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Nutritional B vitamin deficiency disrupts lipid
metabolism causing accumulation of proatherogenic
lipoproteins in the aorta adventitia of ApoE null mice
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Methods and results: We investigated whether folate and/or B vitamin deficiency would change
lipoprotein and fatty acid metabolism and lipid accumulation in the aorta adventitia of ApoE
null mice. Mice (n = 10 per group) were fed a control (C; 4%) or high saturated fat (HF; 21%),
and high cholesterol (0.15%) diet for 16 weeks. Folate (F-) or folate, B6 and B12 deficiency (F-B-)
were imposed on these diets. Feeding a HF diet increased plasma and liver total cholesterol and
HDL cholesterol (two- to threefold; p < 0.05). Total cholesterol increased (twofold; p < 0.05) in
aorta adventitial lipid in response to HF. Feeding a diet depleted of folate and B vitamins (F-B-)
significantly increased cholesterol accumulation in both liver and aorta adventitial lipid (approx-
imately 50-70%; p < 0.05). Moreover, the proportions of fatty acids in hepatic and adventitial
lipid was significantly changed by B vitamin depletion, measured as an increase in saturated
fatty acids (approximately 15%) and a decrease (approximately 11%) in monounsaturated fatty
acids (p < 0.05).

Conclusion: B vitamin deficiency perturbs lipid metabolism in ApoE null mice, causing accu-

mulation of proatherogenic cholesterol and fatty acids in the aorta adventitia.
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1 Introduction

Cardiovascular disease (CVD) is the major cause of death
and disability worldwide [1]. An estimated 17.3 million peo-
ple died from CVD in 2008, representing 30% of all global
deaths [1]. One in four men and one in six women will die
from heart disease [1]. Atherosclerosis, a complex process
of lipid accumulation, inflammation, and plaque formation
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leading to narrowing of the artery, is the primary underlying
cause of CVD. While family history, male gender, and age-
ing are unavoidable risk factors [1], atherosclerosis and CVD
are largely preventable. It has been estimated that 30-40%
of deaths from CVD could be avoided by improved diet and
lifestyle [1]. Elevated circulating total and LDL cholesterol,
cigarette smoking, physical inactivity, obesity, hypertension,
hyperhomocysteinemia, and diabetes are major independent
risk factors for vascular disease [2]. Alcohol abuse, high salt
and low wholegrain, fish, fruit, and vegetable intake are sim-
ilarly associated with CVD incidence [1,2].

Elevated blood concentrations of the modified amino acid
homocysteine are associated with an increased risk of CVD
in the general population [3-5]. Individuals with severe hy-
perhomocysteinemia (plasma Hcy in excess of 100 pmol/L)
due to inborn errors in the cystathionine beta synthase (CBS)
gene have a significantly increased risk of suffering a vascular
event before the age of 30 years if untreated [6]. Low dietary
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intake of the B vitamins folate, B6, and B12 similarly induce
moderate plasma hyperhomocysteinemia by inhibiting intra-
cellular methionine remethylation. Hyperhomocysteinemia
adversely affects vascular function in animal models via sev-
eral distinct mechanisms, including homocysteine-mediated
induction of endoplasmic reticular (ER) stress, aorta smooth
muscle cell (SMC) growth, plasma lipid oxidation and inflam-
mation, and increased coagulation [7]. Nonetheless, there re-
mains considerable debate whether hyperhomocysteinemia
is causal for CVD [7]. A small number of studies indicate
an independent role for B vitamins in vascular health. High
blood folate has been shown in prospective human studies
to be independently associated with reduced risk of coronary
events [8,9] and carotid intima-media thickness [10] while
supplementation with folic acid positively influences vascular
function both in hypercholesterolemic patients with CVD and
in diabetics [11]. Similarly, supplementing at-risk patients ei-
ther with folic acid alone or together with vitamins B6 and
B12 reduces blood pressure [12] and carotid intima-media
thickening [13], independently of circulating homocysteine
concentrations.

A strong relationship exists between dietary saturated
fat, elevated serum cholesterol, and CHD worldwide [1].
Moreover, increased fat intake in rodents alters lipoprotein
metabolism and adipocyte function within the perivascular
fat surrounding the aorta tunica adventitia [14]. Previously
believed to have only a structural role, aorta adventitial fat
has now been shown to actively regulate vascular responsive-
ness and function [14,15]. While changes in lipid metabolism,
including hyperlipidemia, are associated with hyperhomocys-
teinemia in humans and in homocysteine-induced vascular
pathology in rodents [16-19], the effect of B vitamin depletion
and/or hyperhomocysteinemia on lipid metabolism directly
in the aorta adventitia remains to be established.

Rodent models of atherosclerosis provide a good repre-
sentation of human CVD and allow comprehensive analysis
of the effect of diet on disease progression. The most com-
monly used genetic mouse model of atherosclerosis is defi-
cientin ApoE, which acts as aligand for receptors that remove
lipoprotein particles [20]. ApoE null mice spontaneously de-
velop atherosclerotic plaques that are morphologically com-
parable with human lesions [20]. We have recently reported
that atherosclerotic plaque formation in the aorta of ApoE
null mice is accelerated following a moderate nutritional fo-
late and/or B vitamin deficiency [21]. Here, we report that
B vitamin depletion causally alters lipoprotein and fatty acid
profiles both in the liver and in the vascular adventitial tissue,
resulting in a proatherogenic environment directly within the
aorta.

2 Materials and methods
2.1 Animals and diets

The design of this animal study has been described in detail
previously [21]. Briefly, ApoE null mice (males aged 4 weeks)
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were fed standard laboratory chow ad libitum for 1-week ac-
climatization before allocation by equal weight per group to
experimental treatment (n = 20 animals per group). Six diets
with different levels of fat/cholesterol and B vitamins were
prepared. Two basal diets were designated either as control
(C; 4% w/w lard) or high fat (HF; 21% w/w lard and choles-
terol (0.15% w/w)). Different B vitamin compositions were
applied to each of these diets; [1] folic acid and B vitamin
complete, [21], folic acid deficient (F-), or [3] folic acid, B6 and
B12 deficient (F-B-). Dietary composition has been described
in detail previously [21]. Mice were housed individually on
grid floors to prevent coprophagy. All procedures were car-
ried out in accordance with the requirements of UK Animals
(Scientific Procedures) Act 1986.

2.2 Blood B vitamin, homocysteine, lipid, and
inflammation analysis

After 16 weeks treatment, mice were fasted (4—6 h) and killed
by exsanguination under terminal anesthesia. Blood was col-
lected from the vena cava for analysis of B vitamin status and
for a range of lipid and inflammatory markers implicated in
vascular disease (n = 10-20 per group depending on the as-
say). Whole blood and plasma folate and B12 were measured
by radioassay [21]. Plasma homocysteine was measured by
gas chromatography [22]. Total cholesterol, LDL cholesterol,
HDL cholesterol, and triglycerides (TG) were measured using
a Konelab 20 Clinical Chemistry Analyser (Thermo Scientific,
Passau, Germany). Plasma markers of vascular disease and
inflammation (TNF-a, MCP-1 KC, IL-1, IL-5, soluble ICAM-
1, soluble VCAM-1, and soluble E-selectin) were measured
using mouse multiplex panels of antibody-coated beads (Mil-
lipore, Watford, UK) and Luminex analysis (Luminex B.V.,
Oosterhouit NB, Netherlands).

2.3 Tissue collection, SAM:SAH, and lipid analysis

Post-exsanguination, any remaining blood was flushed from
the heart by injection of DMEM into the left ventricle. The
complete aorta was flushed with DMEM and microdissected
of all tunica adventitia [23]. The aortas of all mice (n =
20 per group) were processed for plaque abundance [23] and
the adventitial tissue of a subsample (n = 10 per group) snap
frozen and stored at —80°C for lipid analysis. The liver was col-
lected and immediately snap frozen for lipid analysis or for
S-adenosylmethionine (SAM) and S-adenosylhomocysteine
(SAH) measurement [24]. Total lipid was extracted from
thawed liver or aortic adventitial tissue (approximately 200
mg) after the method of Folch et al. [25] and total cholesterol,
LDL cholesterol, HDL cholesterol, and TG fractions mea-
sured by Kone analysis as described above. Individual fatty
acids from aorta adventitial and hepatic lipid were transes-
terified to their respective fatty acid methyl esters (FAMEs)
in methanolic HCL, separated by liquid-liquid solvent
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Table 1. B vitamin, SAM, SAH, and homocysteine status in blood and atherosclerotic plaque formation in aorta from ApoE mice fed a
control (C) or high fat (HF) diet depleted of folic acid (F-) or folic acid and vitamins B6 and B12 (F-B-) for 16 weeks. Values are
means = SEM for n = 10 mice sampled per group. Statistical differences between groups, detected by t-test, are shown by
superscript letters; mean values with different superscript letters are significantly different, p < 0.05. These data are reproduced

with permission of the journal, Clinical Epigenetics

Biomarkers Control fat High fat
C C-F C-F-B HF HF-F HF-F-B

Plasma folate (ng/mL) 87.8 + 4.82 16.2 + 1.5P 149 + 0.9 1049 + 5.5° 155 + 1 15.0 + 1.4°
Whole blood folate (ng/mL)  498.9 + 42.92  163.5 + 8.9P 184.7 + 6.8 507.9 + 26.0° 149.6 + 9.7° 193.3 + 18.7P
Plasma B12 (ng/mL) 24.8 + 2.32 15.3 + 1.0° 6.8 + 0.1° 25.6 + 3.02 12.5 + 0.59 6.1 + 0.5°
Whole blood B12 (ng/mL) 225 + 1.08¢  22.0 + 0.6%¢ 7.2 + 0.7° 249 + 1.62 20.5 + 1.1¢ 6.9 + 1.0P
Plasma homocysteine (.M) 7.8 + 0.4° 18.1 + 1.9° 28.4 + 3.6° 6.7 + 0.32 14.2 + 1.0° 455 + 4.34
Liver SAM (nmol/g tissue) 100.2 + 9.22 50.7 + 4.0P 437 + 2.6° 84.1 + 4.74 476 + 6.7°  36.1 + 1.8°
Liver SAH (nmol/g tissue) 50.4 + 2.32 71.6 + 3.1P 86.1 + 4.3° 47.6 + 3.12 68.1 + 3.8° 897 + 4.4°

extraction and quantified by gas-liquid chromatography [GLC;
26]. All tissue and lipid samples were spiked with C17 and
C19 standard respectively to assess extraction efficiency prior
to analysis.

2.4 Statistical analysis

Data are presented as mean + SEM with number of ani-
mals in parenthesis. Data were analyzed by 2-way ANOVA
for the effect of fat intake, vitamin composition, and interac-
tion between these factors. Significant differences between all
groups were detected using the Least Significant Difference
(LSD) post-hoc method for p < 0.05. Analyses were carried
out using SPSS (version 17). Data not sharing superscript
letters differ significantly.

3 Results
3.1 Bvitamin, SAM:SAH, and homocysteine status

The effect of treatment of blood markers of folate, vitamin
B12, and homocysteine has been described in detail previ-
ously [21]. Briefly, whole blood and plasma folate declined
more than 65 and 80%, respectively in mice fed the C-F and
HE-F diets (p < 0.05; Table 1). Feeding a F-B- diet depleted
plasma B12 73% in the C and 76% in the HF group (p < 0.05;
Table 1). Moreover, folate deficiency alone caused a signifi-
cant decrease in both plasma and whole blood B12 that was
dependent on fat intake (p < 0.05; Table 1). Plasma total ho-
mocysteine was increased by folate deficiency alone [2.3-fold
in the C-F and 2.1-fold in the HF-F diet] and to a significantly
greater extent by feeding a combined folate and B vitamin-
depleted diet [3.6- and 6.8-fold in the C and HF group, respec-
tively]. B vitamin depletion similarly decreased liver SAM and
increased SAH levels to a greater extent than folate deficiency
alone. The differential effect of folate and B vitamin deficiency
on both homocysteine and liver SAM/SAH was significantly
dependent on fat intake (p < 0.05 for all data; Table 1).
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3.2 Total lipid and fatty acid profiles in plasma, liver,
and aorta adventitial tissue

3.2.1 Effect of a high fat diet

Feeding a HF diet significantly increased plasma total choles-
terol, HDL cholesterol, and LDL cholesterol, while plasma TG
levels were significantly decreased (p < 0.001, Table 2).
Total lipid increased in the liver (but not aorta adventitia)
of mice fed a HF diet (p < 0.015; Table 3). Liver and aorta
adventitial total cholesterol and HDL cholesterol were signif-
icantly increased in these animals (p < 0.001; Figs. 1 and 2).
Hepatic TG was lower in mice fed a HF diet compared with
control animals (p < 0.001; Fig. 3). Adventitial TG levels were
similar in animals fed either a C or HF diet (Fig. 3). The
effects of dietary fat on individual fatty acids extracted from
the liver and the aorta adventia were measured. For clarity,
the data are grouped into saturated (SATFAs), polyunsatu-
rated (PUFAs), and monounsaturated (MUFAs) fatty acids
(Table 3). Hepatic and adventitial MUFA levels were un-
changed by HF. Conversely, mice fed a HF diet had sig-
nificantly lower levels of SATFAs both in the liver and aorta
adventitial lipid than animals fed a control diet (p < 0.001 and
p < 0.007 for liver and adventitia, respectively). Both liver and
aorta PUFAs concentrations were elevated in mice fed a HF
diet (p < 0.001 for liver and p < 0.002 for aorta adventitia).

3.2.2 Effect of a B vitamin deficient diet

Total plasma cholesterol and LDL cholesterol were reduced
(approximately 15%) in mice fed a folate deficient C diet, but
notin animals fed a folate-depleted HF diet (p < 0.05, Table 2).
Combined folate and B vitamin deficiency did not affect these
parameters, irrespective of fat intake. TG concentrations
were not generally influenced by folate or B vitamin status
(Table 2).

Folate depletion alone did not affect hepatic or adven-
titial total lipid levels in either treatment group (Table 3).
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Table 2. Indices of plasma lipids from ApoE mice fed a control (C) or high fat (HF) diet depleted of folic acid (F-) or folic acid and vitamins
B6 and B12 (F-B-) for 16 weeks. Values are means &+ SEM for n =9 or 10 animals per group. Statistical differences between groups,
detected by t-test, are shown by superscript letters; mean values with different superscript letters are significantly different,

p < 0.05
Control fat High fat
Biomarkers of lipid metabolism C C-F C-F-B HF HF-F HF-F-B
Total cholesterol (mmol/L) 12.7 £ 0517 109 + 0.61° 12.9 + 0.40°° 26.2 + 1.92° 26.5 + 0.96° 24.9 + 1.34°
HDL cholesterol (mmol/L) 5.22 + 0.33%8 551 + 0.84% 5.71 £ 0.928 9.23 + 0.40° 10.42 + 0.87° 8.86 + 0.59°
LDL cholesterol (mmol/L) 9.25 + 0.38% 8.04 + 0.42° 8.90 + 0.52%P 24.19 4+ 1.85° 24.79 + 1.11° 22.58 + 1.06°
Triglycerides (TG) (mmol/L) 1.15 + 0.05%¢ 1.27 + 0.08% 2.20 + 0.25 0.89 + 0.14%¢  1.01 + 0.08%%¢ 0.91 + 0.07°

However, both hepatic (p < 0.0001) and adventitial lipid
(p < 0.015) levels were significantly decreased in animals fed
a HF combined folate and vitamin B deficient diet relative to
the HF control group (Table 3). Folate deficiency alone did
not alter cholesterol accumulation either in liver or adventitia
(Fig. 1). However, both liver and adventitia total cholesterol
increased significantly in animals fed a HF and combined
folate and B vitamin deficient diet (p < 0.05; Fig. 1). Simi-
larly, hepatic HDL cholesterol increased significantly in mice
fed a combined B vitamin deleted HF diet (p < 0.05; Fig. 2).
A similar but nonsignificant rise in HDL was observed in
the aorta adventitia (Fig. 2). Hepatic TG concentrations were
reduced in response to a combined folate and B vitamin defi-
cient diet (p < 0.05; Fig. 3). TG levels in adventitial lipid were
not generally influenced by B vitamin status.

Feeding a combined folate and B vitamin deficient diet
significantly increased accumulation of SATFAs in the liver
and aorta adventitia from mice fed a HF diet (p < 0.05 for both
tissues; Table 3). In direct contrast, liver and adventitia MUFA
levels were significantly lower in animals from this group
(p < 0.05 for both tissue; Table 3). PUFA concentrations
were unaffected by vitamin status in either tissue (Table 3).
The effects of treatment on individual fatty acids extracted

from the liver and the aorta adventia are shown in Supporting
Information Tables S1 and S2.

3.3 Plasma markers of inflammation

Feeding a HF diet increased the levels of several plasma
biomarkers associated with inflammation or atherosclero-
sis. The adhesion molecules, soluble E selectin, V-CAM, and
I-CAM were increased (approximately 60, 15, and 60%, re-
spectively) in plasma from the HF mice. Circulating levels of
the cytokine IL-5, an immune cell stimulator, increased ap-
proximately twofold in response to a HF diet (p < 0.05; Table
4). None of these biomarkers were influenced by either folate
deficiency alone or combined folate and B vitamin depletion.

4 Discussion

It has been suggested that hyperhomocysteinemia, which
is associated with an increased risk of human CVD, may
merely reflect low intracellular B vitamin status [8-13].
Proatherogenic changes in lipid levels are associated with low

Table 3. The effect of folic acid, B vitamins, and dietary fat intake on total lipid (% tissue) and saturated, monounsaturated, and polyunsat-
urated fatty acid levels (% lipid) in hepatic and aorta adventitial lipid from ApoE mice fed a control (C) or high fat (HF) diet depleted
of folic acid (F-) or folic acid and vitamins B6 and B12 (F-B-) for 16 weeks. Values are means = SEM for n = 10 animals per group.
Statistical differences between groups, detected by t-test, are shown by superscript letters; mean values with different superscript
letters are significantly different, p < 0.05. Data for individual-free fatty acids are presented in full in Supporting Information Tables

S1and S2
Control fat High fat
Tissue C C-F C-F-B HF HF-F HF-F-B
Liver Total lipid 13.25 + 1.222¢ 12.34 + 0.66° 10.22 + 0.65° 1598 + 0.83° 15.71 + 1.34°¢  9.81 + 0.53°
Saturated FAs 25.80 + 0.25% 25.89 + 0.44% 26.47 + 0.53*  20.31 + 0.32° 20.52 + 0.31®  23.21 + 1.88°
Monounsaturated FAs 49.39 + 1.49% 47.52 + 1.04* 45.92 + 1.49%" 48.95 + 0.87% 48.36 + 1.07¢  43.70 + 0.94°

Polyunsaturated FAs
Adventitia Total lipid

Saturated FAs

Monounsaturated FAs

Polyunsaturated FAs

9.05 + 1.03%

8.28 + 0.89°
33.39 + 0.84°

22.94 £+ 1.52% 24.73 £ 1.28*° 25.89 + 1.223bd 27,67 £+ 0.69>¢ 27.63 + 0.73><d 29.34 + 0.49¢
9.95 £ 0.69°
31.47 + 1.08*P 30.87 + 0.68?
46.76 + 0.92%P 47.44 + 0.44*° 46.19 + 0.49°
20.55 + 0.94*" 21.09 + 0.70** 19.56 + 0.84°

8.76 + 1.322  9.53 + 0.872 5.65 + 0.76°
27.85 + 0.59° 28.82 + 0.46°  33.92 + 0.49°d
48.38 + 0.67° 48.62 + 0.55¢ 4253 + 0.71¢
22.53 + 0.54°> 2177 + 0.30°¢ 22.62 + 0.64P4
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diet for 3 months [15]. Dysregulation of adipocytes within the
adventitia is implicated in the pathogenesis of CVD, obesity,
and diabetes [14]. The ability of dietary factors to influence
perivascular adipose lipid deposition and tissue function is
currently under investigated.

Here, we measured the abundance of key lipoproteins
known to influence atherosclerosis (total cholesterol, LDL
cholesterol, HDL cholesterol) in lipid extracted directly from
the aorta periadventitial tissue of ApoE null mice fed ei-
ther a folate deficient or a combined folate, B6- and B12-

HF-F-B

letters; mean values with different superscript
letters are significantly different, p < 0.05.

depleted diet. The most significant finding from this study is
that combined B vitamin deficiency, together with a high fat
diet, produces a proatherogenic lipid environment directly
within the aorta adventitial lipid. Feeding a hyperlipidemic
and B vitamin-depleted diet increased total cholesterol and
HDL cholesterol accumulation both in the liver and in ad-
ventitial lipid. B vitamin deficiency was also associated with
an increase in the proportion of saturated and a decrease
in monounsaturated fatty acids in both tissues. Folate de-
ficiency alone did not substantially alter lipid metabolism.

Table 4. Plasma markers of inflammation and atherosclerosis in ApoE mice fed a control (C) or high fat (HF) diet depleted of folic acid
(F-) or folic acid and vitamins B6 and B12 (F-B-) for 16 weeks. Values are means + SEM with no. of mice sampled per group in
parenthesis. Statistical differences between groups, detected by t-test, are shown by superscript letters; mean values with different

superscript letters are significantly different, p < 0.05

Biomarkers Control fat High fat
C C-F C-F-B HF HF-F HF-F-B

sE selectin (ng/mL) 3254+ 3.52 37.7 £ 3.220d 34.6 + 3.52P 50.5 + 7.5P¢ 53.3 4+ 5.9¢ 55.5 + 8.1¢d
(13) (12) (12) (13) (13) (13)

sV CAM 1 (ng/mL) 1275 + 1212 1335 + 832 1248 + 1012 1422 + 85P 1448 + 129 1571 + 142°
(13) (12) (12) (8) (13) (13)

sl CAM 1 (ng/mL) 23.2 +1.5° 23.8 +1.02 20.5 + 1.62 35.6 + 2.2P 38.7 + 1.5 34.9 + 2.0P
(13) (12) (12) (13) (13) (13)

IL-1a (ng/mL) 147.1 + 78.6 48.7 + 14.4 45.2 + 15.9 66.8 + 21.8 44.0 +11.8 39.1 + 16.6
(11) (13) (9) (9) (12) (13)

IL-5 (ng/mL) 23.3 +£8.92b 13.4 +£2.32 15.5 + 2.42 35.5 + 13.52b¢ 53.8 + 16.9°°¢ 55.5 + 9.9°
(13) (13) (12) (11) (12) (13)

KC (ng/mL) 55.3 + 23.1 52.6 + 16.6 39.5+9.8 69.5 + 20.6 85.6 =+ 26.6 78.3 + 33.5
(12) (11) (12) (13) (13) (12)

MCP-1 (ng/mL) 77.3 £28.7 28.2+12.2 29.2 +17.9 64.9 +19.7 53.8 + 21.1 285+ 9.7
(12) (12) (10) (11) (13) (13)

TNF-a (ng/mL) 39.7+125 121+ 5.0 16.2 + 6.6 253+ 11.2 26.5 + 9.4 12.8+ 4.5
(9) (11) (9) (11) (11) (11)
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Surprisingly, combined B vitamin deficiency was associ-
ated with lower total lipid levels both in aorta and liver of
ApoE mice fed a high fat diet. Hyperhomocysteinemia, while
strongly linked with an increased risk of CVD, is not associ-
ated with lipid accumulation in the vasculature. Patients with
severe hyperhomocysteinemia due to a mutation in the CBS
gene typically do not present with conventional lipid-dense
atherosclerotic plaques [27]. Similarly, hyperhomocysteine-
mia is associated with lipid-poor fibrous aortic plaques in
patients with severe CVD postmortem [28].

The findings from this study suggest that atherogenesis is
dependent on the type of lipid that accumulates rather than
on total lipid levels.

Feeding methionine in excess induces hyperhomocys-
teinemia in rodents and does appear to increase hepatic lipo-
genesis and, in some cases, plaque formation. However, the
data are highly conflicting. Total cholesterol increases twofold
after feeding ApoE null mice a Westernized diet [29]. Plasma
homocysteine increased two- to threefold after methionine
was added to the diet, but circulating lipid levels and plaque
formation were unaltered [29]. Feeding methionine concur-
rently with an atherogenic diet containing high fat, choles-
terol, and cholic acid (that increases circulating LDL and
VLDL cholesterol and depresses TG) accelerates atheroscle-
rotic plaque formation in C57Bl/6] mice but without further
altering the lipid profile [30]. Surprisingly, feeding ApoE null
mice folic acid (75 pg/kg/day for 10 weeks) on a normal chow
diet background increased total plasma cholesterol (as VLDL
and LDL cholesterol), yet reduced atherosclerotic plaque for-
mation [31]. Homocysteine levels were unchanged in this
study.

Few studies have examined mechanistically B vitamin
and/or homocysteine-mediate changes in lipid metabolism
and atherosclerosis. ER stress/protein unfolding or altered
methylation capacity may partly explain how B vitamin defi-
ciency and/or hyperhomocysteinemia cause lipid metabolism
dysregulation. Exposing human aorta smooth muscle and
liver cells in vitro to high homocysteine (1-5 mM for 48 h)
increases expression of SREBP-1, a transcription factor that
activates enzymes in the cholesterol/TG biosynthetic and up-
take pathways [32]. Hyperhomocysteinemia in this system
caused cholesterol accumulation intracellularly [32]. Similar
findings have been reported in mice fed a hyperhomocys-
teinemic diet, with increased hepatic lipogenesis (rather than
decreased lipoprotein export) causing hepatic cholesterol [32].
Critically, cholesterol is elevated and atherosclerosis acceler-
ated in the aorta of hyperhomocysteinemic CBS and ApoE
double knockout mice without dietary manipulation [16].

Phosphatidylcholine (PC) synthesis takes place in the liver
by two pathways that are both dependent on the methio-
nine cycle. The first liver-specific pathway involves methy-
lation of phosphatidylethanolamine (PE) to PC by phos-
phatidylethanolamine N-methyltransferase (PEMT) and is di-
rectly dependent on SAM availability. PC is synthesized in
the second pathway from choline obtained from the diet or
via the PEMT pathway [19, 32]. In our study, B vitamin defi-
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ciency significantly decreased hepatic SAM. This effect was
aggravated by feeding a high fat diet. Reduced methylation
capacity has been shown to impact on lipid metabolism in a
small number of rodent studies. Liver SAM is depleted, PC
is reduced and PEMT activity is inhibited in hyperhomocys-
teinemic CBS =+ mice fed a low folate/high methionine diet
[19]. Crucially, low folate, low SAM, and elevated homocys-
teine are associated with lipid deposition in the aorta of mice
deficient in the folate metabolizing enzyme, MTHFR [33]. In
addition to low intracellular SAM directly deregulating lipid
metabolism, inadequate provision of SAM may also cause vas-
cular dysfunction by causing aberrant DNA methylation and
gene expression [34-36]. Low SAM is associated with methy-
lation silencing and underexpression of Fads2 in CBS + mice.
The enzyme encoded by this gene catalyses metabolism of the
long chain fatty acids, linoleic, and linolenic acid to arachi-
donic and decosahexanoic acid, respectively [19]. Hepatic fatty
acid distribution was abnormal in these animals [19].

Finally, we investigated whether induction of a proathero-
genic environment in the aorta of ApoE null mice would
affect circulating markers of inflammation and vascular dys-
function. Vascular inflammation and atherosclerotic plaque
formation are characterized by the release of inflammatory
cytokines. However, B vitamin deficiency did not change the
circulating levels of any of the inflammatory markers mea-
sured, irrespective of fat intake. It remains to be investigated
whether B vitamin deficiency can modify an immune re-
sponse locally, possibly by affecting recruitment and/or cy-
tokine secretion by immunologically active cells directly in
the aorta tissue.

In summary, low B vitamin status, hyperhomocysteine-
mia, and hyperlipidemia all contribute to human CVD risk.
A high fat and low B vitamin containing diet, as typically
consumed in developed countries, provides a potentially con-
siderable proatherogenic dietary stress. Here, we report that
nutritional B vitamin deficiency, together with a high fat diet,
promotes atherosclerosis by perturbing lipid metabolism and
causing accumulation of proatherogenic lipoproteins (such as
cholesterol) in the aorta. B vitamin deficiency was also asso-
ciated with an increase in the proportion of saturated-free
fatty acids and a decrease in monounsaturated fatty acids in
this tissue. While these data generated using a mouse model
of atherosclerosis must be interpreted carefully the evidence
that B vitamin deficiency significantly impacts on lipoprotein
deposition directly in the aorta tunica adventitia is strong.
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