Significance was assessed by unpaired t test with Welch correction if required.

Figure 5. Increase in circulating leukocyte counts but no difference in red blood cell and platelet counts at 8 weeks and 16 weeks after BMT with
WTD BM or Chow BM. (A) Leukocyte counts were analyzed by a hematology analyzer at 8 weeks and 16 weeks after BMT. At both time-points, an
increase in circulating leukocytes in the WTD BM recipient mice was detected. ***P � 0.001, *P � 0.05 at 8 weeks and 16 weeks, respectively. (B
and C) Similarly, red blood cells (RBCs) and platelets were quantified using a hematology analyzer. No differences between the groups at either
time-point could be found; results are expressed as mean � sem, n � 10. Significance was assessed by unpaired t test.
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methylation, and leukocyte function. In this study, we investi-
gated if long-term WTD feeding can lead to changes in BM,
causing transplantable long-term changes in leukocytes and
atherosclerosis susceptibility. Hereto, a BMT was performed
with WTD BM or Chow BM. The results show that changes in
the BM epigenome induced by WTD feeding promote a trans-
plantable macrophage-driven leukocytosis phenotype and in-
creased atherosclerosis. Exposure to a high-fat, high-choles-
terol diet thus induces long-term changes in BM, leading to an
increased susceptibility to atherosclerosis later in life.

The challenging of LDLR KO mice with WTD induces an
increase in circulating levels of proatherogenic lipoproteins,
such as very LDL and LDL, and a decrease in HDL [25]. The
current study, for the first time, made it possible to discrimi-
nate between the acute, direct effects of these alterations in
lipoprotein concentrations on circulating leukocytes and
chronic effects on progenitor cells in the BM. Different popu-
lations of progenitor cells can be distinguished in whole BM
samples, including ST-HSCs and LT-HSCs. ST-HSCs have very
limited potential for self-renewal and are typically exhausted at
8–10 weeks after transplantation [26, 27]. To ensure that the
effects of BMT observed in the current study are fully deter-

mined by the LT-HSC population, the effects of the transplant-
able changes of WTD feeding on BM were measured at 16
weeks after transplantation.

Analysis of DNA methylation of key transcription factors for
hematopoiesis in the BM of the recipient mice at 16 weeks
after transplantation showed a striking decrease in Pu.1 and
IRF8 methylation, enabling increased transcription of these
genes, whereas GM-CSFR, Tal.1, and Notch-1 were unaffected.
Tal.1 is crucial for development of a wide range of HSCs, in-
cluding lymphoid and erythroid Lin [28], GM-CSFR is impli-
cated in the development of myeloid cells [29], and Notch-1
signaling is important for T cell development [30]. In agree-
ment with the unaffected methylation status of Notch-1 and
Tal.1, FACS analysis revealed no difference in absolute
amounts of circulating T cells. Furthermore, red blood cells
and platelets were unaltered. The observed decrease in
Pu.1 and IRF8 methylation points toward involvement of my-
eloid and NK cells. The concentration of Pu.1 in the nucleus
of progenitor cells determines myeloid cell fate, with higher
concentrations of Pu.1 guiding cells to differentiate into mac-
rophages, whereas low concentrations result in increased dif-
ferentiation toward lymphocytes (Fig. 4A) [31, 32]. In line,

Figure 6. Increased leukocytes in
blood of WTD BM recipients are a
result of elevated levels of F4/80�

and CD11c�� cells. Flow cytometry
analysis of the indicated leukocyte
populations in blood was performed
after staining using the relevant anti-
bodies. (A–C) Flow cytometry (FACS)
analysis of blood samples shows that
there is no difference between treat-
ment groups in the amount of CD3�

cells, cells stained positive for NK1.1 and negative for CD3, and CD19� cells. (D) The amount of F4/80� leukocytes in blood, when
corrected for total blood leukocytes, is elevated significantly in the WTD BM recipients, **P � 0.01. (E) The amount of leukocytes with
high CD11c expression is increased in mice that received WTD BM, *P � 0.05. Representative scatter plots are included to the right of
the corresponding graphs (left panel: Chow BM; right panel: WTDBM). Results are expressed as mean � sem, n � 5. Significance is as-
sessed by unpaired t test with Welch correction if required. (Right) APC-A, FITC-A, and PE-A, APC-area, FITC-area, and PE-area.
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profoundly augmented amounts of F4/80� cells were found in
the circulation of LDLR KO mice transplanted with WTD BM.
Pu.1 is also important for NK cell function, with abrogated
Pu.1 levels resulting in defective proliferative responses [33].
Furthermore, Colucci et al. [33] showed that Pu.1-deficient
NK cells display reduced expression of c-kit and IL-7R, which
are both important for NK cell generation. Decreased methyl-
ation of Pu.1, as observed in the current study in WTD BM
recipients, is thus anticipated to lead to increased NK cell pro-
duction. In agreement, there is a trend toward increased
counts of NK cells in blood of LDLR KO mice transplanted
with WTD BM. NK cells are capable of producing proinflam-
matory macrophage-activating factors, such as TNF-� and
IFN-�, and are thus anticipated to have a proatherogenic func-
tion [34]. The exact role of NK cells in atherosclerosis, how-
ever, is still under debate [35–37].

IRF8 performs a function similar to that of Pu.1 and has
been shown to cobind with Pu.1 in gene promoter regions to
induce expression of genes, such as Kruppel-like factor 4 and
arginase 1 [38–40]. In the current study, augmented amounts
of F4/80� cells were found in the circulation of LDLR KO
mice transplanted with WTD BM. Doring et al. [29] showed
that mice receiving IRF8 KO BM display increased atheroscle-
rosis associated with higher counts of PMNs in the circulation
and in the atherosclerotic plaque. Importantly, depletion of
PMNs abrogated the proatherosclerotic effect, leading the au-
thors to conclude that this cell type played an essential role in
the increased plaque development in the absence of BM IRF8.
In our study, we did not observe any differences in blood neu-
trophil populations between WTD BM- and Chow BM-trans-
planted mice. It is therefore unlikely that the effects of WTD
feeding on BM IRF8 methylation influence atherosclerosis sus-
ceptibility via an effect on neutrophils.

Consecutive FACS analysis of spleen tissue revealed higher
levels of CD14 expression by monocytes in the spleen, as well
as induced expression of CD86 in the F4/80-positive spleno-
cytes. CD14 is known to play an important role in M1 macro-
phage responses, and reduction of CD14 expression results in
decreased production of proinflammatory factors, such as
TNF-�, iNOS, and IFN-� [41–43]. CD86 is a marker for mac-
rophage activation [44, 45]. Increased expression of CD86 on
F4/80 cells thus indicates an increased costimulatory potential
of splenic macrophages and monocytes committed to macro-
phage differentiation in WTD BM recipients.

Although there was no difference in blood cholesterol or
body weight between the treatment groups, the WTD BM re-
cipient mice were found to be hyperglycemic. The WTD BM
mice display an altered myeloid cell phenotype, with more F4/
80� cells in the circulation and increased activation of mono-
cytes and macrophages in the spleen. The activation status of
resident macrophages in adipose tissue plays a crucial role in
regulating glucose uptake by adipocytes [46, 47]. Therefore, it
is possible that the observed hyperglycemia at 16 weeks after
transplantation is a consequence of the WTD BM-induced
changes in hematopoiesis and macrophage activation.

The increased numbers of circulating F4/80� cells, com-
bined with augmented activation status of splenic monocytes,
indicate a more proinflammatory immune cell profile in mice
transplanted with WTD BM. We therefore hypothesize that the
observed increase in atherosclerosis susceptibility in LDLR KO
mice transplanted with WTD BM is mainly monocyte and mac-
rophage driven. Atherosclerotic plaques in our study are rela-
tively small. At this early stage of atherosclerotic plaque devel-
opment, monocyte infiltration into the vessel wall is a deter-
mining factor, and in agreement, the plaques are mainly
composed of foam cells. Additionally, we stained for CD3�

Figure 7. WTD BM recipients exhibit increased spleen size and altered splenocyte activation
at 16 weeks after transplantation. (A) Spleen weight expressed as a percentage of body
weight, **P � 0.01. (B) Absolute splenocyte cell counts isolated from total spleen, *P � 0.05.
(C) FACS quantification of CD14� splenocytes when gated for monocytes, *P � 0.05. (D)
FACS quantification of CD86� cells in the F4/80� subset of splenocytes, **P � 0.01. Results
are expressed as mean � sem, n � 5. Significance is assessed by unpaired t test with Welch
correction if required.
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cells in the adventitia surrounding the plaques, as these can
contribute to plaque formation [48]. The amount of adventi-
tial CD3� cells at the site of the atherosclerotic plaque was
decreased, indicating that CD3� cells probably did not con-
tribute to the observed increase in plaque size.

To conclude, in this study, we show that long-term WTD
feeding results in altered DNA methylation patterns in the
BM. These changes in methylation can be detected even after
transplantation of the BM to an atherosclerosis-prone mouse
model on a chow-diet regime. We have described that mice
receiving WTD BM display increased activation and circulating
numbers of F4/80� cells in blood. As a possible mechanism,
we present an increased production of Pu.1 and IRF8 based
on the observed decrease in DNA methylation of these tran-
scription factors. These findings shed new light on the causal-
ity between dietary factors DNA methylation and atherosclero-
sis. We show that although differences in diet result in altered
DNA methylation patterns, these changes in methylation can
contribute independently to atherosclerotic lesion develop-
ment. We suggest that manipulation of the epigenome, when
used in conjunction with blood lipid reduction, could prove a
promising target strategy to reduce atherosclerosis.
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