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ABSTRACT

Title:

HYPERHOMOCYSTEINEMIA ACCELERATES ATHEROSCLEROSIS BY
INDUCING INFLAMMATORY MONOCYTE DIFFERENTIATION IN A
HYPERGLYCEMIC MOUSE MODEL
Candidate’s Name: Pu Fang
Degree: Doctor of Philosophy
Temple University, 2013

Doctoral Advisory Committee Chair: Hong Wang, MD, PhD, and EMBA.

Homocysteine (Hcy) is a thiol amino acid formed upon methionine de -
methylation. A number of studies have revealed an association between
hyperhomocysteinemia (HHcy), in which plasma Hcy levels exceed 15 pM, and diabetic
atherosclerosis [1]. Despite these associations, the mechanisms underlying HHcy -
associated diabetic atherosclerosis have not been clearly defined. This study assessed the
effect of HHcy on diabetic atherosclerosis and its underlying mechanisms.

We established a mouse model with a combination of three metabolic disorders,
including HHcy (to mimic human HHcy), hyperglycemic (to mimic type 1 diabetes) and
dyslipidemia (to exacerbate ApoE” mouse’s susceptibility to atherosclerosis). In this
mouse model, severe HHcy was developed due to mouse Chs deficiency (mean plasma
Hcy 182 uM) in a noval HHcy mouse model (Tg-hCBS Cbs ApoE™) generated by our
collaborator [2]. Hyperglycemia was developed by 50 mg/kg streptozotocin (STZ)
consecutive injection for 5 days (mean blood glucose 397 mg / dL). Dyslipedimia was

introduced by high fat (HF, 21.0 % by weight) diet to accelerate aortic lesion formation



in the Tg-hCBS Cbs ApoE”™ mice. An inducible human CBS (hCBS) transgene (Tg) was
introduced to circumvent the neonatal lethality due to the mouse Chbs deficiency (Tg-
hCBS Chs™ ApoE” mice). A zinc supplement in water could induce hCBS transgene
expression and reverse Hcy level (reduced plasma Hcy from 182 pM to 5 pM, p <
0.001). Severe HHcy aggravated metabolic abnormalities, including increased urine
secretion (from 8.35 + 6.81 g/d/mouse in hyperglycemia only mice to 21.14 £+ 595¢g/d
/ mouse in hyperglycemic HHcy mice, p=0.042), increased water consumption (from
27.28 £9.46 g/ d / mouse to 44.20 £ 4.66 g / d / mouse, p = 0.026), increased blood
glucose level (from 443.20 = 107.82 mg / dL to 614.27 + 199.36 mg/dL, p = 0.031),
increased heart weight (from 0.08 + 0.02 g/ cm to 0.11 £ 0.03 g/ cm, p = 0.031) (data
not shown) and decreased body weight (from -0.05 + 0.92 g / 2 weeks / mouse to -1.78 +
2.38 g / 2 weeks / mouse, p = 0.017). Hcy-lowering by zinc water reversed HHcy -
induced hyperglycemia (from 614.27 + 199.36 mg / dL to 440.20 + 134.37 mg /dL, p =
0.032), increased urine secretion (from 21.14 + 5959 /d/ mouseto 0.90 + 1.24g/d/
mouse, p = 0.042), and increased water consumption (from 44.20 + 4.66 g/ d / mouse to
6.08 £ 1.84 g/ d/ mouse, p =0.008) in hyperglycemic mice.

Increased atherosclerotic lesions were also found in the aortic roots of
hyperglycemic HHcy mice (from 30.38 + 14.34 % of the lumen area to 48.18 £+ 12.07 %,
p = 0.040). Increased accumulation of monocytes (MCs) and inflammatory MCs were
found in atherosclerotic lesions of hyperglycemic HHcy mice. By sequential double
immune - fluorescence staining with monoclonal antibodies (mAbs) anti MOMA - 2
(MC / macrophage [M@] marker) and anti - Ly6C (inflammatory MC marker), we found

that hyperglycemic HHcy mice had the largest area and percentage of MC / M@
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(MOMA - 2%), and the largest area and percentage of MOMA — 2% and Ly6C"
overlapped cells (inflammatory MCs). The zinc water supplement prevented the
accumulation of MC / M@ and inflammatory MCs in the HHcy alone mice, as well as
inflammatory MCs in the hyperglycemic HHcy mice.

Severe HHcy increased total mononuclear cells (MNCs) by 2.1 fold in peripheral
blood. Hyperglycemia combined with HHcy increased total MNCs by 1.4 -, 2.3 -, and
3.8 - fold in bone marrow (BM), peripheral blood, and spleen compared with
hyperglycemic alone mice, respectively. Severe HHcy significantly increased the MC
population in BM, peripheral blood, and spleen compared to Tg - hCBS Chs*'* ApoE™
mice. MC populations were further increased in all 3 tissues isolated from
hyperglycemic HHcy mice. In addition, we examined the MC population in age-
matched, male, C57BL / 6 wild type mice without dietary, water or any other
manipulation. HF diet significantly promoted MC expansion in spleen in Tg — hCBS
Cbs*™* ApoE™" mice compared to the wild type mice.

Furthermore, we characterized MC heterogeneity in the Tg-hCBS Cbs ApoE”
mice. HHcy increased inflammatory lymphocyte antigen 6C™"" (Ly6C"%") MC subset in
BM (from 9.38 = 2.03 % to 13.93 £ 5.61 %, p = 0.037), peripheral blood (from 4.92 +
2.97 % t0 11.84 £+ 14.01 %, p = 0.049), and spleen (from 2.23 + 0.87 % to 4.82 = 4.21 %,
p = 0.048) of the hyperglycemic Tg - hCBS Cbs”™ ApoE” mice compared to

+/+

hyperglycemic Tg - hCBS Cbs™* ApoE” mice.
5 hour incubation of the MCs with 0.1 pg / ml of lipopolysaccharide (LPS)
induced higher percentage of inflammatory cytokine tumor necrosis factor (TNF) - a

secretion in all 3 subsets of MCs in the mouse BM (CD11b*Ly6C"", from 30.8 % to
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43.7 %; CD11b*'Ly6C™%" from 28.6 % to 38.6 %; CD11b*Ly6C"®", from 48.3 % to
55.2 %), peripheral blood (CD11b*Ly6C'"", from 18.2 % to 42.4 %; CD11b*Ly6C™"
from 36.0 % to 53.9 %; CD11b*Ly6C"®" from 53.9 % to 54.4 %), and spleen
(CD11b*Ly6C"", from 23.8 % to 38.9 %; CD11b*Ly6C™" from 13.6 % to 38.8 %;
CD11b*Ly6C"®" from 40.2 % to 59.4 %). Moreover, M1 M@s increased in the
hyperglycemic HHcy mouse BM (from 7.78 % to 10.9 %), peripheral blood (from 8.76 %
to 23.17 %), and spleen (from 11.65 % to 13.95 %) compared to the hyperglycemia
alone mice, respectively. M2 macrophage was decreased significantly in hyperglycemic
HHcy mice in BM (from 4.16 % to 2.24 %), peripheral blood (from 5.88 % to 2.58 %),
and spleen (from 10.2 % to 5.58 %) compared to the hyperglycemia alone mice,
respectively.

Plasma level of Hcy was positively correlated with s - adenosylmethionine
(SAM) and s - adenosylhomocysteine (SAH) levels, but negatively correlated with SAM
/ SAH ratio, an indicator of methylation level, in Tg-hCBS Cbs ApoE” mice. In
hyperglycemia condition (blood glucose > 300 mg / dL), severe HHcy further decreased
SAM / SAH ratio in mouse plasma. Also, CD11b*Ly6C"™ MCs were negatively
correlated with Hcy levels as well as SAH levels, but positively correlated with SAM
levels and SAM / SAH ratio. On the other hand, CD11b*Ly6C™%" and CD11b*Ly6C""
MCs were positively correlated with Hcy and SAH levels, but negatively correlated with
SAM level and SAM / SAH ratio. This is the case in all BM, peripheral blood and
spleen tissues. It indicates that hypomethylation might be one of the mechanisms
underlying HHcy’s accelerating effects on atherosclerosis in hyperglycemia condition.

In cultured primary mouse splenocytes, L - Hcy (200 uM) with D - glucose (D -
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Glu) 25 mM), not L - Glu, induced Ly6C™% and Ly6C"" MC subsets
(CD11b*Ly6C™" from 2.0 % in D - Glu treated group to 2.5 % in L - Hcy and D -
Glu combined treated group, p = 0.041; CD11b"Ly6C"®", from 1.4 % to 1.8 %, p =
0.040). These different Ly6C MC subsets exhibited distinguished superoxide anion
production (0.92 + 0.05 % dihydroethidium [DHE]" cells in Ly6C"®" MCs versus 4.02 +
0.44 % DHE" cells in Ly6C™% MCs versus 17.33 + 1.58 % DHE" cells in Ly6C""
MCs, p < 0.001), confirming their different activation status. Adding adenovirus
overexpressing DNA methyltransferasel (DNMT1) to the primary mouse splenocytes
could rescue the inflammatory MC production induced by the combination of L-Hcy
and D-Glu.

We concluded that HHcy promotes differentiation of inflammatory MC and

contributes to atherosclerotic lesions in hyperglycemia.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 HHcy
1.1.1 Hey Is a Thiol Amino Acid

Hcy is a sulfur-containing amino acid. It is an intermediate product during one
carbon amino acid metabolism and not used for the synthesis of proteins [3]. Thus,
foods only contain little amount of Hcy [3]. Hcy is derived from the essential amino
acid methionine through a demethylation reaction [4] (Fig. 1). First, methionine forms s
— adenosylmethionine (SAM). Then, SAM serves as a universal methyl donor to a
variety of reactions [5]. The by - product of these methylation reactions, s —
adenosylhomocysteine (SAH), is subsequently hydrolyzed, generating Hcy [5]. Hcy can
also be remethylated and transformed back to methionine via the 5 -
methyltetrahydrofolate pathway, which needs methionine synthase (MS) and vitamin
B12 [3]. The methyl group for this reaction is donated by 5 - methyltetrahydrofolate (5 -
meTHF), which is produced by 5, 10 - methyltetrahydrofolate reductase (MTHFR) [3].
The second metabolism pathway of Hcy is that Hcy can be irreversibly condensed with
serine to form cystathionine and cysteine (Cys) in a transsulfuration reaction [4]. This
pathway is dependent on enzyme cystathionine § — synthase (CBS), and using pyridoxal

- 5” - phosphate, a biologically active form of vitamin B6, as a cofactor [6].
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Figure 1. Hcy levels are determined by multiple factors. Hcy is formed upon
demethylation of methionine via SAM and SAH. It is eliminated in the methionine
cycle by remethylation through the action of MS, a vitamin B12 - dependent enzyme.
In this remethylation reaction, 5 - meTHF serves as the methyl donor and is formed
from 5, 10 - Methylene THF (not shown in the figure) through the action of MTHFR. 5,
10 - Methylene THF is formed from THF, a folate derivative. Alternatively, Hcy can
participate in transsulfuration in which it condenses with serine through the action of the
vitamin B6 - dependent enzyme, CBS. Cystathionine then splits into Cys and a-
ketobutyrate. 5 — meTHF, 5 — methyltetrahydrofolate; 5, 10 — Methylene THF, 5, 10 —
methylene tetrahydrofolate; Ade, adenosine; CBS, cystahionine  — synthase; Hcy,
homocysteine; MS, methionine synthase; MTHFR, 5, 10 — methyltetrahydrofolate
reductase; SAH, s — adenosylhomocysteine; SAM, s — adenosylmethionine; THF,
tetrahydrofolate.



The intracellular Hcy concentration is usually precisely regulated and any excess
Hcy is transported to plasma [3]. About 1 % of all Hcy moieties are reduced and
maintained as “free” reduced monomer Hcy in plasma [3] (Fig. 2A). About 30 % of all
Hcy moieties form disulfide bonds with either themselves (the comopound is called
homocystine), or other sulfur containing amino acids, for example, Cys [3] (Fig. 2B).
The rest (~ 70 %) of Hcy is bound to proteins [3]. Thus, approximately 99 % of Hcy are
in their oxidized form and remains as disulfides [3]. The term total Hcy (tHcy) refers to
all forms of Hey in plasma [7]. In fasting individuals, “normal” tHcy commonly ranges
from 5 to 15 uM [8], [9]. Mild HHcy usually refers to Hcy plasma concentration from
15 to 30 puM, intermediate HHcy refers to concentrations between 30 and 100 uM, and

severe HHcy refers to concentrations more than 100 pM [10].

1.1.2 HHcy Is an Independent Risk Factor of Atherosclerosis

Elevated levels of Hcy have already been established as an independent risk
factor for atherosclerotic and thrombotic events in both the general population and in
those with preexisting vascular disease [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20] (Table 1).

Mechanistic studies have demonstrated that Hcy might induce vascular damage
by promoting platelet activation, endothelial dysfunction, vascular SMC proliferation,
MC inflammation and endoplasmic reticulum stress in hepatocytes [3], [21], [22] (Fig.

3).
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Figure 2. Hcy forms its derivatives via the disulfide bonds. (A) Chemical
structures. (B) Hcy typically exists in its disulfide bound form with either itself or
other sulfur containing amino acids or proteins. However, the “free” Hcy is
considered as the bioactive form. Indeed, Hey is unstable for the “monomer” form, and
the disulfide bound form represents a less reactive status. Hcy is even more toxic when
it forms a high — energy ring, a y — lactone, which looks for proteins to corrode and open
its sulfur and oxygen bond. Hcy is Cys, cysteine; Hcy, homocysteine.



Table 1. All the epidemiological studies show that HHcy is an independent
risk factor for CVDs. The original literature and recent researches are chosen to define
their relationship. CVD, cardiovascular disease; Hcy, homocysteine; HHcy,
hyperhomocysteinemia; MESA, multi — ethnic study of atherosclerosis; NHANES,
national health and nutrition examination survey Il1; tHcy, total homocysteine.

Time Subject Findings Hcy Country PMID
L Wayne State
MESA and NHANES| Hcy Significantly . . .
May, 2011 Il Datasets Predicted CVD >15uM Unlver§|ty., Detroit, 21867837
Michigan
. tHcy Was . —
Sep, 2005 163 Consecutive | )\ iated with | 4.6-67.1 uM University "La 16154844
Patients . Sapienza", Italy
Ischemic Stroke
There Was A
13,840 Male Graded Increase in University of
Jun, 2003 Smokers the Odds Ratio of 13.3uM Bristol, UK 12750538
Cerebral Infarction
CarAc;t;g \lj\l/zt:ue Universityt of
May, 1999 307 Subjects . . 17.1uM Western Ontario, 10229729
Associated with
Canada
Hcy
An Ocular Venous Ikazia Hospital
Jan, 1999 10Menand12 | Occlusion Was 22.9uM Rotterdam, the 9890864
Women Found in Two Netherlands
Thirds of Patients
tHcy Is A Predictor
of Motality in Haukeland
Jul, 1997 587 Patients Patients with 215 uM University Hospital, 9227928
Coronary Artery Norway
Disease
thcy Confers An Trinity College
Jun, 1997 1,550 Cases Risk of Vascular 11.25uM ¥ ~Oleee, 9178790
. Ireland
Disease
HHcy Is An Risk Lo . .
Apr, 1991 52 Subjects Factor for Vascular Post-Methionine: | Adelaide Hospital, 2011158
) 18.6 pyM Ireland
Disease
Homocysteinuria .
Apr, 1969 2 Patients Child Has Arterial 14 mM Harvard Medical 5792556
Lesions School, Boston, MA
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Figure 3. Direct effects of Hcy on atherosclerosis. Lines with arrows indicate
permissive actions. In ECs, Hcy induces adhesion molecular expression on the
endothelial cell and enhances MC adhesion on ECs. In addition, Hcy increases
endothelial dysfunction to impair vessel function. By activating EC detachment, death
receptor and Fas, Hcy induces endothelial apoptosis. Hcy not only induces endothelial
apoptosis, but also inhibits endothelial cell growth via inhibiting cyclin A synthesis. In
SMCs, Hcy activates collagen synthesis, MCP-1, UPR, and SMC growth. In MCs, Hcy
also promotes MCP - 1 synthesis. In M@s, Hcy induces protein kinase C pathway, ¢ -
fos, and lipoprotein lipase. In hepatocytes, Hcy increases uptake of cholesterol and
triglycerides by inducing endoplasmic reticulum (ER) stress. ADMA, asymmetric
dimethylarginine; DNMT1 DNA methyltransferase 1; EC, endothelial cell; EDHF,
endothelium — derived hyperpolarizing factor; ER, endoplasmic reticulum; GPX,
glutathione peroxidase; Hcy, homocysteine; HO — 1, heme oxygenase — 1; IK,
intermediate — conductance K (Ca); MC, monocyte; MCP — 1, monocyte chemotactic
protein — 1; NF — kB, nuclear factor kappa — light — chain — enhancer of activated B
cells; NO, nitric oxide; SK, small — conductance K (Ca); SMC, smooth muscle cell;
SREBP, sterol regulatory element — binding protein; UPR, unfolded protein response;
VCAM - 1, vascular cell adhesion molecule — 1.



Since strong evidence indicates that HHcy is an independent risk factor for
CVDs, multiple studies have investigated the association between lowering Hcy levels
and CVDs during the past several decades. Lowering Hcy level could be easily achieved
by B vitamin supplements, which is an inexpensive, safe, and effective approach [23].
However, results from randomized trials and observational studies have been discrepant,
and so this issue is not fully resolved [24] (Table 2). Schnyder et al randomized 205
patients following successful coronary angioplasty to a 6 - month course of B vitamin
enhancement or matching placebos, in double - blind fashion [25]. The risk of restenosis
was reduced by 48 % at the end of 6 months in the group that received vitamins (relative
risk, 0.52; 95 % CI, 0.32 - 0.86), with a concomitant reduction in Hcy of 35 % [25]. A 1
- year follow - up of this study [26] with a larger group of patients (n = 553)
demonstrated these results were durable and persisted for a mean of 11 months (despite
cessation of vitamins at the end of 6 months). However, recent data from another
genetic study of 59,995 individuals with data for Hcy suggested an absence of benefit

from lowering of Hcy for prevention of stroke [27].



Table 2. Most Hcy — lowering by B vitamins did not prevent re — occurring
of CVDs. Results from epidemiologic reports on Hcy — lowering effect are
controversial. CVD, cardiovascular disease; Hcy, homocysteine; MI, myocardial

infarction; MTHFR, 5, 10 — methyltetrahydrofolate reductase; PMID, Pubmed ID.

. . Hcy Levels (Decreased .
Time | Subjects Therapy (Dose) Findings PMID
by [uM])
45,549 .
Jul, 2011 Individuals MTHFR677C>T from 13.88 uM to 10.54 pM (3.34) An Absense of Benefit | 21803414
34,485 Folic Acid Had No
Oct, 2010 Individuals Folate (0.8 — 40.0 mg / d) from 9.3-22.5 uM to 7.7-16.5 uM Significant Effects 20937919
12,046 Reductions in Hcy Did
Jun, 2010 - Folic Acid (2 mg / d), B12(1 mg/d) from 13.57 uM to 9.77 uM (3.8) not Have Beneficial 20571015
Survivals of M|
Effects
39.005 Folic Acid Did not
Jun, 2010 Folic Acid (0.5 - 40 mg / d) from 10.8-34.9 uM to 8.0-26.4 uM Demonstrate A Major | 20413740
Participants
Effect
. . B Vitamins Resulted in
Apr, 2010 238 Folic Acid (2.5 mg / d), B6 (25 mg / d), from 14.7 pM to 12.5 pM (2.2) AnIncrease in Vascular | 20424250
Participants B12(1mg/d)
Events
Folic Acid (0.8 mg/ d), B6(40 mg/d), o Treatment Did not Have
Aug, 2008 | 3,096 Adults 812 (0.4mg / d) Hcy Was Reduced by 30% An Effect 18714059
. . Treatment Did not
May, 2008 | 5,442 Women | FOli¢Acid (Zéslzmé/r:)' /BdG)(SO M8/ d). | ey Was Decreased by 18.5% (2.27) | Reduce Cardiovascular | 18460663
g Events
Folic Acid Can
8 Randomised s ) Effectively Reduce the
12.1-35. -29.
Jun, 2007 Trials Folic Acid Supplementation from 35.0 uM t0 9-29.3 M Risk of Stroke in Primary 17544768
Prevention
Supplements Did not
. Folic Acid (2.5 mg/ d), B6 (50 mg/ d), Reduce the Risk of
Apr, 2006 | 5,522 Patients B12(1mg/d) from 12.2 uM to 9.8 uM (2.4) Major Cardiovascular 16531613
Events
Treatment with B
3,746 Men and| Folic Acid (0.8 mg/ d), B6 (40 mg / d), o Vitamins Did not Lower
Mar, 2006 Women B12(0.4mg/ d) tHcy Was Lowered by 27 % the Risk of Recurrent 16531614
CVD
Folic Acid (2.5 mg/ d), B6 (25 mg/ d), Reduction of tHcy Had
Feb, 2004 | 3,680 Adults B12(0.4mg/ d) from 13.4 uM to 11.1 pM (2.3) No Effect 14762035
196 . . :
Nov, 2001 |Postangioplast| FOcAcid(1me/d), B6(10mg/d), From 9.5 uM to 7.2 M (2.3) StenosisWasless | 1. c0005
y Patients B12(0.4mg/d) Severe




The apparently divergent results of lowering Hcy levels in clinical trials can be
explained by multiple reasons. First of all, it is believed that different dietary folate
consumption in different areas of the world has an impact on the effect of Hcy lowering
[28], [29]. The result is greater in regions with low dietary folate consumption, such as
in Asia. Second of all, the scale of the study should be taken in to consideration. If the n
number of the randomized trials is too small, it is likely to produce null results [24].
Thirdly, longer follow — up time is suggested to use [30]. Clinical trials take an average
seven years; however, patients may suffer from HHcy for a much longer time. More
significant beneficial effects of HHcy lowering may need longer therapy. Forthly, all
studies were carried on in patients with previous CVDs, who might be already above the
sensitive range for benefit. The trials set in populations with high risk of CVDs but
without clinical manifestation are needed to further sensitize the effect of Hcy lowering
intervention. For explaination of the two specific studies disscussed in the above
paragraph, it should be noted that post - angioplasty restenosis (which involves intimal
hyperplasia) and atherosclerosis are different patho - biological processes, which might
limit the generalizability of the restenosis result to other vascular patients [30]. Thus, a
more biologically based, thoughtfully developed and prepared subgroup analysis is

suggested to use and it help explain exsiting controversial results.

1.1.3 Inflammatory Changes in HHcy Induced Atherosclerosis
In mouse vasculature, HHcy increased atherosclerotic lesion area as well as the
expression of receptor for advanced glycation end products (RAGE), VCAM - 1, tissue

factor, and matrix metalloproteinase — 9 (MMP — 9) in the vasculature of ApoE KO
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mice fed an methionine enriched, folate, vitamin B6 and B12 depleted diet [31]. RAGE
is a multiligand receptor and its activation has been implicated in sterile inflammation.
Enriched VCAM - 1 expression, a marker of EC activation and dysfunction, has been
linked to a variety of vascular inflammatory disease states. Tissue factor is a mediator of
inflammatory cell recruitment, tissue injury, and thrombus formation. Innate immune
response is characterized by excessive release of MMPs. Thus, all these collective
observations indicate that HHcy enhances vascular inflammation. Also from our own
lab, we found out that severe HHcy accelerated atherosclerosis and inflammatory MC /
M@ accumulation in lesions and increased plasma TNF - o and MCP - 1 levels in Tg -
hCBS Cbs™ ApoE™ mice fed a HF diet [32]. Furthermore, we characterized that HHcy
increased MC population and selective expansion of inflammatory Ly6C"®" and
Ly6C™" \C subsets in BM, peripheral blood, and spleen of Cbs” mice [32]. In vitro,
addition of L-Hcy (100 to 500 pM), but not L-Cys, maintained and induced the
inflammatory MC subsets in cultured mouse primary splenocytes [32]. Raised Hcy

levels are suggested as an inflammation inducer to trigger atherosclerosis [33].

1.1.4 HHcy Is an Independent Risk Factor of Neurodegenerative Disorders

The observational Health in Men Study [4] suggested an association between
nerurodegenerative disorders and HHcy. Depression, dementia and Alzheimer’s disease
(AD) are all associated with HHcy [34], [35].

The underlying mechanisms have been linked with the deposition of amyloid
plaques and of neurofibrillary tangles in human cell culture systems [36].

Trials of beneficial effects of B vitamins on cognitive fiunctions have been
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reported. The folic acid and carotid intima - media thickness (FACIT) trial is one of the
few studies demonstrated a significant reduction in the rate of cognitive decline
associated with folic acid in older individuals without dementia and with increased Hcy
levels [37]. There are similar considerations for the failure of trials to demonstrate any
beneficial effects on cognitive function, including (1) benefits were attenuated
following folic acid fortification in some areas, (2) a small number of participants were
enrolled in the trial, (3) the duration of treatment was not long enough to detect
beneficial effects, (4) patients already had significant cognitive impairment before
starting therapy [38], [39]. Therefore, there is insufficient evidence to justify Hcy -

lowering vitamin supplements for the prevention of AD and cognitive decline [38].

1.2 Diabetes
1.2.1 T1D (Insulin Dependent Diabetes Mellitus) Is an Autoimmune Disease

The worldwide prevalence of diabetes among adults is 366 million in 2011; this
number was predicted to be around 439 million (7.7 % of the world population) by 2030
[40]. There are two major types of diabetes, TIDM and T2DM. The simplified
aetiology of both TLIDM and T2DM is illustrated (Fig. 4).

The development of T1D is thought to be a result of environmental exposures
combined with genetic susceptibility. Both of these factors cause an autoimmune
reaction against pancreatic — B cells and precede to several months or years of B — cell
destruction. Viral infection, early infant diet, and toxins are three major environmental
risk determinants. Human leukocyte antigen (HLA) class Il haplotypes of HLA — DR

and HLA — DQ confer genetic susceptibility to T1D [41]. A further 25 non — HLA —
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associated loci contributed additional susceptibility to autoimmune diabetes. The vast
majority (n = 22) of these genes encoded immune function and regulation related
proteins. For example, T cells recognize and respond to an antigen by interacting with a
complex of an antigenic peptide and an HLA class Il molecule (mostly DR and DQ)
[42]. 1t was established that the lack of Asp at position 57 of the DQP chain plays a key
role in the genetic susceptibility of T1D [43]. Lack of Asp at DQB57 will permit insulin
peptides (immunogenic islet cell peptides) to fit into the HLA-DQ peptide binding

pocket and to be recognized by the T cell receptor [44], [45].
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Figure 4. Aetiology of type 1 diabetes and type 2 diabetes. T1D results from
autoimmune destruction of the insulin - producing B - cells of the pancreas. Type 2
diabetes involves two main factors. One is a decreased effectiveness of insulin (“insulin
resistance”), leading to an increased demand for the hormone, and the second main
factor is the pancreatic 3 - cell failure. This includes a reduction both in the 3 - cell mass
and in the B - cell function. TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes
mellitus.

13



The immune — mediated destruction within the pancreatic islets is highly specific;
only the pancreatic p — cells are affected, not the a — cells or o — cells [46]. Inter —
individual variability in the pathogenic process has also been observed; most patients
diagnosed with T1D have infiltrates of M@s and of CD8" cytotoxic T cells in the
pancreatic islets, while several patients have natural Killer cells as the predominant
infiltrate in pancreatic islets, together with evidence of viral inclusions in the f — cells
[47]. Once the B — cells have been destroyed, insufficient insulin functionality causes
hyperglycemia, which can cause serious health complications including ketoacidosis,

kidney failure, heart disease, stroke, and blindness [48].

1.2.2 MC, M@ and T Cell Inflammation Destroys Pancreatic  Cells Leading to T1D

MCs of patients with T1D showed proinflammatory activation and disturbed
migration / adhesion [49]. In multiple transgenic mouse models, Martin et al. [50]
provided convincing evidence that MCs could be recruited to pancreatic islets and that
these immune system cells were capable of destroying 3 - cells, resulting in diabetes.

New loci in MCs involved in the susceptibility to T1D have been identified by
genome - wide association studies (GWAS) [51]. For example, the locus 1213 (lead
SNP rs11171739), was associated with a pattern including five trans expression
quantitative trait loci (eQTLs), one of which (MADCAM1) was a potential candidate for
mediating T1D susceptibility [52]. Another one, the locus 12924 (lead SNP rs653178),
has demonstrated extensive disease pleiotropy, including T1D [52].

Epigenetic variation underlies some of the non - genetic components of T1D

aetiology [53]. 132 different CpG sites at which DNA methylation significantly
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correlated with the diabetic state was identified in CD14" MCs (an immune effector cell
type relevant to T1D pathogenesis) [53]. Another study demonstrated 13 gene
expression alteration in the diabetic twins compared with their control subjects: PED4B,
Interleukin (IL) - 74, PTGS2, BCL2A1, TNFAIP3, TNF, CXCL2, HSP1A (all down -
regulated, p < 0.04 for all) and CCL7, EMP1, PTPN7, CD9, and FABP5 (all up -
regulated, p < 0.044 for all) [54].

NADPH oxidase (NOX) activity in MCs has been demonstrated important for
T1D development [55]. Decreased MC reactive oxygen species (ROS) was linked with
diabetes resistance in mouse [55].

M@s have both protective and pathogenic roles in a wide variety of autoimmune
and inflammatory diseases [56]. However, it was shown that activated M@s can directly
kill B - cells in vitro [57]. Also, depletion of M@ and neutrophils fully protected non -
obese diabetic (NOD) mice from T1D [55].

The diabetogenic potency can be further increased by T — cell receptor (TCR)
(expressed on T cells) recognizing the antigen (expressed on B — cells) [58]. The
availability of the nonobese diabetic (NOD) mouse model in the 1980s helped to define

T cells mainly target insulin [59].

1.2.3 Type 2 Diabetes Is a Complex and Multifactorial Disease (Non — Insulin
Dependent Diabetes Mellitus)

T2D accounts for at least 90 % of all the diabetes cases [60]. The excess global
mortality in 2010 attributable to diabetes, most of which was attributable to T2D, was

4.6 million deaths [61]. Heart disease and stroke are the predominant complications
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responsible for diabetes - related death in the USA. For example, in 2004, heart disease
and stroke were reported on 68 % and 16 %, respectively (Centers for Disease Control
and Prevention National Diabetes Fact Sheet, 2011, US Department of Health and
Human Services, Centers for Disease Control and Prevention, Atlanta, Georgia [2011]).
Furthermore, diabetes was the leading cause of blindness, end — stage renal failure
(44 %), and non —traumatic lower — limb amputations (60 %) among adults aged 20 — 74
years in the USA (Centers for Disease Control and Prevention National Diabetes Fact
Sheet, 2011, US Department of Health and Human Services, Centers for Disease
Control and Prevention, Atlanta, Georgia [2011]). T2D is also associated with non —
alcoholic fatty liver disease, including polycystic ovarian syndrome, non — alcoholic
steatohepatitis, and possibly some malignancies [62], [63], [64], [65].

Until 1990, T2D was rarely seen in young people, but this is no longer the case
[66], [67]. In some countries T2D is still seldom in children and adolescents, for
instance in Germany, where prevalence is 2.3 per 100,000 in people aged 0 — 20 years
[68]. However, in USA, the incidence of T2D in young people has become much greater
in some ethnic groups (12.1 per 100,000 in Asian Americans and Pacific Islander
Americans aged < 20 years vs. 19.0 in African Americans) [69], [70].

A Westernized lifestyle, which involves a high — energy diet and reduced
physical activity, is indisputably the cause for the pandemics of obesity and T2D [71].
Micronutrient imbalances, including deficiency in concentrations of vitamin D, vitamin
B12, and folic acid, and increased body iron stores have been implicated in the
pathogenesis of T2D [72], [73], [74]. Evidence also suggested that exposure to synthetic

organic pollutants affected endocrine cells and increased the risk of developing T2D
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[75]. The gut microbiota, which can be influenced by events in early life, such as
methods of delivery and feeding, and in later life, such as antibiotics usage and diet
composition, might also contribute to increased risk of T2D [76]. Low socioeconomic
status and depression could also increase the risk of T2D [77], [78]. Sleep deprivation
and obstructive sleep apnoea are strongly associated with obesity and T2D [79].

Chronic hyperglycemia is an important causative factor of T2D. Disturbed
glucagon secretion and the incretin effect, i.e. the postprandial augmentation of insulin
secretion by gut hormones, are known to induce high glucose level in T2D [80], [81],
[82]. Elevated glucagon levels result in nonsuppressible hepatic glucose production and
hyperglycemia. Inpaired insulin secretion could be caused by impaired glucagon - like
peptide 1 (GLP — 1) production and reduced sensitivity of B cells to gastric inhibitory
polypeptide [81], [83]. Both GLP — 1 and gastic inhibitory polypeptide can enhance
glucose — stimulated insulin secretion [84].

T2D is also characterized by insulin resistance [85]. Insulin resistance is
typically associated with hyperinsulinaemia, which represents the loss of the
intracellular signaling pathway, from the binding of insulin to its receptors to glucose
transport [85]. For example, hyperinsulinaemia can over - stimulate the growth
signaling cascade (mitogen activated protein kinase [MAPK] pathway), which at least in
in vitro systems eventually leads to smooth muscle cell proliferation [85]. In the
vascular wall, this cell proliferation might result in remodeling, increased stiffness, and
loss of blood pressure auto - regulation [86].

Hypertension is reported in over two thirds of patients with T2D. By enhancing

sodium and water reabsorption at the distal tubular nephron, hyperinsulinaemia exerts a
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chronic antinatriuretic pressure, which induces the impaired suppressibility of the renin
— angiotensin — aldosterone system in people with T2D [87], [88], [89]. The rennin —
angiotensin — aldosterone system has an important role in antagonizing the vasodilatory
cyclic GMP system. Thus patients with T2D are susceptible to fluid retention, which
increases blood volume and therefore blood pressure [90].

Obesity is another powerful confounder of T2D (E Ferrannini, A Natali,
Hypertension, insulin resistance and diabetes, JD Swales (Ed.), Textbook of
hypertension, Blackwell, London [1994], pp. 785-797). White adipose tissue in
metabolic syndrome or T2D is abnormal in multiple ways: distribution favors visceral
adipose tissue (VAT); reduced adiponectin expression and secretion; suppression of
lipolysis by insulin; and increased expression and secretion of inflammatory cytokines
(e.g. tumor necrosis factor a, IL - 1B, and monocyte - chemoattractant protein - 1) [91],
[92]. Excess visceral fat characterizes dysfunctional adiposity phenotype. Decrease in
secretion of adiponectin, and raised non — esterified fatty acids and concentrations of
inflammatory cytokines aggravate insulin resistance in muscle [65], [92]. GWAS have
shown that only 0.1 % of variation in fat distribution (waist circumference and waist —
to - hip ratio) can be explained genetically, and, therefore, genetic differences affecting
adipose tissue seem unlikely between people who do and do not develop obesity
[93]. Additionally, abnormalities in adipose tissue might be induced by hyperglycaemia
[91], [94].

An important issue that should be considered separately from insulin resistance
and obesity is that the number and function of muscle mitochondria are deficient in

individuals with T2D and their first — degree relatives [95]. Treatments that promote
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mitochondrial biogenesis and / or function in muscle, could be beneficial in people with
T2D [71]. The effects would mimic those from exercise, which lessens insulin
requirements and 3 — cell exhaustion [71]. The indirect effect is improvements in insulin
sensitivity of skeletal muscle as the cells revert from keeping energy out to taking it in

[71].

1.2.4 Inflammation Influences Type 2 Diabetes

T2D patients have signs of increased inflammation, which is associated with
MCs and M@. Five genes (STX1A, CDC42, PTPN7, CD9, and HMGAL) are abnormally
expressed in MCs of type 2 diabetic patients, all of which are with a metabolic effect
[49]. SyntaxinlA (STX1A) regulates insulin exocytosis. Cdc42 is also involved in
physiological insulin secretion. PTPN7 is one specific tyrosine phosphatase for MAPK,
which has key roles in a diverse range of cellular processes. CD9 is known to be
involved in affecting the morphogenic features of cells. High-mobility group Al protein
(HMGAL) is a key regulator of insulin receptor (IR) gene expression [96].

Indeed, in circulating MCs from patients with T2DM, the messenger RNA levels
and protein content of both HMGA1 and the IR are decreased by 40 % to 50 % [96].
Hyperinsulinemia might be the cause for this since insulin infusion by the clamp
technique, while maintaining normal plasma glucose, reduced MC insulin receptors in a
dose - and time - dependent manner [97]. Also, reduced insulin receptors on MCs have
also been documented in human MCs from obese subjects [98]. In addition, defective
insulin signaling in terms of reduced receptor tyrosine kinase activity was observed in

MCs from subjects with insulin resistance [99]. Defective insulin signaling might cause
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increases in CD36 expression, as seen in MC isolated from patients with diabetes [100].

Insulin  resistance is not the only metabolic disturbances of T2D,
hyperinsulinemia also exists. In an in vitro model of hyperinsulinemia, MCs had
increased interaction with endothelial cells via increasing expression of VCAM-1, E-
selectin on ECs [101], and as well as the extracellular matrix molecule hyaluronan,
which is a ligand for CD44 receptor — positive inflammatory cells [102]. Furthermore,
wistar rats fed a fructose diet to induce insulin resistance and hyperinsulinemia, showed
an increase in hyaluronan deposition after balloon - injury [103].

M@s have also been found to play vital roles in regulation of important
metabolic functions [104]. Insulin and insulin - like growth factor 1 (IGF - 1) receptors
are both present on circulating macrophages [105], [106], also, insulin - treated M@s
showed classical activation of the insulin signaling pathway [107]. Insulin and IGF - 1
can activate tyrosine phosphorylation of both their f — subunit, respectively [106].
Insulin receptor substrate 1 (IRS - 1) is classical substrate required for insulin signaling
in metabolic tissue, endothelial cells and VSMCs, however, it is undetectable in MCs /
M@s [106], [108]. Usually, tyrosine phosphorylated insulin receptor leads to activation
of insulin receptor substrate 2 (IRS -2) and PI (3) K [109] in M@s. Indeed, reduced
insulin receptor number, decreased IR / IRS2 phosphorylation, and downstream
signaling occurred in M@s from obese, insulin - resistant mice [109].

Defective insulin signaling occurring in insulin resistance could up — regulate
CD36 protein expression, the receptor for oxLDL on M@s. Indeed, M@s lacking the IR
obtained from IR KO mice showed an increase in CD36 protein when compared with

M@s from mice that expressed the IR [109]. Also, M@s from obese, insulin - resistant
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mice and rats compared with wide — type mice have an up — regulation of CD36 [109].
Moreover, treatment of M@s with insulin increased M@ phagocytosis, which might be
due to the increases in CD36 [110].

M@s could affect glycolysis by influencing glucose metabolism in
hyperinsulinemia. Culture of rat M@s with insulin increased hexokinase activity, which
phosphorylates glucose during glycosis, and decreases glucose — 6 - phosphate
dehydrogenase, a key enzyme of the pentose phosphate pathway (an alternative pathway
to glycolysis) [110]. Thus, the effect of M@s on glucose metabolism is complicated.

M@ also express glucose transporters (GLUTS), indicating that M@s have a role
glucose transportation. Of those GLUTSs, macrophages express GLUT1, GLUT3, and
GLUTS5, which are distinctly regulated during MC differentiation into Mds [111].

M@s show a more proinflammatory phenotype (produce elevated levels of pro —
inflammatory cytokines) in diabetes, which may further exacerbate the inflammatory
process of diabetes. M@s from mice with alloxan - induced diabetes produced more IL -
6, TNF - o, and ROS, which are proinflammatory cytokines or activation factors for
Md@s, compared with M@s from non - diabetic control mice [112]. Moreover, a recent
paper suggested that as obesity progressed, adipose tissue - associated M@s switched
from an M2 - like phenotype to a classically activated M1 - like phenotype with potent
pro - inflammatory activity in both mice and human [113], with the NLRP3
inflammasome serving as the molecular switch by sensing obesity - associated danger
signals [114], [115].

M@s under insulin resistance might be prone to go on apoptosis and form more

necrotic cores (necrotic cores in atherosclerotic lesions arise from M@s that have
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undergone cell death). Normal insulin levels seem to have a protective effect to reduce
M@ apoptosis. This is supported by that treatment of human M@s with normal insulin
concentrations reduced M@ apoptosis by increasing the expression of the anti -
apoptosis gene B - cell lymphoma - X (Bcl - X) [116]. This insulin - induced expression
of M@ Bcl - X was inhibited by wortmannin, a Pl (3) K inhibitor but not by the MAPK
inhibitor PD989059 [116]. These studies suggested that the protective effect of insulin
to reduce M@ apoptosis might be due to the PI (3) K pathway, however, Pl (3) K

pathway was blunted or lost under insulin resistance [107].

1.3 HHcy and Diabetic Atherosclerosis
1.3.1 Type 1 Diabetes Mellitus (T1DM) Is Associated with Substantially Increased
Risk of CVD

In diabetes patients, the risk of CVDs is dramatically increased. Thus, a principal
objective in the clinical management of diabetes is the prevention of long - term
vascular complications [117]. These vascular complications of diabetes can be broadly
categorized as microvascular (including retinopathy, nephropathy, and neuropathy) and
macrovascular (affecting the coronary, cerebral, and peripheral arterial vasculature)
[117]. In clinical practice, there can be a tendency to focus on microvascular risk in T1D
(nephropathy, and renitopathy) and macrovascular risk (heart disease, stroke, and
peripheral vascular disease) in T2D [117]. In fact, microvascular and macrovascular
complications are highly relevant to both T1D and T2D and neither of them should be
neglected [117].

Features of the atherosclerotic process could be unique to T1D [117]. One such
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feature was excessive calcification, evident in more than 70 % of men and 50 % of
women with T1D in coronary artery by their mid - 40s [118]. Its interpretation in the
setting of T1D has been complicated by the possibility that it could result from vessel
wall calcification (Mockenberg’s sclerosis), which is often seen in T1D [119].

Although the pathology of atherogenesis in T1D has not been fully elucidated,
current thinking supports a model in which circulating factors associated with the
perturbed metabolic milieu of T1D. First, glycaemic exposure in the course of the
disease could cause changes of genetic imprinting (also referred to as metabolic
memory) that contributed to future cardiovascular risk [117]. Secondly, hyperglycaemia,
glycation, and oxidation products cause endothelial dysfunction, which in turn leads to
vasoconstrictive, pro - inflammatory, and pro - thrombotic changes that contribute to
atherosclerotic plaque development and an enhanced potential for thrombosis after

plaque rupture (Fig. 5) [120], [121].
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Figure 5. Possible mechanisms through which hyperglycemia promotes
atherogenesis. The effects of elevated glucose in MCs were most likely mediated by
increased expression of the proinflammatory cytokines IL1p, IL6, CD36 and MCPI,
through pathways mediated PKC, activation of the NF — kB pathway, and increased
superoxide production. Hyperglycemia also promotes an inflammatory phenotype in
M@s, which most likely contributes to atherogenesis. In SMCs, a principal effect of
increased glucose uptake appears to be increased secretion of the chemokine MCP -1,
which could act in concert with the EC changes to bring more MCs into the growing
lesion. Hyperglycemia accelerate formation of atherosclerotic lesions by promoting
adhesion molecule expression in ECs through epigenetic changes, activation of PKC
and RAGE, and increased flux through the AR pathway. Increased adhesion molecule
expression leads to increased MC / M@ accumulation and atherogenesis. AGE,
advanced glycation end product; AR, aldose reductase; HDL, high density lipoprotein;
ICAM — 1, intercellular adhesion molecule 1; IL, interleukin; LDL, low density
lipoprotein; M@, macrophage; MC, monocyte; MCP — 1, monocyte chemotactic protein
— 1; NADPH oxidase, nicotinamide adenine dinucleotide phosphate oxidase; NF — kB,
nuclear factor kappa — light — chain — enhancer of activated B cells; PKC, protein kinase
C; RAGE, receptor for advanced glycation end product; SMC, smooth muscle cell;
VCAM - 1, vascular cell adhesion molecule 1.
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Hyperglycemic exposure has been associated with a variety of cardiovascular
events in patients with T1D. For example, in the Oslo Study, coronary atherosclerosis,
determined by intravascular ultrasound, was correlated with mean concentration of
glycosylated hemoglobin (HbA;., glycaemic measure) over 18 years of follow-up [122].
Based on regression analysis, a 1 % increase in mean HbA. predicted a 6.4 % increase
in coronary vessel area stenosis [122]. Additionally, intensive blood glucose control has
been shown to prevent the resting heart rate increase [123], and slow the development of
abnormal autonomic function [124]. Lastly, more intensive glycaemic control also had a
beneficial effect on left ventricular mass and function in T1D [125], [126], [127].
However, the most convincing clinical evidence supporting that hyperglycemia was
indeed a key mediator of cardiovascular risk in T1D came from the Diabetes Control
and Complications Trial (DCCT) [128]. The DCCT was a randomized controlled
clinical trial initiated in 1983 in which 1441 patients with T1D (aged 13-39 years) in the
USA and Canada were randomly assigned to receive either intensive diabetes therapy
(either three or more insulin injections or continuous subcutaneous insulin infusion by
external pump) or the conventional diabetes therapy (one or two insulin injections per
day) [117]. After 6.5 years, mean HbA;. was 7.2 % in the intensive therapy arm and 9.0 %
in the conventional treatment arm [117]. Intensive diabetes therapy was associated with
a significant reduction in the incidence and progression of microvascular complications,
but macrovascular disease (95 % CI - 10 to 68) did not achieve statistical significance
[128]. In 1993, 1375 participants of DCCT have continued to be followed up as part of
an ongoing observational study (Epidemiology of Diabetes Interventions and

Complications [EDIC] study), in which all participants were instructed in intensive
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diabetes therapy and followed up longitudinally [117]. Over the course of the EDIC
study, the mean HbA;. concentrations of the former intensive and conventional therapy
groups converged (HbA;i. about 8 %), such that they were no longer significantly
different [129]. Nevertheless, in 2005, after mean follow - up of 17 years, it emerged
that intensive therapy has reduced the subsequent risk of any CVD event by 42 % (95 %
Cl 9 - 63; p = 0.02) and the risk of the combined endpoint of non - fatal myocardial
infarction, stroke, or cardiovascular death by 57 % (95 % CI 12 - 79; p = 0.02) [130].
This remarkable risk reduction was largely explained by the mean HbA;. reduction
during the DCCT [117]. Thus, intensive diabetes therapy, with associated reduced
glycaemic exposure, during the mean 6.5 years of the DCCT first significantly reduced
microvascular complications and later reduced clinical cardiovascular events over the
course of the EDIC study [117]. These beneficial effects of previous near-normal
glycaemic control suggested a long - term risk from past hyperglycaemic exposure and
also suggested that intensive treatment should be initiated as early as possible in the
management of T1D [117].

During diabetes, nonenzymatic modification of proteins by reducing sugars
leads to the formation of AGEs in vivo. The alterations in glucose metabolism likely
lead to the production of excess formation of AGEs. AGEs act directly or via receptors,
the receptor for AGE (RAGE). The AGE / RAGE axis has a broad spectrum of effects,
including eliciting oxidative stress, increasing endothelial dysfunction, increasing
inflammatory cytokines and tissue factor, elevating expression of adhesion molecules,
and, through all these mechanisms, accelerating atherosclerosis [131].

Under T1D condition, the burden of reactive oxygen species (ROS) is increased.

26



Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, MPO, xanthine
oxidase, lipoxygenases, nitric oxide synthases, and the dysfunctional mitochondrial
respiratory chain all release ROS. ROS induce chronic activation of the vascular
endothelium, induce components of the immune system, activate SMC mitogenic
signaling pathways, and enhance availability of ADP and platelet recruitment [132].
Incapacitating ROS — generating NADPH oxidase has beneficial effects.

Since both albuminuria and renal disease are cardiovascular risk factors and can
be induced by hyperglycemia, thus CVD mortality is dramatically increased in patients
with T1D and nephropathy [133]. Multivariate analyses of the DCCT / EDIC study
showed that part of the treatment effect on CVD risk was mediated by reduction in the
incidence of microalbuminuria or albuminuria [130]. At present, although uncertainty
remains regarding how much renal disease determines CVD risk in T1D, the prevention

of albuminuria remains an important goal of treatment [117].

1.3.2 Type 2 Diabetes Mellitus Is Associated with Increased Cardiovascular Risk
The ongoing epidemic of obesity - induced insulin resistance and T2D are the
major reason for the trend that atherothrombotic CVD is the leading cause of death
worldwide [134], [135]. Public health addresses that over - nutrition and lack of
physical exercise are the key cause [136]. Life - style changes are extremely important,
and complementary approaches that identify potential therapeutic targets relevant to
atherosclerosis per se in diabetics are also needed [136]. Still, there are fundamental
gaps in this area [136]. Atherogenesis involves the sub - endothelial retention of

apolipoprotein B (ApoB) - containing lipoproteins; activation of endothelial cells;
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recruitment of MCs and other inflammatory cells; cholesterol loading of lesional cells;
and migration of SMCs to the intima [136]. More advanced plaque progression is
influenced primarily by processes that promote plaque necrosis and thinning of a
collagenous “scar” overlying the lesion called the fibrous cap [136].

A critical issue in insulin resistance is altered IR pathway branches. [136] (Fig.
6). Vascular SMC (VSMCs) express heterodimers of IRs and insulin - like growth
factor - 1 receptors (IGF1Rs), and in vitro data suggested that the effects of
hyperinsulinemia in VSMCs were mediated mostly through IGF1R, despite the fact that
insulin has a higher affinity for IRs than for IGF1R [137]. IGF1R silencing by siRNA in
cultured VSMCs to “force” signaling through IRs enhanced insulin - induced Akt
activation [138]. Intact IR signaling was also shown to suppress TNF — o - induced NF -
KB activation in VSMCs with silencing IGF1R [138]. Conversely, IR - deficient
VSMCs incubated with insulin led to decreased activation of Akt, increased activation
of ERK — 1/ 2, and increased proliferation and migration, presumably through IGF1R
signaling [139]. Other data, however, question the idea that in the setting of insulin
resistance an increase in IGF1R versus IR signaling in VSMCs promoted atherosclerosis
[136]. Gene expression studies have shown that downstream signaling of IGF1R and IR
were very similar [140]. Moreover, obesity is associated with higher levels of
angiotensin Il [141], and angiotensin Il promotes the degradation of the common IR /

IGF1R adaptor IRS - 1 in VSMCs [142].
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Figure 6. Possible mechanisms through which insulin resistance promotes
atherogenesis. In insulin resistance, M@ is coupled with defective catabolitic clearance
of LDL, promoting plaque necrosis. Plague necrosis can precipitate plaque rupture and
acute thrombotic vascular occlusion. The elevated insulin level is associated with
increased FFA of adipocytes and causes increased VLDL in the circulation and vessel
walls. Insulin resistance may promote SMC proliferation, migration, and contraction.
Insulin resistance is associated with a decrease in eNOS activation and NO production.
Both of these perturbations may be due to downregulation of the insulin receptor — Aktl
pathway in ECs. The net effect is endothelial dysfunction and activation, leading to
defective vasodilation and increased entry of inflammatory cells into the plaque. Akt,
protein kinase B; BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase;
FFA, free fatty acid; LDL, low density lipoprotein; M@, macrophage; NO, nitric oxide;
PAI — 1, plasminogen activator inhibitor — 1; PDGF, platelet — derived growth factor; Pl
(3) K, phosphatidylinositol 3 — kinase; SMC, smooth muscle cell; VLDL, very low
density lipoprotein.
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Another characteristic of insulin — resistant state is elevated levels of free fatty
acid [143]. It is generally believed that saturated fatty acids (SFAs) are the most
detrimental, and SFAs can trigger ER stress - induced apoptosis in M@s, perhaps by
decreasing the fluidity of the ER membrane (SFAs interact with lipid membranes much
more strongerly than unsaturated fatty acids) [144]. M@ ER stress and apoptosis
induced by SFAs in vitro and in aortic root lesions of fat - fed ApoE” mice appear to
require an intracellular “lipid chaperon” called M@ fatty acid - binding protein - 4, also
known as aP2, preventing stearoyl - CoA desaturase - mediated conversion of SFASs to
unsaturated fatty acids [136], [145]. The apoptotic response in M@s is through a CD36 -
mediated signaling mechanism that promoted oxidative stress [146]. Finally, M@s from
obese mice, including those in advanced atherosclerotic lesion of ob / ob Ldlr”™ mice,
had a decreased ability to ingest apoptotic cells (efferocytosis), which leads to
secondary cellular necrosis and inflammation and is thought to be a critical pathological
process leading to plaque necrosis [147], [148]. SFA may hinder phagocytosis by
decreasing the fluidity of the plasma membrane [147].

There are many studies both in animals and humans that have examined the
direct effect of high glucose on ECs [136]. The effects of elevated glucose on ECs were
most likely mediated by increased expression of the adhesion molecules P - selectin,
VCAM - 1, and intracellular adhesion molecule — 1 (ICAM - 1), through pathways
mediated by protein kinase C (PKC) and increased oxidative stress and / or activation of
the NF - kB pathway [149], [150]. Consistently, transient hyperglycemia induced long-
lasting epigenetic changes in the promoter of the NF - kB subunit p65 in ECs both in

vitro and in vivo, resulting in increased VCAM - 1 gene expression [151].
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When M@s are exposed to high glucose concentrations in vitro, inflammation
was induced [136]. These findings were consistent with in vivo studies demonstrating an
increased inflammatory phenotype of M@s from diabetic mice and human subjects
[163], [164], [165]. Whether diabetes acts mainly by retarding the egress of M@s from
plagues or by enhancing recruitment of MCs into lesions is an important area of future
research [136].

VSMCs take up glucose largely through GLUT1 (SLC2A1), and more
prolonged exposure to high glucose increased glucose metabolism in VSMCs
[161][136]. Over - expression of GLUT1 in smooth muscle protein 22 - o (sm22a) -
positive SMCs in mice resulted in increased glucose uptake in these cells and increased
accumulation of neutrophils in the arterial wall after vascular injury, suggesting that
increased glucose uptake enhanced the proinflammatory phenotype of post - injury
VSMCs [136] [162]. These mice also exhibited increased circulating levels of MCP - 1,
haptoglobin, reduced glutathione (GSH), and neointimal VSMC proliferation after
vascular injury [136].

In addition to direct effects of glucose in T2D, hyperglycemia induced advanced
glycation end products (AGEs) have been proposed as proatherogenic mediators in
diabetes [136]. AGE can bind to and activate receptors, such as the RAGEs [136]. In
ECs, RAGE promotes VACM - 1 expression [156]. Indeed, blocking of RAGE function
results in protection against atherosclerosis in hyperlipidemic diabetic mice [156], [157],
[158]. A recent study demonstrated that lack of RAGE in BM - derived cells resulted in
reduced necrotic core formation in advanced lesions [159]. RAGE could also bind

several other different ligands, such as S11 / calgranulins and high mobility group box 1,
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which are elevated in a large number of inflammatory diseases, including diabetes [155],

[158].

1.3.3 HHcy Is Associated with Type 1 Diabetic Atherosclerosis

Diabetic patients have a higher prevalence of HHcy, which might be due to the
impaired kidney function. Moderate HHcy may represent a mechanism that accounts for
the excess CVD presence in patients with insulin dependent diabetes [166] (Table 3).
Most of the studies focus on CHD since it is one of the primary outcomes of
atherosclerosis. It has been reported that type 1 diabetic patients with higher tHcy levels
compared with patients with lower tHcy levels had significantly elevated soluble
thrombomodulin, Von Willebrand factor (VWF), soluble intercellular adhesion molecule
- 1, and soluble TNF - « receptors [168], [169]. These supported the hypothesis that the
patho - physiological link between tHcy and diabetic atherothrombosis can be, at least
in part, explained by elevated endothelial dysfunction, increased endothelial adherence

to leukocytes, and a low - level chronic inflammatory state in T1D [169].

1.3.4 HHcy Increases Risks for CVD in Type 2 Diabetes

Most of the studies focusing on HHcy in T2DM concluded that plasma Hcy
level was a strong and independent risk factor for CVDs in T2D. In T2D, carotid
plagues were more abundant in diabetic patients with higher tHcy than in those with
lower tHcy [170]. Also, the number of stenotic coronary arteries and CAD score was
positively related to tHcy level in the type 2 diabetic group [171]. Also, type 2 diabetes

patients with high Hcy showed a greater carotid intimal - media wall thickness (IMT),
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an early marker of atherosclerosis, than those with lower Hcy [170]. One found that
plasma tHcy was positively associated with plasma IL — 18 concentrations, endothelial
dysfunction, as estimated from vWF, and with leukocyte adhesion, as estimated from

plasma VCAM - 1. in patients with T2D [172] [173].
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Table 3. Plasma Hcy levels are increased in TIDM / T2DM and associated

with CVDs. CHD, coronary heart disease; Hcy, homocysteine; IDDM, insulin
dependent diabetes mellitus; NIDDM, non — insulin dependent diabetes mellitus; PMID,
Pubmed ID; T2DM, type 2 diabetes mellitus.

Time Subject Findings (Hcy Levels; Readout) Country PMID
Jan, 168 men and women 11.5 uM; Retinopathy .
Austral 17898092
2008 with type 2 diabetes 9.6 uM; No Retinopathy ustratia
jan, vj:ri;e\:/ii;(: 3?382 15mol /L or More; CHD Death Finland | 14734331
2004 . s Less than 15 mol / L; the Others
diabetes
Dec 122 20.8 = 5.1 umol / |; Higher Prevalence of
' type 2 diabetic N - 118 Belgium | 11128359
2000 . Macroangiopathy and Nephropathy
patients
Oct, 625 white population ) . the
2000 with / out T2DM 16 umol / L or under; Less Retinopathy Netherlands 11041907
145 Japanese .
Mar, . . 13.8 = 3.9 umol/ I; Stenotic Vessels
J 10097933
1999 Patients (with / out 11.7 = 3.9 umol / l;without Stenotic Vessels apan
T2DM)
Jan, 85 NIDDM subijects 11.0 umol / L; cardiovascular disease the 10333913
1999 J ~u ’ Netherlands
12.0 umol / L; Higher Thrombomodulin
75 patients with IDDM Plasma Leve|§, Alpumln Ex'cret'lon Rates, Late
May, and 40 health Diabetic Complications German 9589252
1998 subiects y 7.7 umol / L; Lower Thrombomodulin y
g Plasma Levels, Aloumin Excretion Rates, Late
Diabetic Complications
Aor 25 consecutive
Py patients with insulin - Above 10 pmol / L; Retinopathy Italy 9107272
1997 .
dependent diabetes
Feb, . Higher MTHFR Mutation Frequency;
112 NIDDM patient J 9040583
1997 patients Diabetic Retinopathy apan
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1.4 MCs and M@s in Atherosclerosis
1.4.1 Atherosclerosis Is an Inflammatory Disease

Atherosclerosis remains the major cause of morbidity and mortality in the world,
and represents a substantial economic burden to the whole society [174].
Atherosclerosis can cause severe clinical complications [175]. The most severe
complications arise from ruptured atherosclerotic plaques in coronary arteries, which
account for ~ 70 % of fatal acute Mls, and plaque rupture in carotid arteries, which
causes ischemic stroke [176].

The build - up of an atherosclerotic plaque starts preferentially at artery regions
of disturbed flow such as branch points and areas of high curvature due to shear stress.
These lesion - prone areas in large and medium-sized arteries have dysfunctional
endothelium, induced by cardiovascular risk factors such as disturbed flow, chronic
smoking, hypertension, chronic hypercholesterolemia, HHcy and so on [177], [178],
[179]. Dysfunctional endothelium is a crucial patho - physiological factor in
atherosclerosis, causing increased permeation of macromolecules such as lipoproteins,
increased expression of chemotactic molecules (for example, MC chemotactic protein 1)
and adhesion molecules (for examples, ICAM - 1 and VCAM - 1, as well as E - selectin
and P - selectin), and enhanced recruitment and accumulation of MCs into arteries [178]
(Fig. 7). These MCs subsequently differentiate into M@s, which can then transform into
foam cells by ingesting ApoB — containing low - density lipoprotein (LDL) [175]. The
retention of lipoproteins and immune cells usually results in plaque progression, cell

apoptosis and neovascularization over a period of several years of decades [148], [180].
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Lesion progression involves the migration of SMCs from the media to the intima, the
proliferation of resident intimal SMCs and media - derived SMCs, and the elevated
synthesis of extracellular matrix macromolecules such as collagen, elastin and
proteoglycans [181]. Advanced atherosclerotic lesions may eventually contain a large
volume of lipids and necrotic cells [175].

In normal condition, vessels supply nutrients to the outer component of the
vessel wall, and nutrients are supplied to the intima by their diffusion from the lumen
[175]. As an atherosclerotic plaque develops, the intima becomes thicker and, once the
distance between the deep layers of the intima and the luminal surface exceeds the
oxygen diffusion threshold, neovascularization is induced as a compensatory defense
mechanism to restore nutrient supply to the vessel wall [175], [182], [183]. The
neovascularization originate from the vasa vasorum in the adventitia and extend into the
base of the plaque [175]. Plaque neovascularization has been correlated with
inflammation, as it facilitates the recruitment of immune cells through the vasa vasorum.
Plaque neovessels are fragile structures that are prone to leakage and rupture, probably
because of the lack of mural cells and poorly formed endothelial cell junctions [184]. It

thereby may promote plaque progression and contribute to plaque rupture [183].
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Figure 7. The pathological changes that occur during atherosclerosis
progression. The initial steps of atherosclerosis include adhesion of blood leukocytes to
the activated endothelial monolayer, directed migration of the bound leukocytes into the
intima, maturation of MCs (the most numerous of the leukocytes recruited) into Mds,
and their uptake of lipid, yielding foam cells. Lesion progression involves the migration
of SMCs from the media to the intima, the proliferation of resident intimal SMCs and
media-derived SMCs, and the heightened synthesis of extracellular matrix
macromolecules such as collagen, elastin and proteoglycans. Plaqgue M@s and SMCs
can die in advancing lesions, some by apoptosis. Extracellular lipid derived from dead
and dying cells can accumulate in the central region of a plaque, often denoted the lipid
or necrotic core. Advancing plaques also contain cholesterol crystals and micro - vessels.
Thrombosis, the ultimate complication of atherosclerosis, often complicates a physical
disruption of the atherosclerotic plaque. EC, endothelial cell; MC, monocyte; SMC,
smooth muscle cell; TNF — a, tumor necrosis factor — a.
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1.4.2 Monocytes and Macrophages Contribute to Atherogenesis

During atherogenesis, MCs are recruited to arterial walls that are inflamed by the
sub - endothelial accumulation of ApoB — containing lipoproteins [185]. The early
investigations into the molecular mechanisms of atherosclerosis focused on the signals
responsible for MC recruitment to the inflamed artery walls [185]. This migration
occurs in response to chemokines — molecular directional cues that are secreted by
endothelial cells overlying retained lipids in early atherosclerosis [185]. The chemokine
chemokine (C — C motif) ligand 2 (CCL2) contributes to this process, interacting with
its receptor, chemokine (C — C motif) receptor 2 (CCR2), expressed on circulating MCs
[185]. Mice that are deficient in either CCL2 or CCR2 are resistant to the development
of atherosclerosis [186], [187] and this interaction has been the object of considerable
attention as a potential target for new pharmacologic therapies.

It has become increasingly apparent that leukocyte exit from tissues is also a
highly regulated process — and one that might be vital for therapeutic manipulation
[185]. In animal models, drugs that activate the nuclear receptor LXR promote MC
egress from inflamed vessels [188].

In atherosclerotic lesions, MCs transform into M@s, the principal effector cells
in atherosclerosis, where they sustain the vascular inflammatory response to lipid
overloading [189], [190]. Also, the sub - endothelial deposition of lipoproteins precedes
infiltration by M@s, which take up modified lipoproteins in an unrestricted manner via
scavenger receptors [190]. The sub — endothelial lipoproteins are degraded by lysosome
and generate free cholesterol, which is then converted to, and stored as, cholesterol

esters [189]. M@s can dispose of cholesterol by reverse transport it to the liver through
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several mechanisms of HDL - mediated cholesterol efflux [191], [192]. In atherogenesis,
the influx of lipoproteins into M@s exceeds cholesterol efflux, resulting in the
intracellular accumulation of cholesterol esters within lipid droplets, a hallmark of M@ -
derived foam cells [193]. Excessive intracellular lipid storage can induce M@
inflammatory activation [194], [195], [196], [197], [198]. Conversely, stimulation with
inflammatory mediators (such as TNF - a, IL - 1B, or the Thl cytokine interferin [IFN] -
y) and activation of toll - like receptor (TLR) 4 also enhances intracellular lipid
accumulation in M@s [199], [200]. As macrophages continue to ingest and process
lipids, they may ultimately contribute to the development of vulnerable plaques through
the formation of a necrotic core and thinning of the fibrous cap. [185], [185].

Recent investigations have suggested that M@ exit from inflamed vessel walls is
directed by chemoattractants distinct from those that promote MC entry and that failure
of this process resulting from hypercholesterolemia makes an important contribution to
chronic inflammation and plaque progression in atherosclerosis [185]. Transplantation
of atherosclerotic aortic arches from animals with hypercholesterolemia to animals with
normal cholesterol levels results in plaque regression in the transferred vascular tissues,
and cell-tracking studies have shown M@ egress from lesions in the transferred vessels
after their exposure to normal cholesterol levels, indicating the important role of
cholesterol level in this M@ egress regulation [185]. Subsequent studies have shown
that M@ exit from atherosclerotic lesions is directed by two chemokines, CCL19 and

CCL21, interacting with their receptor, CCR7, on M@s [201].

1.4.3 Monocytes and Macrophages Have Specific Differentiation Pathways
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The MCs are generated from committed haematopoietic stem cells from BM
[56]. They are then released into the circulation, and within a few days they seed tissues
throughout the body, including the spleen, which serves as a storage reservoir for
immature MCs [202] (Fig. 8). A widely accepted view is that MCs adopt two distinct
fates [202] (Fig. 9). The first type of MC - which is defined by high expression of
CX3C - chemokine receptor 1 (CX3CR1) and low expression of the myeloid marker
Ly6C - has a “patrolling” function in and around the vascular endothelium [202].
Importantly, these patrolling MCs lack the expression of the CCR2 and cannot respond
to CCL2 [56]. A recent study has shown that the transcription factor nUR77 (encoded
by nuclear receptor subfamily 4, group A, member 1 [Nr4al]) was required for the
maintainance and development of patrolling MCs [203]. By contrast, the second type
Ly6C""9" MC is linked to inflammation, expresses CCR2 and can be rapidly mobilized
[202]. The spleen harbours large numbers of Ly6C™" MCs in the sub - capsular red

pulp that rapidly emigrate towards inflammatory sites [204].

40



Bone Marrow (BM)

CSF1R*,CD11b",
F4/80+ Lyscmlddle+h|gh

o / MC

Blood

|

Tissue #

Dendritic Cell

/Classll+ CD11ct, Ly6C*
& — @ &

Macrophage( M1 M@s)
l CD11b*,F4 / 80*, TNF - a

Hematop0|et|c w @ w .,

Stem Cell
CSF1R*

Figure 8. BM origin CSF1R" hematopoietic cells can give rise to CD11b

CSF1RY, CD11b+, f
F4/80%, Ly6Clow |

MC Dendritic Cell
Class Il*, CD11ct, Ly6C
Macrophage (M2 M@s)
CD11b*, F4 / 80*, MR

+

MCs in BM. MCs can differentiate into either CD11b" M@s or CD11c" dendritic cells
(DC) lineages in peripheral blood and tissues, such as spleen. BM, bone marrow; M@,

macrophage; MC, monocyte.

41



Inflammatory MC Resident MC
(Mouse: Ly6ChiehCCR2*CX3CR1'ow (Mouse: Ly6ClowCCR2'°wCX3CR1high
Human: CD14*CCR2*CX3CR1'ow) Human: CD16*CCR2'owCX3CR1"e")
M1 Macrophage (F4 /80 TNF-o) M2 Macrophage (F4/80MR)

Proinflammatory Cytokines : .
(TNF-a, IL- 6 and IL - 2) Tissue Repair

l . Anti-inflammatory Factors
Vascular Inflammation (IL-10, TGF-B and IL-1Ra)

|

Vascular Dysfunction
(Impaired Relaxation)

Atherosclerosis

Figure 9. MC differentiation and function. Ly6C"" MCs exit the BM in a
CCR2 - dependent manner and are recruited to inflamed tissues. There, they can
differentiate into inflammatory M@s or inflammatory DCs. Ly6C'™ MCs patrol the
blood vessel lumen by associating with the vascular endothelium. Ly6C'™ MCs are also
recruited to sites of inflammation and possibly contribute to wound healing by
differentiating into alternatively activated Md@s. In the absence of inflammation, some
circulating Ly6C"9" MCs return to the BM. The spleen functions as a reservoir for MCs
outside the BM. IL — 1Ra, interleukin — 1 receptor antagonist; MC, monocyte; MDP,
macrophage and dendritic cell precursor; MR, mannose receptor; TGF — 3, transforming
growth factor B; TNF - a, tumor necrosis factor a.

42



When MCs migrate from the circulation and extravasate through the
endothelium, they differentiate into M@s or dendritic cells (DCs) in the peripheral
tissues [56]. Thus, the primary role of MCs is to replenish the pool of tissue - resident
M@s and DCs in steady state and respond to inflammation [56]. MCs, DCs, M@s,
neutrophils, and mast cells, are “professional” phagocytic cells [56]. Professional
phagocytes are distinguished from “non - professional” phagocytes according to
different effectiveness at phagocytosis [210]. Professional phagocytes express a
multitude of receptors, for example, scavenger receptors (which are responsible for
binding apoptotic and necrotic cells, opsonized pathogens and cell debris), phagocytic
receptors (which initiate and assist in the mechanics of phagocytosis), and pattern
recognition receptors (PRRs, such as TLRs, which detect “non — self” or “damage”). on
their surfaces that detect signals that are not normally found in healthy tissues [56]. The
interplay between these receptors is likely to involve synergistic and antagonistic
interactions, however, the exact downstream signaling mechanisms within the
phagocytic cell remain largely unknown [211], [212].

Besides M@ differentiate from recruited MCs, a recent study demonstrated that
tissue M@s undergo massive proliferation in Ty2-mediated inflammation [213]. In this
study, IL - 4 produced by Ty2 cells was sufficient to cause local M@ proliferation
during helminth infections, resulting in increased numbers of M2 effector M@s, which
expelled worms [56]. Furthermore, recruited M1 M@s were also induced to proliferate
as long as sufficient IL - 4 was present [213]. The signaling mechanism regulated by IL
- 4 to push M@s into the cell cycle remains unclear [214].

M@s are divided into subpopulations based on their anatomical location [215].
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Specialized M@s include osteoclasts (bone), alveolar M@s (lung), histiocytes
(interstitial connective tissue) and Kupffer cells (liver) [56]. The gut is populated with
multiple types of M@s, which have distinct phenotypes and functions, but work together
to maintain tolerance to the gut flora and food [56]. Secondary lymphoid organs also
have distinct populations of M@s, including marginal zone M@s in the spleen, which
suppress innate and adaptive immunity to apoptotic cells [216], and sub - capsular sinus
M@s of lymph nodes (LNs), which clear viruses from the lymph and initiate antiviral
humoral immune responses [217], [218]. Distinct M@ subpopulations patrol so - called
immune - privileged sites - such as the brain (microglia), eyes and testes - where they
are assumed to have central functions in tissue remodeling and homeostasis [56]. These
tissue - specific M@ subpopulations not only ingest foreign materials, but also recruit
additional M@s from circulation during an infection or following injury [56].

At steady state, tissue M@s are intrinsic anti - inflammatory [56]. For example,
colonic M@s bath in IL - 10 and mute any inflammatory response to the gut flora and
their products [219], [220]. Disruption of the normal sources of IL - 10 or IL - 10
signaling in immune cells leads to massive inflammation in the gut [221]. Another
example is the marginal zone M@s of the spleen, which are required to reduce self -
reactivity to apoptotic cells [216]. Depletion of marginal zone M@s leads to a systemic
lupus erythematosus - like autoimmune syndrome [56].

Murine M1 — (proinflammatory) and M2 — (anti — inflammatory) polarized M@
subsets are relatively easy to distinguish based on combinational gene expression
profiles, but the identification of equivalent subsets in human has been more difficult

[56]. The basic problem is that panels of in vitro - generated human M@ subset markers
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do not exist or cannot be agreed upon [56]. In addition, its effector pathways have

undergone major evolutionary changes compared to rodents [56].

1.4.4 Inflammatory Monocyte and Macrophage Subsets Are Involved in CVDs

The role of inflammatory MC subset in atherogenesis has been a topic of great
interest throughout the last decade [189]. During hypercholesterolemia, oxLDL are
present in the circulation and likely to activate circulating MCs [223]. In mice,
inflammatory MC subset referred to as Ly6C™" enter developing atherosclerotic lesions
more readily than Ly6C'® MCs [189]. Data from other models of inflammation have
suggested that Ly6C'“ MCs are associated with inflammation resolution [228].
However, there are important differences in the characterization and functions of MC
subsets in humans versus mice [189]. Thus, the key issue is to define the roles of
different human MC subsets in atherogenesis [189].

MCs give rise to M@s, thus, there also has been great interest in M@
heterogeneity in atherosclerotic lesions, particularly regarding M@ subset involved in
proinflammatory processes (M1 M@) versus that involved in resolution and repair (M2
M@), but a clear picture has not yet emerged from these studies [230], [229]. Because
much of the theory in this area has been driven by in vitro studies subjected to various
treatments, including growth / differentiation factors; cytokines derived from type 1
versus type 2 helper T cells; transcription factors, notably PPARs; and even atherogenic
lipoproteins and lipids [230], [231]. There is a significant gap between the in vitro and
invivo observations. Thus, the situation in the atherosclerotic sub - endothelium is

certainly more complex [189].
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1.4.5 MC and M@ Differentiation Has a Complex Role in Vessel Wall Pathology

Atherothrombotic processes occur both in the circulation and within the vessel
wall [224]. Careful morphological and functional studies of the earliest stages of
atherogenesis in human and animal models indicated that the initiating step was sub -
endothelial accumulation of ApoB - containing lipoproteins (ApoB - LPs) [232]. The
key early inflammatory response to retained ApoB - LPs, which may be enhanced by
oxidative modification of the LPs, is recruitment of blood — borne MCs to activated
endothelial cells [233], [234]. Chemokine receptors on MCs interact with cognate
chemoattractants secreted by endothelial cells and it leads to MC directional migration
[189]. Importantly, blocking chemokines or their receptors and preventing MC entry
prevent or retard atherogenesis in mouse models of atherosclerosis [234]. Moreover, it
should be noted that platelet aggregation on endothelium overlying atherosclerotic
lesions may also promote MC - endothelial interactions by activating NF - kB signaling
and expression of adhesion molecules and by depositing chemokines [234], [236].
Finally, MCs firmly adhere to MCs and enter into the sub - endothelial space
(diapedesis) [237].

Driven by M@ colony - stimulating factor (M - CSF) and probably other
differentiation factors, MCs in early atherosclerotic lesions become cells with M@ - like
features [230], [240]. M@s exposed to atherogenic lipoproteins may have enrichment of
free cholesterol in the plasma membrane, which may enhance inflammatory signaling
through clustering - mediated activation of signaling receptors due to the increased
order parameter of cholesterol-enriched membranes [241], [242]. Also, MC - derived

M@s in the lesion may subsequently secrete ApoB — LP - binding proteoglycans [232].
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This mechanism likely plays an important role in the amplification of LP retention once
lesions become established, which in turn can help to explain why the inflammation in

atherosclerotic lesions always fails to resolve [148].

1.5 Monocytes and Macrophages in HHcy and Diabetic Atherosclerosis
1.5.1 Monocyte and Macrophage Subsets in Diabetic Atherosclerosis

Weiner HL et al.’s results suggest that recruitment of inflammatory MCs plays
an important role in diabetic atherosclerosis progression and that modulation of these
cells is a potential therapeutic approach. In humans, the analogous MCs (CD14"CD16")
exhibit an inflammatory signature similar to Ly6C"%" MC observed in mouse, linking
the animal model to the human disease [243]. CD14" MCs from diabetic subjects
(HbA1. > 9.4 %) displayed increased CD36 cell surface expression (P < 0.0005),
increased uptake of oxidized LDL (P < 0.05), increased CD68 expression (P < 0.05),
and increased peroxisome proliferator — activated receptor — y gene expression (P < 0.05)
[244]. These MCs are functionally activated and also displayed increased attachment to
endothelial monolayers (P < 0.0005 vs. non - diabetic control subjects), one of the early
stages in atherogenesis [244]. Thus, the profile of MCs in diabetes patients may serve an
important role for disease progression [243].

Elevated glucose promoted microsomal prostaglandin E synthase — 1 (PGES -1
or Ptges) in M@s, which is likely to contribute to the increased PGE2 (has a
proatherosclerotic effect) synthesis seen in M@s from type 1 diabetic mice and M@s
exposed to elevated glucose [245]. Similar results were obtained for prostaglandin -

endoperoxide synthase 2 (Ptgs2) mRNA levels in M1 M@s, an inflammatory mediator,
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consistent with data on M@s from type 1 diabetic mice [245].

Insulin resistance is a major metabolic abnormality in the great patients with
T2D (C.J. Hupfeld, C.H. Courtney, J.M. Olefsky, Type 2 diabetes mellitus: Etiology,
pathogenesis, and natural history L.J. DeGroot [Ed.], Endocrinology, Elsevier/Saunders,
Philadelphia [2010], pp. 765-787, [246]). Obesity is clearly the most common cause of
insulin resistance, and drives the rising incidence of T2D [246]. It is now recognized
that chronic tissue inflammation is an important cause of obesity - induced insulin
resistance [249], [250], [251], [252]. One of the initial evidence for this relationship
derived from the observations that TNF - o was elevated in obese adipose tissue in
rodents and that inhibition of this cytokine improved glucose tolerance and insulin
sensitivity [253]. Subsequent studies demonstrated that a key mechanism underlying
obesity - induced inflammation is the accumulation of increased numbers of tissue Mds,
particularly in obese adipose tissue [254], [255]. These adipose tissue M@s (ATMs) can
span the spectrum from the most proinflammatory, M1 - like cells (also referred to as
classically activated M@s [CAMs]) to anti - inflammatory, M2 - like M@s (also referred
to as alternatively activated M@s [AAMs]) [256], [257], [258]. The balance is tilted
toward the M1 — like M@ polarization state [256], and these cells secrete a number of
different cytokines, such as TNF - o, IL - 1B, etc. The cytokines can act through
paracrine mechanisms to directly inhibit insulin action in insulin target cells (i.e.,
hepatocytes, myocytes, and adipocytes) [259], [260]. Also these tissue cytokines leak
into the systemic circulation to cause insulin resistance through endocrine effects [261].
Cytokine signaling activates stress kinases such as S6K, IKKf, JNKI, and PKCQ,

which phosphorylate IRS1 on inhibitory serine residues and impair downstream
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signaling [262], [263]. Cytokines can also inhibit insulin action through transcriptional
mechanisms by decreasing the expression of key insulin signaling molecules [264].
Finally, cytokines can promote ceramide biosynthesis, which inhibits Akt activation

[265].

1.5.2 Monocyte and Macropahge Subsets in HHcy Induced Atherosclerosis

It is established that HHcy is an independent risk factor for CVD [32]. MCs
display inflammatory and resident subsets and both of them commit to specific
functions in atherogenesis [32]. Our lab previously demonstrated that severe HHcy
accelerated atherosclerosis and inflammatory MC / M@ accumulation in lesions in Tg-
hCBS Chs ™~ ApoE™" mice fed a HF diet [32]. Furthermore, we characterized that HHcy
increased MC population and selective expansion of inflammatory Ly6C"®" and
Ly6C™d" MC subsets in blood, spleen, and BM of Tg-S466L Cbs ™~ and Tg-hCBS
Cbs™ ApoE™" mice [32]. Addition of L - Hey (100 to 500 umol / L), but not L - Cys,
maintained the Ly6C™®" subset and induced the Ly6C™" subset in cultured mouse
primary splenocytes [32]. We suggested that HHcy promotes atherosclerosis through
increasing differentiation of inflammatory MC subsets and their accumulation in

atherosclerotic lesions [32].

1.5.3 HHcy Promotes Inflammatory Monocyte / Macrophage Generation
In mice and humans, two distinct subsets of CD11b*CD115" blood MC exist
[203]. Both MC subsets arise from a common MDP in the BM [278]. However, the

clear details of the differentiation steps and intermediaries between MDPs and mature
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MC subsets in the BM are unclear [203]. Adoptive — transfer experiments have shown
that Ly6C" MCs could down - regulate Ly6C expression [228], [279], [280], but
whether the loss of Ly6C expression corresponds to the conversion of one MC subset
into another has been questioned [202]. Many transcription factor, including PU.1, JunB,
CCAAT / enhancer binding protein (C / EBP — B) and interferon regulatory protein 8
(IRF8), have important roles in myeloid — lineage differentiation, but the specific factors
that drive the differentiation of Ly6C" and Ly6C™ MCs are unknown [281]. It was
identified that an absence of Ly6C" MCs in NR4Al — deficient mice, indicating a
critical role for NR4AL1 in the differentiation and survival of Ly6C™ MCs [203].

In mice, Ly6C'CCR2'CX3CR1"°CD62L* MCs (LysC™de*ioh NCs) are
preferentially recruited to inflamed or infected tissues and lymph nodes [266], [267],
[268] and can differentiate into antigen — presenting cells that produce TNF, NO and
ROS ([269], [270]). Ly6C CCR2"°CX3CR1"CD62L" MCs (Ly6C"™" MCs) patrol the
vasculature and can populate inflamed sites [267], [271], [272]. Ly6C" mouse MCs are
analogous to CD14" human MCs, which show a strong inflammatory response to LPS,
and Ly6C™ mouse MCs are most probably analogous to CD14°CD16" human MCs,
which patrol blood vessels [273]. In both species, those two populations of MCs are
recruited to sites of inflammation or injury, and can participate in the resolution of
inflammation and tissue repair [274], [275], [276], [277].

Tissue M@s can arise from two major sources [282]. During steady state, tissue
M@s arise from local tissue — resident progenitor stem cells, which repopulate mature
tissue M@s [282]. During inflammation, however, MCs from the blood are the major

source of M@s [282]. MCs rapidly exit the blood stream and transform into M@s [282].
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In most localized inflammatory events involving leukocyte migration from the blood,
neutrophils are the first cells to arrive, followed by MCs, which replace the short — lived
neutrophils and persist in tissue with M@s until the inflammation subsides [282].

Our lab previously demonstrated that severe HHcy accelerated inflammatory
MC/M@ in HHcy mice [32]. Another group also reported that HHcy induced the
expression of tissue factor, the principle activator of the coagulation cascade, by MC
[283]. Increased secretion of MCP - 1 and IL — 8, two major chemokines for leukocyte

trafficking, in human MCs stimulated by HHcy was observed too [284]. ROS might

play a role in this MC activation since the activators of PPARy (has the ability to
attenuate the intracellular formation of ROS) effectively prevented the proatherogenic
response of MC to HHcy [284]. All these findings and more others suggested that HHcy
might induce a proinflammatory and activated situation in the MCs that initiated and
promoted atherosclerotic lesion development [285], [286], [287], [288].

Severe HHcy also accelerated atherosclerosis and inflammatory M®@
accumulation in lesions, increased plasma TNF - a and MCP - 1 levels in mice fed a HF
diet [32]. Markers of ER stress (GRP78 / 94, phosphor - PERK) were markedly
increased in M@ foam cells from early lesions of mice fed the control or the HM diet
[289]. ER is a quality - control system ensures that incorrectly folded proteins are
degraded before entering their sorting path in the Golgi [290]. M@s are present
throughout the process of lesion development and characteristically accumulate “free”
cholesterol — the unesterified form of cholesterol [290]. Uptake of human acetyl - LDL,
but not native LDL, by mouse peritoneal M@s was higher in the presence of HHcy

[291], and cholesterol efflux from M@s to plasma was attenuated in Cbs”ApoE™ mice
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[292]. Thus, atherogenic effects of HHcy have been linked to the increased activation of

proinflammatory reactions [290].

1.5.4 Hyperglycemia Leads to Activation of MCs and M@s

Hyperglycemia has an effect on MC activation. One study showed that transient
hyperglycemia induced long — lasting activating epigenetic changes in the promoter of
NF — kB subunit p65, thus increasing NF — kB — inducing MCP - 1, IL - 6 and VCAM -
1 expression in MCs [151], [293], [294], [295], [296]. During hyperglycemia, RAGE
was up — regulated and RAGE binding by circulating AGEs or S100 protein led to up -
regulation of adhesion molecules for circulating MCs binding [297]. Elevation of
plasma glucose level produced an increase in MC tissue factor messenger RNA (mMRNA)
and protein, the primary initiator of blood coagulation, and induced TLR2 and TLR4,
which play a key role in innate immune responses and inflammation via PKC in human
MCs [298], [299], [300]. Thus, high glucose induced expression of inflammatory
reactions in monocytic cells.

It was reported that a glucose - mediated increase in CD36 mRNA translation
efficiency that resulted in increased expression of the M@ scavenger receptor CD36
[301]. Hyperglycemia was associated with significant increases in M@ - derived

chemokine, and M@ inflammatory protein - 1 a [302].

1.5.5 Hypothesis and Specific Aims
The exacerbated effect of Hcy on CVD in diabetes drives us to search for its

underlying mechanisms. MCs have been proposed to play such an important role in Hcy
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— induced and / or hyperglycemia — induced atherogenesis. With the primary intent of
exploring possible underlying mechanisms, studies presented in this dissertation
examine atherogenetic effect of MCs in HHcy and hyperglycemia mouse models.

Our hypothesis is that HHcy and hyperglycemia synergistically promote
atherosclerosis by promoting inflammatory MC differentiation (Fig. 10). To test this
hypothesis, we have 2 specific aims and under each aim we have several sub — studies:

Aim 1. Test if HHcy accelerates inflammatory MC differentiation in
hyperglycemic mouse model.

Study 1: Test if HHcy has any effect on mouse general physiological phenotypes.

Study 2: Test if HHcy has an accelerated effect on the atherosclerotic lesion in
mouse aortic root.

Study 3: Test if HHcy accelerates inflammatory MC differentiation in
hyperglycemic mice.

Study 4: Test if HHcy accelerates M1 M@ polarization in the hyperglycemic
mice.

Aim 2: Test if high levels of L-Hcy and D-Glu promote inflammatory MC
differentiation in primary mouse splenocytes.

Study 1: Test if high levels of L-Hcy and D-Glu could mimic in vivo
inflammatory MC differentiation increase.

Study 2: Test if HHcy induces SAH level as well as suppresses SAM level and
SAM/SAH ratio in the hyperglycemic mice.

Study 3: Test if DNMT-1 transduction could decrease inflammatory MC

differentiation in primary mouse splenocytes.
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Figure 10. Hypothesis and study aims. Aim 1 will determine whether HHcy
and diabetes have synergistic effect on atherosclerosis by the sub — study 1: to test if
HHcy and diabetes have synergistic effects on mouse physiological parameters, sub —
study 2: to test if HHcy and diabetes have synergistic effect on mouse aorta lesion and
vascular function. Further cellular changes will be determined by sub — study 3: to test if
inflammatory MCs are increased in hyperglycemic HHcy mice. Moreover, whether M1
M@ polarization is increased in hyperglycemic HHcy mice will be determined by the
sub — study 4. Aim 2 will duplicate the findings in aim 1 by the sub — study 1: to test if
L — Hcy with D — Glu have synergistic effect on inflammatory MC increase in cultured
primary mouse splenocytes. Sub — study 2 will determine whether hypomethylation is
the underlying mechanism: to test SAM / SAH ratio in the mouse plasma. Also, aim 3
will determine if inhibiting DNA hypomethylation can reverse the inflammatory
differentiation of MC by high levels Hcy with Glu.: to test if adenovirus — DNMTL1 can
rescue the effect of L — Hcy with D — Glu on inflammatory monocyte increase. DNMT -
1, DNA methyltransferase - 1; FACS, fluorescence — activated cell sorting; HHcy,
hyperhomocysteinemia; HPLC / MS, high — performance liquid chromatography / mass
spectrometer; M@, macrophage; MC, monocyte; SAH, s — adenosylhomocysteine; SAM,
s — adenosylmethionine.
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CHAPTER 2

MATERIAL AND METHODS
2.1 Disease Models
2.1.1 HHcy

Commonly used HHcy mouse models are listed as genetically modified (Table 4)
and dietary modified (Table 5).

We used Tg — hCBS Cbs ApoE” mice. The Tg-hCBS Cbs ApoE” Mice
(generously provided from Dr. Warren Kruger, Fox Chase Cancer Center, Philadelphia
PA) [303], [32] were born to Tg-hCBS Cbs’* ApoE” mothers on drinking water
containing 25 mM ZnSO, to induce hCBS transgene expression. Severe HHcy due to
homozygous deficiency of mouse Chs gene was developed by targeted gene disruption
[304] (Fig. 11A). This model is very useful for assessing the specific adverse vascular
effects of HHcy; human studies suffer from the confounding effects of other risk factors
and frank atherosclerosis [305], [306], [307], and vitamin - deficient diet studies in
primates may be accompanied by other effects of vitamin deficiency states that
modulate vascular function [308]. However, most Chs™ mice have a short life span and
die before weaning [32]. To circumvent the neonatal lethality problem in the Cbs™ mice,
the Kruger laboratory created a transgenic mouse (Tg-hCBS) in which the hCBS cDNA
is under the control of a zinc — inducible metallothionein promoter [303] (Fig. 11B). By
crossing these animals to Cbhs mice and supplying zinc in the drinking water during
pregnancy and lactation, Tg-hCBS was able to rescue the neonatal lethal phenotype and

generated Tg-hCBS Cbs™ animals [32]. ZnSO, was withdrawn at the weaning time,
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which caused the animals to develop severe HHcy [32]. Animals were fed standard
rodent chow (0.43 % methionine; TD 2018SX; Harlan Teklad) before dietary
intervention. For all the experiments, control mice were sibling Tg-hCBS Cbs*'* ApoE™
background mice. Animals were switched to a HF diet (1.5 g / Kg cholesterol, 21.0 %
fat, 3.0 g / Kg choline bitartrate, 0.0006 g / Kg folic acid, 0.03 g / Kg vitamin B12,
0.0084 g / Kg pyridoxine HCI; TD 08028; Harlan Teklad) at 10 weeks of age and

maintained on this diet for additional 2 weeks (Fig. 12).
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Table 4. Scheme of common genetically modified HHcy mouse models. This
scheme includes the commonly used genetically modified mouse HHcy mouse models,
which are all widely used in Hcy research studies. Mouse models such as genetic
modifications with dietary interventions are also shown in this table. Mouse Chs gene
mutation mouse are an important HHcy model. However, Chs homozygous mouse
suffer from severe growth retardation and a majority of them are dead by 5 weeks of age.
To circumvent this disaventage, Dr. Warren Kruger’s lab created human CBS trangene,
mouse Cbs gene mutation mouse line. ApoE, apolipoprotein E; Cbs, cystathionine f3
synthase; CT, control; Hcy, homocysteine; HF, high fat; HM, high methionine; LF, low
folate; MTHFR, methylenetetrahydrofolate reductase; PMID, Pumbed ID.

Genes Hcy Levels (UM) Year PMID
Tg-1278T Cbs- 296 2009 18987302
Tg-hCBS Cbs- 169 2009 18987302
Tg-S466L Cbs'- 213.9 2009 19858416

Cbs+ApoE-"- 7.4 2003 12506016
Cbs-ApoE-- 210.4 2003 12506016
Cbs+ApoE--HF 14.2 2003 12506016
Cbs”/+*ApoE-/-HFHM 154.9 2003 12506016
Cbs+CT 6.2 2002 12200374
Cbs/+HM 30.2 2002 12200374
Cbs/+*HMLF 92.8 2002 12200374
MTHFR-+ LF 14.7 2004 14630804
MTHFR-+* HMLF 17.6 2004 14630804
MTHFR-*+CT 8.4 2004 14630804
MTHFR-* HM 9.5 2004 14630804
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Table 5. Dietary intervention — inducing HHcy mouse models. This table
depicts major dietary intervention inducing HHcy mouse models, showing that high
level of methionine (in the diet or drinking water), the precursor of Hcy, could induce
moderate HHcy. Hcy level could be further increased by the means of low levels of
folate and B vitamins. Folate and B vitamins are involved in Hcy metabolism and thus
increasing their concentration can reduce Hcy levels in the mouse. B6, vitamin B6; B12,
vitamin B12; F, folate; Hcy, homocysteine; HF, high folate; HM, high methionine; M,

methioine; LF, low folate; PMID, Pubmed ID.

Duration Hey
Diet Contents Levels | Year PMID
(Weeks)
(LM)
24.3g/kg M, 1.98
HM mg/kg F, 29.7 ug/kg | 8to 10 69.5 2009 |19841537
B12, 22.0 mg/kg B6
HMLF N/A 8 47.3 2001 |11254667
HMHF N/A 8 18.4 2001 |11254667
LF N/A 8 2.4 2001 |11254667
Lithogenic Diet N/A 210 56 8.7 2011 (21567442
Days
Alcohol - Fed 30 % Ethanol 4 6.9 2008 (18167065
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Figure 11. Mouse model of HHcy and Hcy — lowering. (A) The mouse model
of HHcy. In this model, mouse Cbs inactivation is induced and its lethality is
reversed by human CBS transgene expression via Zn supplement in the water (B).
The metallotheinein promoter (MMT — 1) could be induced by the addition of zinc to
drinking water. The experimental mice were referred to as Tg-hCBS Cbs” ApoE™ mice,
and Tg-hCBS Cbs™* ApoE” mice were control mice. Cbs, cystathionine B - synthase;
hCBS, human cystathionine p — synthase; Hcy, homocysteine; mMT — |,
metallotheinein promoter; ORF, open reading frame.
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Figure 12. Schematic representation of hCBS Cbs ApoE™ mice study design.
HHcy level will be induced by homozygous mouse Cbs gene KO. When these mice
become 8 week old, hyperglycemia will be induced by STZ injection for 5 days. After 2
weeks, when the blood glucose test confirms that hyperglycemia is successfully induced
(blood glucose > 300 mg / dL), atherosclerosis will be accelerated by the ApoE KO and
HF diet for additional 2 more weeks and the mice will be sacrificed and MC
differentiation will be examined. ApoE, apolipoprotein E; Cbs, cystathionine B —
synthase; CT, control; hCBS, human cystathionine  — synthase; HF, high — fat; MC,
monocyte; STZ, streptozotocin.
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2.1.2 Hyperglycemia

Hyperglycemia was induced in male Tg-hCBS Cbs ApoE” mice with 5 day
consecutive intraperitoneal injection of streptozotocin (STZ; Sigma; 50 mg / kg body
weight), administered at the age of 8 week old. Only mice that were sufficiently
hyperglycemic (blood glucose concentration > 300 mg/dL) were included as the
hyperglycemic group.

All experiments were conducted in accordance with the National Institutes of
Health guidelines for the Care and Use of Laboratory animals and with approval from

Temple University School of Medicine Institutional Animal Care and Use Committee.

2.2 Metabolism Study for Physiological Parameter Measurements

Body weight and blood glucose were measured every 2 weeks from week 8 to
week 12. Food and water intakes during 24 hours were measured in all 6 groups of mice
previously habituated to the metabolic cages 1 day before recording being taken. Each
mouse was put in an individual cage, where it received a pre - weighed amount of food
and water. Food and water intake was measured by subtracing the uneaten food at the

24" hour. At the same time, urine and stool secretion were measured too.

2.3 Immunohistochemistry Staining for Atherosclerotic Lesion Analysis
To score aortic lesion size, the aortae of all mice were sectioned, and every tenth
10 — micrometer (UM) section starting from the aortic valve throughout the aortic sinus

was stained with hematoxylin and oil red O to specifically stain lipids. For MC / M@
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identification, the slides were first blocked with 5 % donkey serum for 30 minutes, then
sequentially incubated with a rat anti — mouse MOMA — 2 monoclonal antibody
(Chemicon, Ramona, CA), a donkey anti — rat IgG fluorescein isothiocyanate (FitC)
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA), then with a mouse
anti — mouse Ly6C monoclonal antibody (Abcam, Cambride, MA) and a donkey anti —
mouse IgG rhodamine red — X (Rdx) antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA), and finally with 4°, 6 — diamidino — 2 — phenylindole (DAPI) for
nuclear staining. Normal rat 1gG2b was used as the isotype control.

Atherosclerosis lesion area was defined as the neointimal region between the
lumen and internal elastic lamina (IEL). The percent lesion area of the aortic sinus was
calculated by dividing lesion area by the sinus area, which is circumscribed by the IEL.
Image — pro plus 4.1 was used to quantify lesions by measuring the average area of
lesion areas throughout the aortic sinus; the average lesion area was normalized to
lumen area. The average value of 8 sections on each slide was measured by a single
observer blinded to the experimental protocol and used for analysis. The MC area in the

lesion was determined by MOMA — 2 — positive staining.

2.4 Flow Cytometry Analysis for MC / M@ Subset Characterization

Cells were isolated from mouse peripheral blood, spleen and BM. Peripheral
blood was drawn via postorbital puncture with heparinized microhematocrit capillary
tubes (BD, Franklin Lakes, NJ). The Spleen was removed, homogenized gently between
the frosted ends of the slides at 4 °C, and filtered through a 70 pm cell strainer (BD

Falcon, San Jose, CA). BM from both tibias and femurs were harvested by inserting
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needles into the bone and washing with Hank’s Balanced Salt Solution (HBSS) (Cellgro;
Mediatech Incorporation [Inc.]) supplemented with 2 % (v / v) FCS and filtered through
70 pm cell strainer. Red blood cells in these three tissues were lysed with ACK lysis
buffer. The resulting single — cell suspensions were washed with HBSS supplemented
with 2 % (volume [v] / v) fetal calf serum (FCS) and 0.09 % (weight [w] / v) NaN3zand
incubated with / without LPS (0.1 microgram [ug] / milliliter [ml]) for 5 hours at 37 °C.
After 5 hour incubation, isolated peripheral blood, spleen and BM cells were co
— incubated with mABs to CD11b (anti — CD11b, clone M1 / 70) — phycoerythrin (PE),
Ly6C (anti — Ly6C, AL21) — fluorescein isothiocyanate (FitC) (BD Pharmingen™, San
Diego, CA), F4 / 80 (anti - F4 / 80, BM8) — PE — Cy7 (eBioscience, San Diego, CA),
TNF — a (anti — TNF — a, MP6 — XT22) — eFluor® 450 (eBioscience, San Diego, CA)
and Mannose Receptor (anti — mannose receptor, MD5D3) — Alexa Fluor® 647 (AbD
Serotec, Raleigh NC). Flow cytometry analysis was performed on a LSR Il (BD, San
Jose, CA). Data were analyzed using the FlowJo software (Tree Star Inc., Ashland, OR).
First, nucleated cells were identified after excluding red blood cells. MNCs were
selected by distinguishing MNC from granulocytes and lymphocytes with their lower
granular content, as reflected in lower side scatter (SSC) light, and their larger cell size,
as reflected in higher forward scatter (FSC) light. Secondly, MCs were identified from
MNC population based on their high level expression of CD11b [309]. Therefore, MCs
were defined as CD11b* MNCs, which were further divided into three subgroups based
on their Ly6C expression levels (low, middle and high). Finally, M1 M@s were
identified based on their high level expression of both F4/80 and TNF — a; M2 M@ were

identified based on their high level expression of both F4 / 80 and mannose receptor.
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2.5 HPLC / MS Analysis for Hcy, SAM and SAH Measurements

At the end of each experiment, mouse blood was withdrawn by heart puncture
into syringe. Then it was mixed and centrifuged immediately at miximal speed for 15
minutes to obtain plasma. Plasma was frozen and stored at -80 °C. A total of 50 pl
plasma were batched and frozen until transport to the Baylor Institute of Metabolic
Disease. After quantitative reductive cleavage of all disulfide bonds [310], they were
measured by HPLC with SBDF (ammonium 7 — fluorobenzo — 2 — oxa — 1, 3 — diazole -
4 — sulfonate) fluorescence detection [311]. SAM and SAH concentrations were

determined by HPLC using UV detection [312].

2.6 In vitro Studies
2.6.1 Primary Mouse Splenocyte Culture for Confirmation of the MC Phenotype
Mouse primary splenocytes from 2 — month — old wild type mice (C57BL / 6)
were isolated as described in the Flow Cytometry Analysis section of MATERIAL
AND METHODS. Splenocyte suspensions were plated at a density of 1.5 x 10° cell per
well in 24 — well plates in RPMI11640 medium (Hyclone, Logan, Utah) supplemented
with 10 % FCS, 2 mM L — glutamine, 10 mM 4 - (2 - hydroxyethyl) — 1 -
piperazineethanesulfonic acid (HEPES), 0.1 mM nonessential amino acid, 1 mM
sodium pyruvate, 50 uM 2 — mercaptoethanol, and 1 % antibiotics (penicillin,
streptomycin). To examine the effect of L-Hcy and D-Glu on Ly6C MC subset
differentiation, splenocytes were treated with recombinant mouse interferin —y (100 U /
ml, R & D Systems Inc., Minneapolis, Minn) as a classic inducer of Ly6C expression at

0 hour. At the 24™ hour after plating, splenocytes were treated with L — Hey (200 uM) +
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D - Glu (25 mM) or L — Hcy (200 uM) + L — Glu (25 mM), the D — Glu control, for an

additional 48 hours.

2.6.2 Overexpressing DNMT1 for Hypomethylation Rescuing Mechanism Test

The recombinant adenoviruses expressing DNMT1 gene were constructed with
replication-defective adenoviral shuttle vector pAdtrack — CMV - GFP and adenoviral
backbone plasmid pADEasy - 1 (Stratagene, La Jolla, CA) as described [313]. The
DNMT1 fragment (Kpnl - Notl) from a DNMT1 - pBSKS sub - clone (EcoR1-Notl)
was inserted into pAdtrack — CMV - GFP vector, which was then linearized with Pmel
and transfected by electroporation into BJ5183 E coli [313]. The recombination was
confirmed by restriction endonuclease digestion [313]. Finally, the recombinant
plasmids pAd - DNMT3 and pAd - DNMT1 were linearized with Pac | and transfected
into adenovirus packaging 293 cells [313]. The recombinant adenoviruses were
expanded, purified, and titrated as described before [314]. The recombinant adenovirus
encoding green fluorescent protein (Adv - CT) was used as a control. 1.5 x 10° primary
mouse splenocytes were infected with purified adenovirus at indicated multiplicity of
infection (MOI), treated with L - Hcy combined with D - Glu after 24 hours of virus
infection. Western blotting was carried out to examine ectopic gene expression using

antibodies against DNMT1 (Santa Cruz Biotechnology).

2.7 Antibodies and Chemicals
If not otherwise specified, all the fluorescence — conjugated antibodies and

isotype controls were purchased from BD. L — Hcy was freshly prepared by reducing L
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— homocystine with a 1 — fold molar excess of dithiothreitol (DTT) for 30 minutes at
37 °C, power of hydrogen (pH) 8.0, as described previously [315]. If not otherwise

specified, all chemicals were purchased from Sigma — Aldrich.

2.8 Data Analysis and Statistics

Each experiment was repeated at least 3 times. Statistical analyses were
performed with Prism 3.03 (La Jolla, CA). Results were expressed as the mean £ SD or
standard error of the mean (SEM). Statistical comparison of single parameters between
two groups was performed by independent t test. Correlations between plasma Hcy
concentration and the variables were performed using Spearman correlation analysis. A

probability value p < 0.05 was considered to be significant.
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CHAPTER 3
RESULTS
(Purposes, Approaches, Data and Conclusions)
3.1 Severe HHcy Worsens Metabolism Status in Hyperglycemic Tg-hCBS Cbs™
ApoE™ Mice

To better characterize the pathological change in hyperglycemic HHcy mice, we
explored their appetite and energy balance.

To investigate energy expenditure, we used metabolic cages to quantify 24 hour
metabolism status for all the 6 groups of mice. This revealed comparable overall
metabolic activities.

In Tg - hCBS Cbs” ApoE” mice fed a HF diet and received STZ injection, Hcy
level was increased by 178 uM (Fig. 13A). HHcy was associated with a 295 % decrease
in body weight change (Fig. 13B), a 63.0 % increase in consumed water (Fig. 13C), a
162.5 % increase in urine secretion (Fig. 13D), a 38.6 % increase in blood glucose level
(Fig. 13E), and a 25 % increase in heart weight (data not shown). It is interesting to note
that in T1D group, Hey level was further elevated; while in Chs™ group, blood glucose
level was further increased.

Thus, severe HHcy had an exacerbating effect on energy expenditure, blood

glucose level, and organ development.
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Figure 13. HHcy worsens metabolic syndromes in hyperglycemic Tg-hCBS
Cbs” ApoE™ mice. (A) Total plasma Hcy levels. (B) Body weight change after STZ
injection. Tg-hCBS Cbs ApoE” mice were injected with STZ (50 mg / Kg) for 5
constitutive days to induce hyperglycemia. (C) 24 hour water consumption. Tg-hCBS
Cbs ApoE™ mice were placed in metabolic cages for 24 hours to monitor the
consumption and collect the by-products of the mice. (D) 24 hour urine secretion.
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(E) Blood glucose levels after STZ injection. 10 pl blood from tail vein was collected
with microcuvettes and examined for glucose level. Values are means £ SEM (n =4 —
12 mice). Cbs, cystathionine p — synthase; CT, control; Hcy, homocysteine; STZ,

streptozotocin.
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3.2 Severe HHcy Accelerates Atherosclerosis in Hyperglycemic Tg-hCBS Chs™
ApoE™ Mice

To confirm the atherogenic effect of HHcy under hyperglycemia condition, Tg-
hCBS Chs™ ApoE™ and their sibling control mice received STZ or sodium citrate
control solution, fed a HF diet, and with / without zinc water (to reduce Hcy level).

Atherosclerotic lesions were examined by cross — sectional analysis of the aortic
sinus (Fig. 14A). It showed that atherosclerotic lesions were significantly increased in
STZ - received Tg-hCBS Cbs” ApoE™ mice (48.2 + 12.1; p = 0.04) compared with STZ

— received Tg-hCBS Chs*™* ApoE™ mice (30.4 + 14.3 %) (Fig. 14B, 14C).
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MOMA OilRed O

Ly6C

Figure 14A. HHcy increased atherosclerosis in aortic root in hyperglycemic
Tg-hCBS ApoE” Cbs™ mice. Hearts were isolated from Tg-hCBS ApoE™"Cbs mice. (A)
Photomicrophages of mouse aortic lesion images. 10 um cryostat sections were
collected and stained with Oil Red O (red) for lipids, MOMA — 2 (green) for MC / M@,
Ly6C (red) for inflammatory MC and DAPI (blue) for the nuclei. Merge (yellow to
orange) shows the accumulation of Ly6C*™ MC / M@ in the lesion. Severe HHcy
increased atherosclerotic lesion area and its percentage in the sinus in hyperglycemic
HHcy mice in comparison with that in the hyperglycemic mice. In hyperglycemia HHcy
mice, MC / M@ (MOMA — 27) largely overlapped with Ly6C marker. Zinc supplement
prevented the accumulation of Ly6C*™ MC / M@ in the lesion. (Please see quantification
bar graph in next page Fig. 14B, 14C.)
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Figure 14B, 14C. HHcy increased atherosclerosis in aortic root in
hyperglycemic Tg-hCBS ApoE” Cbs™ mice. Hearts were isolated from Tg-hCBS
ApoE"'Cbs mice. 10 pum cryostat sections were collected. (B), (C) Quantification of
the atherosclerotic lesions. The areas of the lesions, MC / M@ area, Ly6C" area,
Ly6C* MC / M@ area, and the aorta lumen were measured with ImagePlus. Value of
the lumen was defined as 100%. The percentage of the lesion areas was presented.
Values are means = SEM. Cbs, cystathionine p — synthase; CT, control, STZ,
streptozotocin.
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Severe HHcy also increased accumulation of MC/M@ and inflammatory MC in
atherosclerotic lesions of hyperglycemic HHcy mice. By sequential double
immunofluorescence staining with mAbs anti — MOMA - 2 (MC / M@ marker) and
anti-Ly6C (inflammatory MC marker), we found that MC / M@ dominated the cellular
population of the lesion, and largely overlapped with inflammatory MC marker Ly6C.
The zinc supplement prevented the accumulation of inflammatory MCs in the lesion.

In this study, we found out severe HHcy accelerates atherosclerosis in
hyperglycemic mice and severe HHcy promotes MC / M@ and inflammatory MC
accumulation in the atherosclerotic lesion, suggesting the causative role and mechanism
of inflammatory MC in diabetic atherogenesis. Hcy - lowering therapy via zinc water
supplement prevents HHcy - induced inflammatory MC accumulation in the

atherosclerotic lesion in hyperglycemic mice.
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3.3 Severe HHcy Increases MNC and CD11b* MNC (MC) in Hyperglycemic Tg -
hCBS Cbs™ ApoE™ Mice

Because BM produces MCs and spleen serves as a reservoir for circulating MC,
we studied the BM, peripheral blood and spleen MNCs and MCs.

MNCs were gated as gate ii on the basis of granularity and cell size because of
their lower granular content and relatively larger size compared with granulocytes and
lymphocytes (Fig. 15A). The gate ii MNCs were then further grouped on the basis of
the expression levels of CD11b, a MC marker. MCs were defined as CD11b" MNCs
and described in the histogram. The percentage of MNCs or MCs is presented. MC
inflammatory properties were also characterized. TNF — a level is significantly high in
Ly6CMiddiehioh than Ly6C'™ MC subset in BM, peripheral blood and spleen (Fig. 15B).
Also, generation of superoxide anion (measured as DHE" cells) in different MC subsets
is tested (Fig. 15C). Ly6C"%" MC has the highest percentage of DHE" cells; Ly6C™"
MC has less percentage of DHE" cells; Ly6C'"" MC has the least number of DHE" cells.

Severe HHcy significantly increased the MNC (Fig. 16A, 16B) and MC (Fig.
16C, 16D) population in BM, peripheral blood, and spleen in HHcy mice. Under
hyperglycemic condition, severe HHcy also induced MNC and MC expansion and this
expansion appeared to be enhanced.

Thus, severe HHcy increased both MNC and MC population in non —

hyperglycemic and hyperglycemic Mice.
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Figure 15. MC characterization. (A) BM, peripheral blood, or spleen cells
were isolated, and analyzed by flow cytometry. Representative dot plots depicting
nucleated cells (gate i) and mononuclear cells (MNCs) (gate ii). Cells from gate ii
underwent further quantitative analysis for CD11b*Ly6C", CD11b"'Ly6C™" and
CD11b*Ly6C"" MC subsets. (B) Inflammatory cytokine TNF — o secretion of
CD11b*Ly6C'" and CD11b*Ly6C™dde*hish MC subsets in BM, peripheral blood,
and spleen are shown in histograms. The gquantitative values are shown as bar graphs.
Values represent mean = SD, probability values from independent t test. (C)
Measurement of superoxide anion in different monocyte subsets. Primary mouse
splenocytes from wide type mice were stained with dihydroethidium (DHE). Then the
DHE" monocyte percentage was measured by flow cytometry. Data are expressed as the
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number of DHE™ monocyte versus the number of monocytes. Data are mean + SEM of
3 samples. DHE, dihydroethidium; FSC, forward scatter; MNC, mononuclear cell; SSC,
side scatter; TNF — o, tumor necrosis factor — a.

77



BM

Blood

Figure 16A. Severe HHcy induces total MNCs and monocytosis in BM,
peripheral blood and spleen of hyperglycemic Tg - hCBS, Chs™, ApoE™ mice. Tg -
hCBS, Cbs, ApoE™ mice received either sodium nitrate or STZ (50 mg / kg body weight)
for 5 consecutive days at 8 week old. STZ caused the mice to develop hyperglycemia
(blood glucose concentration is equal to or more than 300 mg / dL). At 10 week old, Tg
- hCBS ApoE™ Cbs mice were fed with a HF diet for an additional 2 weeks, and
euthanized. (A) BM, peripheral blood, and spleen cells were isolated, and analyzed
by flow cytometry. Representative dot plots depicting nucleated cells (gate i) and
mononuclear cells (MNCs) (gate ii). (Please see quantification bar graph in next page
Fig. 16B.)
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Figure 16B. Severe HHcy induces total MNCs and monocytosis in BM,
peripheral blood and spleen of hyperglycemic Tg - hCBS, Chs™, ApoE™ mice. Tg -
hCBS, Cbs, ApoE™ mice received either sodium nitrate or STZ (50 mg / kg body weight)
for 5 consecutive days at 8 week old. STZ caused the mice to develop hyperglycemia
(blood glucose concentration is equal to or more than 300 mg / dL). At 10 week old, Tg
- hCBS ApoE™ Cbs mice were fed with a HF diet for an additional 2 weeks, and
euthanized. (B) Quantitative analysis of total MNC in BM, peripheral blood, and
spleen are shown in bar graphs. Values represent mean + SD, probability values from
independent t test.
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Figure 16C. Severe HHcy induces total MNCs and monocyt03|s in BM,
peripheral blood and spleen of hyperglycemic Tg-hCBS, Cbs”, ApoE™ mice. Tg -
hCBS, Cbs, ApoE™ mice received either sodium nitrate or STZ (50 mg / kg body weight)
for 5 consecutive days at 8 week old STZ caused the mice to develop hyperglycemia.
At 10 week old, Tg - hCBS ApoE™ Cbs mice were fed with a HF diet for an additional 2
weeks, and euthanized. (C) Representative histograms depicting MCs identified as
CDllb+ MNC:s. (Please see quantification bar graph in next page Fig. 16D.)
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Figure 16D. Severe HHcy induces total MNCs and monocytosis in BM,
peripheral blood and spleen of hyperglycemic Tg-hCBS, Cbs”, ApoE” mice. Tg -
hCBS, Cbs, ApoE™ mice received either sodium nitrate or STZ (50 mg / kg body weight)
for 5 consecutive days at 8 week old. STZ caused hyperglycemia. At 10 week old, all
the mice were fed a HF diet for an additional 2 weeks, and euthanized. (D)
Quantitative analysis of total MC in BM, peripheral blood, and spleen are shown
in bar graphs. Values represent mean + SD, probability values from independent t test.
BM, bone marrow; Cbs, cystathionine p — synthase; CT, control; FSC, forward scatter;
MC, monocyte; MNC, mononuclear cell; SSC, side scatter; STZ, streptozotocin.
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3.4 Severe HHcy Elevates CD11b*Ly6C™" and CD11b*Ly6C"" Inflammatory
Monocyte Subsets in Hyperglycemic Tg - hCBS Cbs™ ApoE™ Mice

To verify the effect of severe HHcy on MC differentiation, we characterized MC
subsets by flow cytometry analysis using anti — CD11b and anti — Ly6C antibodies.
MCs expressing high level of Ly6C had previously been shown to represent the
inflammatory properties [215]. CD11b* MNCs were further divided into 3 groups based
on their Ly6C expression levels (low, middle and high, Fig. 17A). Here, we show that
CD11b*Ly6C™" inflammatory MCs significantly increased in BM from hyperglycemic
HHcy mice (Fig. 17B), CD11b*Ly6C™%*® and CD11b*Ly6C"™" MCs significantly
increased in peripheral blood from hyperglycemic HHcy mice (Fig. 17C), and
CD11b*Ly6C™%"® and CD11b*Ly6C"™" MCs significantly increased in spleen from
hyperglycemic HHcy mice (Fig. 17D).

Tg - hCBS Cbs” ApoE™ mice with STZ injection, compared with their controls,
had increased percentage of CD11b*Ly6C"" cells in blood (11.8 + 14.0 % versus 3.9 +
3.0 %, p = 0.049), spleen (4.8 = 4.2 % versus 2.2 £ 0.7 %, p = 0.048), and BM (14.0 +
5.6 % versus 9.4 + 2.0 %, p = 0.036).

Thus, severe HHcy increased Ly6C™*® and Ly6C"9" inflammatory MC subsets

in BM, peripheral blood, and spleen of hyperglycemic mice.
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Figure 17A. Severe HHcy induces inflammatory MCs in BM, peripheral
blood, and spleen Tg - hCBS Cbs” ApoE™ mice. (A) Cells were incubated with the
antibodies CD11b and Ly6C. MNC were isolated on the basis of their lower
granularity and larger cell size (gate ii) (Fig. 16A). MC was defined as CD11b™ MNC
and further divided into 3 subsets using anti — Ly6C Ab (Ly6C"9" LysC™d® and
Ly6C'™") (Please see quantification bar graph in next page Fig. 17B, 17C, 17D.)
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Figure 17B. Severe HHcy induces inflammatory MCs in BM, peripheral
blood, and spleen Tg-hCBS Cbs” ApoE” mice. (B) The quantification showed that
Ly6C"9" MCs increased in BM of hyperglycemic HHcy mice. HHcy increased both
CD11b*Ly6C™%" and CD11b*Ly6C"" MC subsets by 1.4 — fold in euglycemic mouse
groups, and CD11b*Ly6C"9" MC subset by 1.7 — fold in hyperglycemic mouse groups.
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Figure 17C. Severe HHcy induces inflammatory MCs in BM, peripheral
blood, and spleen Tg-hCBS Chs™ ApoE™ mice. (C) The quantification showed that
Ly6C"" MCs increased in peripheral blood of hyperglycemic HHcy mice. The
highest increased subsets were CD11b*Ly6C™%" and Cd11b*Ly6C™" MC subsets, the
inflammatory subsets, which were increased by 2.3 — and 4.0 — fold in the HHcy
hyperglycemic mice in comparison with Cbs wild type hyperglycemic mice,
respectively.
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Figure 17D. Severe HHcy induces inflammatory MCs in BM, peripheral
blood, and spleen Tg - hCBS Cbs” ApoE™ mice. (D) The quantification showed that
LysChion MCs increased in spleen of hyperglycemic HHcy mice. MC
CD11b"Ly6C™%"* population was increased by 3.2 -, and 3.3 — fold in the euglycemic
and hyperglycemic mouse groups, respectively. MC CD11b*Ly6C™®" population
increased by 4.6 —, and 4.7 — fold in the euglycemic and hyperglycemic mouse groups,
respectively. Values are means + SEM. BM, bone marrow, Cbs, cystathionine  —
synthase; CT, control; MNC, mononuclear cell; STZ, streptozotocin.
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3.5 Severe HHcy Elevated TNF — a Secretion in Hyperglycemic Tg - hCBS Chs™
ApoE™ Mice

Studies with Ly6C MCs have suggested an inflammatory role of Ly6C* MCs in
providing defense against infections and contributing to autoimmune diseases and
atherosclerosis [209]. To elucidate the inflammatory characterization of different
monocyte subsets and their change under the effect of severe HHcy and hyperglycemia,
we used an in vitro approach to verify associated properties of all 3 MC subsets.

We cultured primary mouse cells from BM, peripheral blood and spleen with
LPS (0.1 pg / ml) for 5 hours. Cells were activated to produce TNF — a.

Ly6C"9" MCs from BM, peripheral blood and spleen all expressed the highest
level of TNF — o; Ly6C™® MCs from the same compartment produced the second
highest level of TNF — a; Ly6C'™ MCs had the lowest inflammatory cytokine TNF — a
expression level. Additionally, we compared TNF — a secretion from all 6 experimental
groups. MCs from hyperglycemic HHcy mice have the highest capability to make TNF
- a in BM (Fig. 18A, 18B), peripheral blood (Fig. 18C, 18D) and spleen (Fig. 18E,
18F). The introduction of additional inflammatory cytokines allowed activation and
migration of more MCs and M@s, which aggravates atherosclerosis.

Thus, severe HHcy increases TNF — a level in MCs from hyperglycemic HHcy

mice.
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Figure 18A. Ly6C™ddlerhigh colis express higher levels of TNF - a in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Cbs” ApoE” mice. CeIIs
from mouse BM (A, B) were collected and stained with antibodies against MC /
M@ marker CD11b, inflammatory MC marker Ly6C and cytokine TNF - a. 1.0 x
10° of cells were isolated from a cell suspension of freshly dissected BM, peripheral
blood and spleen and cultured with Golgi blocker BFA (1:1000) and stimuli LPs for 5
hours followed by FACS. After gating on CD11b*Ly6C"", CD11b'Ly6C™" or
CD11b*Ly6C"" MCs, TNF-a accumulation was examined in each MC subsets and
compared with the corresponding isotype control. Quantification shows that
LysC™ddlerhioh nCs secreted more TNF-o.  Values are means + SEM. (please see
quantification bar graph in next page Fig. 18B.)
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Figure 18B. Ly6C™dde*Nish cojls express higher levels of TNF - a in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Cbs” ApoE” mice. Cells
from mouse BM (A, B) were collected and stained with antibodies against MC /
M@ marker CD11b, inflammator%/_ MC marker Ly6C and cytokine TNF - a.
Quantification shows that Ly6C™"*"i9" \MCs secreted more TNF-a. Values are means
+ SEM.
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Figure 18C. Ly6C™dd"e*hioh calls express higher levels of TNF - a in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Cbs” ApoE” mice. Cells
from mouse peripheral blood (C, D) were collected and stained with antibodies
against MC / M@ marker CD11b, inflammatory MC marker Ly6C and cytokine
TNF - @. Quantification shows that Ly6C™¢*"9" MCs secreted more TNF-a.. Values
are means + SEM. (Please see quantification bar graph in next page Fig. 18D.)
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Figure 18D. Ly6C™d"e*Niah cells express higher levels of TNF - a in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Chs™ ApoE™ mice. Cells
from mouse peripheral blood (C, D) were collected and stained with antibodies
against MC / M@ marker CD11b, inflammatory MC marker Ly6C and cytokine
TNF - 0. Quantification shows that Ly6C™"**"" MCs secreted more TNF-o. Values

are means + SEM.
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Figure 18E. LysC™dde*hish cojls express higher levels of TNF - a in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Cbs” ApoE™ mice. Cells
from mouse spleen (E, F) were collected and stained with antibodies against MC /
M@ marker CD11b, inflammatork{ MC marker Ly6C and cytokine TNF - a.
Quantification shows that Ly6C™"*"ia" \MCs secreted more TNF-a. Values are means
+ SEM. (Please see quantification bar graph in next page Fig. 18F.)
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Figure 18F. Ly6C™ddeiah cejls express higher levels of TNF - « in BM,
peripheral blood, and spleen of hyperglycemic Tg - hCBS Chs™ ApoE™ mice. Cells
from mouse spleen (E, F) were collected and stained with antibodies against MC /
M@ marker CD11b, inflammator%/_ MC marker Ly6C and cytokine TNF - a.
Quantification shows that Ly6C™4"*"o" MCs secreted more TNF-a. Values are means
+ SEM. Cbs, cystathionine  — synthase; CT, control; hi, high; lo, low; mi, middle;
MNC, mononuclear cell; STZ, streptozotocin; TNF — a, tumor necrosis factor — a.
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3.6 Severe HHcy Increases M1 and Decreases M2 M@ in Hyperglycemic HHcy Mice

Since MCs will differentiate into M@s and M@s in atherosclerotic plaque could
also drive inflammatory responses, we tested the polarization status of M@s under
regulations of hyperglycemia and HHcy.

The mouse BM, peripheral blood and spleen cells were first co — cultured with
LPS for 5 hours, and then divided into M1 and M2 populations on the basis of F4 / 80
(M@ marker), TNF — a (M1 M@ marker) and mannose receptor (MR) (M2 M@ marker)
expression. The double positive F4/80"TNF — o cells were defined as M1 M@ and
double positive F4 / 80"MR" cells were defined as M2 M@.

Severe HHcy increased M1 M@ by 1.69 — fold in BM, by 1.68 — fold in
peripheral blood, and by 3.24 — fold in spleen, respectively (Fig. 19A, 19B). Under
hyperglycemic condition, severe HHcy increased M1 M@ by 1.40 — fold in BM, by 2.64
— fold in peripheral blood, and by 1.20 — fold in spleen, respectively. In the case of M2
M@, severe HHcy significantly decreased M2 M@ in peripheral blood under
hyperglycemic condition; also under normal glucose level, severe HHcy significantly
decreased M2 M@ in the spleen (Fig. 19C, 19D). Zinc supplement in the drinking water
completely abolished the effects of HHcy on M1 M@ maturation in hyperglycemic
mouse BM and significantly increased M2 M@ levels in peripheral blood of
hyperglycemic mice.

Thus, severe HHcy caused increased polarization towards M1 M®@s and
decreased polarization towards M2 M@s in BM, peripheral blood and spleen of Tg -

hCBS Cbs ApoE™ mice.

94



A CT STZ
7BL/6 Chs**, -Zn Cbs'-, -Zn Cbs’-, +Zn Cbs**, -Zn Cbs', -Zn Cbs’-, +Zn
M1 2.66%) 344 0.9

(@]

BM

Blood

- 6.00 . 13.95 - 125

Spleen

F4/80

Figure 19A. Severe HHcy increases M1 macrophage and decreases M2
macrophage from BM, peripheral blood and spleen of hyperglycemic Tg - hCBS
Cbs” ApoE” mice. (A) Cells from mouse bone marrow, peripheral blood, and
spleen were collected and stained with antibodies against macrophage marker F4 /
80, and M1 macrophage marker TNF - a. 1.5 x 10° cells from each tissue were
analyzed after incubation with Brefeldin A (BFA) and LPS for 5 hours at 37 °C.
Hyperglycemia with HHcy has an effect on pushing M@ polarization towards ML1.
Values are means + SEM. (Please see quantification bar graph in next page Fig. 19B.)
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Figure 19B. Severe HHcy increases M1 macrophage and decreases M2
macrophage from BM, peripheral blood and spleen of hyperglycemic Tg - hCBS
Cbs” ApoE™ mice. (B) Quantification of M1 M@s from mouse bone marrow,
peripheral blood, and spleen. Mouse primary cells were cocultured with BFA (1:1000)
and LPS for five hours in 5 % CO, condition, and were suspended in flow cytometry
tubes with anti — mouse F4/80 and TNF-a antibodies or their isotype controls. M1 M@s
were defined as the double positive cells (upper right quadrant), and the percentage of
M1 M@s was quantified. HHcy and hyperglycemia synergistically induced M1 M@
percentage in mouse BM, peripheral blood and spleen. Values are means + SEM.
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Figure 19C. Severe HHcy increases M1 macrophage and decreases M2
macrophage from BM, peripheral blood and spleen of hyperglycemic Tg - hCBS
Cbs” ApoE™ mice. (C) Cells from mouse bone marrow, peripheral blood, and
spleen were collected and stained with antibodies against macrophage marker F4 /
80, and M2 macrophage marker mannose receptor. Tissue cells were cocultured
with BFA (1:1000) and LPS for five hours at 37 °C. F4/80"MR" cells were defined as
M2 M@s. Values are means = SEM. (Please see quantification bar graph in next page
Fig. 19D.)
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Figure 19D. Severe HHcy increases M1 macrophage and decreases M2
macrophage from BM, peripheral blood and spleen of hyperglycemic Tg - hCBS
Cbs” ApoE” mice. (D) Quantification of M2 M@s from mouse bone marrow,
peripheral blood, and spleen. Cells were cultured as decribed in Figure 19C and
analyzed for cell surface marker F4/80 and MR in BM, peripheral blood, and spleen.
Double positive cells were defined using corresponding isotype controls. Values are
means = SEM. BM, bone marrow; Cbs, cystathionine p — synthase; CT, control; MR,
mannose receptor; STZ, streptozotocin; TNF — a, tumor necrosis factor — a.
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3.7 L-Hcy Combined with D-Glucose Induce the CD11b*Ly6C™%" and
CD11b*Ly6C"" Subsets in Cultured Primary Mouse Splenocytes

To verify the effect of HHcy and hyperglycemia on MC differentiation, we
established a primary mouse splenocyte culture model.

The spleen was used as an enriched source of MNCs because of the limited
number of MCs in blood. A 72 hour culture of primary mouse splenocytes has been
used as an in vitro model of monocyte subset differentiation (Fig. 20A).

Using the model, we found that the CD11b*Ly6C™*® and CD11b*Ly6C™®"
inflammatory subsets made up 3.4 % of total MCs in 25 mM D - Glu treated
splenocytes from 2 month old C57BL / 6 mice (Fig. 20B, 20C). These
CD11b*Ly6C™ " and CD11b*Ly6C™" subsets increased to 4.3 % when treated with 25
mM D — Glu combined with 200 uM L — Hcy. In contrast, L — Glu combined with L —
Hcy treatment did not change the proportions of CD11b*Ly6C™" and
CD11b*Ly6C"" MC subsets.

Thus, L - Hcy combined with D - Glu promoted inflammatory MC

differentiation in primary mouse splenocytes.
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Figure 20. Inflammatory monocyte subsets are increased in cultured
primary mouse splenocytes treated with L - homocysteine plus D — glucose.
Splenocytes were isolated from 2 month old C57BL / 6 wild - type mice. They were
treated with rIFNy (100 U / ml) at 0 hour. After 24 hours, L - Hcy (200 uM), D - Glu
(25 mM), L - Glu (25 mM) or AZC (1 uM) were added for an additional 48 hours. Cells
were stained with antibodies against CD11b and Ly6C, and analyzed by flow cytometry.
CD11b*Ly6C"™", CD11b*Ly6C™% and CD11b*Ly6C"" MNCs were defined based on
Ly6C expression levels. (A) Schematic design describing the experimental strategies.
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(B) Representative dot plots depicting the distribution of monocyte subsets of
CD11b*Ly6C"™", CD11b"'Ly6C™¥" and CD11b*Ly6C"" cells. (C) CD11b*Ly6C'™",
CD11b*Ly6C™%" CD11b*Ly6C"™" and CD11b*Ly6C™"**Mo" monocyte subset
Quantification. Data are representative of three separate experiments and are shown as
mean + SEM. MNC, mononuclear cells. AZC, 5 — azacytidine; CT, control; Glu,
glucose; Hcy, homocysteine; hi, high; lo, low; mi, middle; rIFN — vy, recombinant
interferin —vy.
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3.8 HHcy, Hyperglycemia and Both Decrease the Level of SAM / SAH Ratio in Tg -
hCBS Cbs ApoE” Mice

Under HHcy condition, Hey’s precursor SAH, a powerful competitive inhibitor
of SAM - dependent methyltransferase, is increased, suggesting unbalanced methylation.
We aimed to investigate whether hypomethylation is present in HHcy mice with
hyperglycemia, which is also related with hypomethylation effect on certain genes [316].

Mouse plasma Hcy, SAM and SAH concentrations were measured by HPLC /
MS.

Tg - hCBS Cbs ApoE™ mice showed a significant positive linear regression
relationship in SAH and SAM concentration over Hcy level, respectively (Fig. 21A).
Also a significant negative linear regression relationship between SAM / SAH ratio and
Hcy level was found. In Tg - hCBS Cbs ApoE"' mice receiving STZ injection, the
highest Hcy level was induced. The interaction effect of hyperglycemia and HHcy on
SAM / SAH ratio was examined (Fig. 21B). In euglycemic mouse group, SAM / SAH
ratio decreased with increasing Hcy levels; in hyperglycemic mouse groups, this

negative correlation remained the same trend and was additive.
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Figure 21A, 21B. Linear regression analyses among Hcy, Glu and SAM /
SAH ratio. Mouse blood was collected and the supernatant was kept at - 80°C
immediately after centrifugation. Hcy, SAM and SAH levels were measured by HPLC /
MS (Dr. Teodoro Bottiglieri, Baylor University, Waco, TX). Fasting Glu level was
measured before sacrificing by Hemocue glucose 201 (Hemocue Ab, Angelholm,
Sweden). Linear regression analyses were performed between plasma Hcy, SAM,
SAH, and SAM / SAH ratio (A). Note that tissue Hcy levels are positively correlated
with SAH levels. (B) Interaction between plasma glucose and Hcy concentrations
has an effect on SAM / SAH ratio. Data were classified into 2 groups. Group 1 data
are all from mice who are euglycemia; those of group 2 are hyperglycemia.
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Figure 21C. Inflammatory monocyte subset populations are positively
correlated with plasma Hcy and SAH concentrations, and negatively correlated
with plasma SAM level and SAM / SAH ratio in Tg - hCBS Cbs ApoE"' mice.
Mouse blood was collected and the supernatant was kept at - 80°C immediately after
centrifugation. Hcy, SAM and SAH levels were measured by HPLC / MS (Dr. Teodoro
Bottiglieri, Baylor University, Waco, TX). Fasting glucose level was measured before
sacrificing by Hemocue glucose 201 (Hemocue Ab, Angelholm, Sweden). Monocyte
subsets were measured by flow cytometry. Correlations between different monocyte
subset population percentage and plasma Hcy, SAH, SAM concentrations and
SAM / SAH ratio in mouse bone marrow (C) are shown.
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Figure 21D. Inflammatory monocyte subset populations are positively
correlated with plasma Hcy and SAH concentrations, and negatively correlated
with plasma SAM level and SAM / SAH ratio in Tg - hCBS Chbs ApoE"' mice.
Mouse blood was collected and the supernatant was kept at - 80°C immediately after
centrifugation. Hcy, SAM and SAH levels were measured by LC/MS (Dr. Teodoro
Bottiglieri, Baylor University, Waco, TX). Fasting glucose level was measured before
sacrificing by Hemocue glucose 201 (Hemocue Ab, Angelholm, Sweden). Monocyte
subsets were measured by flow cytometry. Correlations between different monocyte
subset population percentage and plasma Hcy, SAH, SAM concentrations and
SAM/SAH ratio in mouse peripheral blood (D) are shown. Each data point

represents one mouse.
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Figure 21E. Inflammatory monocyte subset populations are positively
correlated with plasma Hcy and SAH concentrations, and negatively correlated
with plasma SAM level and SAM / SAH ratio in Tg - hCBS Cbs ApoE"' mice.
Mouse blood was collected and the supernatant was kept at - 80°C immediately after
centrifugation. Hcy, SAM and SAH levels were measured by LC/MS (Dr. Teodoro
Bottiglieri, Baylor University, Waco, TX). Fasting glucose level was measured before
sacrificing by Hemocue glucose 201 (Hemocue Ab, Angelholm, Sweden). Monocyte
subsets were measured by flow cytometry. Correlations between different monocyte
subset population percentage and plasma Hcy, SAH, SAM concentrations and
SAM/SAH ratio in mouse spleen (E) are shown. Each data point represents one
mouse.
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The CD11b*Ly6C™%"* and CD11b*Ly6C"®" inflammatory MC subsets were
positively correlated with plasma Hcy levels in BM (Fig 21C), peripheral blood (Fig.
21D) and spleen (Fig. 21E). Furthermore, we identified significant positive correlations
between the percentage of CD11b*Ly6C™* and CD11b*Ly6C"" inflammatory MC
subsets and plasma SAH levels, significant negative correlations between the
inflammatory MC subsets and plasma SAM and SAM / SAH levels.

Therefore, we suggested that there was a positive association between SAM
concentration and Hcy + Glu level, SAH concentration and Hcy + Glu level, and a

negative association between SAM / SAH ratio and Hcy + Glu level.

3.9 Over - expression DNMT1 Decreases CD11b*Ly6C™% and CD11b*Ly6C""
Subsets Induced by L - Hcy with D - Glu in Cultured Primary Mouse Splenocytes

To elucidate if DNA hypomethylation is one of the mechanisms underlying Hcy
- induced inflammatory MC differentiation under hyperglycemia, we preincubated
primary mouse splenocytes with adenovirus overexpressing DNMTL1 (Fig. 22A) before
L - Hcy and D - Glu treatment.

The addition of adenovirus carrying control vector did not decrease
CD11b*Ly6C™%" and CD11b*Ly6C"" MC subset differentiation induced by L - Hcy
combined with D — Glu. Adenovirus overexpressing DNMT1 reversed high levels of L -
Hey with D — Glu’s effects and brought the CD11b*Ly6C™*® population to 139 % of
the controls with D — Glu but no L — Hcey (Fig. 22B, 22C). Similarly, adenovirus
overexpressing DNMT1 prevented L — Hey — induced CD11b*Ly6C™®" population

differentiation with or without D — Glu supplement.
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Figure 22. Adenovirus - transduced DNMT1 reverses inflammatory
monocyte differentiation. Splenocytes were isolated from 2 month old C57BL / 6 wild
- type mice and cultured. Cells were treated with rIFNy (100 U / ml), adenoviruses (50
MOI) at 0 hour. After 24 hours, L - Hcy (200 uM), D - Glu (25 mM), or L - Glu (25
mM) were added for an additional 48 hours. Cells were stained with antibodies against
CD11b and Ly6C, and analyzed by flow cytometry. CD11b*Ly6C'"", CD11b*Ly6C™*®
and CD11b*Ly6C"®" MNCs were defined based on Ly6C expression levels. (A)
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Protein level of DNMT1 were examined by Western blotting with antibodies
against DNMT1, and reblotted with § — actin antibody. (B) Representative dot
plots depicting the distribution of monocyte subsets of CD11b*Ly6C"",
CD11lb*Ly6C™%"  and  CD11lb*Ly6C™"  cells. () CD11b*Ly6C"",
CD11b*Ly6C™%" CD11b*Ly6C"™" and CD11b*Ly6C™**"" monocyte subset
Quantification. Data are representative of three separate experiments and are shown as
mean + SEM. Adv, adenovirus; CT, control; D-Glu, D-glucose; DNMT - 1, DNA
methyltransferase - 1; L-Hcy, L-homocysteine, MNC, mononuclear cells; MOI,
multiplicity of infection.
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Thus, adenovirus overexpressing DNMT1 prevented L — Hcy with D — Glu —

might induce inflammatory MC differentiation in primary mouse splenocytes.
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CHAPTER 4
DISCUSSION
4.1 Summary:

In summary, we examined the causative role and mechanism of HHcy in
diabetic atherogenesis and MC differentiation by using a sophisticated experimental
model system consisting of a Tg - hCBS Cbs ApoE” mouse line and STZ injection
HHcy and hyperglycemia inducing, respectively. We used a group of state — of — the -
art technologies including FACS analysis of MC subsets in peripheral tissues,
intracellular cytokine staining, and in vitro MC differentiation in mouse primary
splenocytes. We report 6 major findings here: (1) severe HHcy accelerates
atherosclerosis in the condition of hyperglycemia, (2) severe HHcy promotes MC
differentiation in peripheral tissues under hyperglycemic condition, (3) Hcy - lowering
therapy via zinc supplemented in drinking water prevents HHcy - induced
atherosclerosis and inflammatory MC differentiation under hyperglycemic condition, (4)
severe HHcy induces inflammatory MC differentiation leading to proinflammatory
cytokine production under hyperglycemic condition, (5) severe HHcy promotes
inflammatory M@ polarization and inhibits anti — inflammatory M@ polarization under
hyperglycemic condition, and (6) high levels of L - Hcy with D — Glu increases MC

subset differentiation via DNA hypomethylation in primary splenocytes (Fig. 23)
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Figure 23. Working model. HHcy and hyperglycemia increase DNA
methylation by inhibiting DNA methylation, contributes to increased proinflammatory
cytokine secretion, and increased polarization towards proinflammatory M@. Increased
inflammatory MC and M@ worsen vascular inflammation and thus accelerate
atherosclerosis.
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We therefore conclude that severe HHcy decreases DNA hypomethylation and
thus increases inflammatory differentiation of MCs and M@s, which accelerates diabetic

atherosclerosis.

4.2 Discussion
4.2.1 Clinical Significance

Since the publication of several randomized trials indicating that lowering Hcy
levels with B vitamins did not result in cardiovascular benefit, the benefits of using
vitamin therapy to lower Hcy levels is in controversy. However, we have renewed
interest in this issue because the results of our studies suggest that DNA
hypomethylation increased inflammatory MC and M@ differentiation in HHcy diabetic
condition. HHcy raised epigenetic modification and this may affect the interpretation of
clinical trials. Those epigenetic changes could consistently exist despite Hcy levels are
brought down. Continuing inflammatory MC differentiation and inflammatory M@
polarization resulting from DNA hypomethylation may explain the negative result of
clinical trials of lowering Hcy levels. Along with Hcy lowering, the need for anti —
inflammatory therapy should also be taken into consideration for limiting HHcy

challenge under hyperglycemia condition.

4.2.2 Severe HHcy and Hyperglycemia Interact and Have Synergistic Effects on
SAM / SAH Ratio
Our data provide evidence supporting the synergistic effect of hyperglycemia

and HHcy on reducing SAM / SAH ratio. This is consistent with HHcy and diabetes
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studies in which HHcy [317], [318], [313] or hyperglycemia [316], [319], [320] induced
global DNA hypomethylation. Our preventive strategy by using adenovirus to
overexpress DNMTL in cultured primary mouse splenocytes demonstrated the benefit of
increasing DNA methylation status. Studies are underway to further confirm the effect
of high levels of d-glucose with Hcy on DNMT1 expression level and / or activity in
primary splenic cells. Also, we want to determine which specific gene promoter
hypomethylation can cause the increased atherosclerosis in hyperglycemic HHcy mouse
models in light of the clinical therapy condition.

Other potential mechanisms for the detrimental effects of decreased SAM / SAH
ratio is protein hypomethylation and histone hypomethylation. However, most of the
methylation studies focused on DNA hypomethylation; very few have been implicated
in protein hypomethylation or histone hypomethylation. These might be novel
mechanisms involved in HHcy and hyperglycemia inducing methylation — dependent
pathways, which may be potentially detrimental to cardiovascular system.

Furthermore, NF — kB mediated pathways and oxidative stress may also play
important roles in HHcy’s effect on diabetic atherogenesis. These are directions we

should examine.

4.2.3 Severe HHcy Accelerates Diabetic Atherosclerosis through Enhancing
Inflammatory Reactions

It has been suggested that inflammatory processes play a pivotal role throughout
atherosclerotic progression, diabetes, neurodegenerative diseases, cancer and other

complex diseases. We found that MNC, MC, inflammatory MC and inflammatory M@s
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are all significantly elevated in BM, peripheral blood and spleen of hyperglycemic Tg -
hCBS Cbs” ApoE”" mice. MCs and M@s are the principal effector cells in perpetuating
the inflammatory response to pathological stress. However, the complex role and
conversion of different MC and M@ subsets in diseases is unclear. It is suggested that
this complexity of MC and M@ subset differentiation and polarization processes under

different environmental phases should be explored.

4.2.4 Future Study should be Carried out to Define the Corresponding Human MC
and M@ Changes under HHcy with Hyperglycemia Stimuli

MC heterogeneity has long been recognized, but only in recent years
investigators have identified three functional subsets of human MCs that exert specific
roles in homeostasis and inflammation (Table 6).

In human and mice, MCs have some typical morphological features such as
irregular cell shape, oval — or kidney — shaped nucleus, cytoplasmic vesicles, and high
cytoplasm — to — nucleus ratio [278]. Human and mouse blood MCs can be defined by
the expression of the Csf — 1 receptor (MCSF — R, CD115) and the chemokine receptor
CX3CR1 [278]. They are distinct from PMNSs, NK cells, and lymphoid T and B cells

and do not express Nkp — 46, CD3, CD19, or CD15 [278].
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Table 6. Characterization of human and mouse MC subsets. Both human
and mouse MCs are divided in subsets on the basis of chemokine receptor expression
and specific surface molecules. Human MCs are divided into subsets on the basis of
surface expression of CD14 and CD16. CD14"CD16™ MCs are referred to as classical
MCs and express CCR2. The CD14°CD16" MC population is referred to as
intermediate MC. CD14“™CD16" MC subset is referred to as non-classical MC and has
a role of patrolling. In mice, different expression of Ly6C identifies three MC subsets.
Ly6C"9" MCs express high levels of CCR2 but low levels of CX3CR1. These MCs are
often referred to as inflammatory MCs and are rapidly recruited to sites of infection and
inflammation. A second subset of circulating MCs in mice expresses intermediate levels
of Ly6C, and high levels of CCR2. The Ly6C'™ MCs are CX3CR1"%" MCs. They
patrol alone the luminal surface of ECs that line small blood vessels. CCR2, CC-
chemokine receptor 2; CX3CR1, CX3C-chemokine receptor 1; dim, diminished.

Species| Subset Marker Percentage | Chemokine receptors Functions

Human| Classical CD14+CD16- 83-95% CCR2NCX3CRL1le Undefined (11169437)
Intermediate| CD14+CD16* 2-11% CX3CR1hiCCR2lo Pro-inflammatory (22410492)
Non- CD149mCD16* |  2-8% CX3CRLNCCR20 Patrolling
Classical

Mouse | Ly6Chigh CD11b*Ly6Chigh ~45% CCR2hCX3CR1l Pro-inflammatory (20193014)
Ly6Cmiddle |CD11b*Ly6Cmiddle ~5% CCR2hiCCR7hCCR8hi Pro-inflammatory
Ly6Clow CD11b*Ly6Clow ~50% CX3CR1hiCCR2lo Patrolling; Tissue Repair
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In humans, three populations defined by the expression CD14 and CD16
(CD14'CD16°, CD14*CD16", and CD14“™CD16%) [321], [322], [323], [324]. The
CD14'CD16~ MCs represent 80 % to 90 % of blood MCs, express high levels of the
chemokine receptor CCR2 and low levels of CX3CR1, and produce IL — 10 rather than
TNF and IL - 1 in response to LPS in vitro [267], [325], [326], [327]. Their phenotype
resembles that of mouse Ly6C""" MCs, although the latter are very efficient at
producing inflammatory cytokines [269], [275]. In contrast to this major subset, human
CD16" MCs express high levels of CX3CR1 and low levels of CCR2 [267], [326],
[327], are responsible for the production of TNF — o in response to LPS stimulation
[324], [328]. This CD16+ MCs are composed of at least two population with strikingly
distinct functions [322]. MCs that express CD16 and CD14 (CD14"CD16") also express
the Fc receptors CD64 and CD32, have phagocytic activity, and are responsible for the
production of TNF — a and IL — 1 in response to LPS [329]. The actual function of MCs
that express CD16 but very low levels of CD14 (CD14“™CD16") remains elusive. They
lack the expression of other Fc receptors, are poorly phagocytic and do not produce
TNF — a or IL — 1 in response to LPS [330].

Mouse MCs are identified in blood based on the expression of CD115; based on
their FSC SSC profile; based on the expression of F4 / 80, CD11b, Dectin-1 (the beta
glucan receptor); and based on the variable expression of the Grl / Ly6C antigen and 7 /
4 antigen [267], [331], [332]. The Ly6C antigen is a glycosylphosphatidylinositol-
anchored molecule also expressed by granulocytes, 40% of NK cells, and pDCs [278].
The main subset of CD115" MCs express Ly6C, the chemokine receptor CCR2, the

adhesion molecule L — selectin (CD62L), and a low level of the chemokine receptor
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CX3CR1 [278]. Murine Ly6C™eioh \1Cs are selectively recruited to inflamed tissues
and lymph nodes in vivo, produce high levels of TNF — o and IL — 1 during infection or
tissue damage, and were termed inflammatory MCs [208], [267], [268], [269], [275],
[309]. Ly6C"" MCs are characterized by a smaller size; by high expression of the
chemokine receptor CX3CR1, of LFA — 1 (lymphocyte — function associated antigen 1),
and of CDA43; and by the lack of expression of Ly6C, CCR2, or L — selectin [267], [309].
This subset has been initially termed resident in mice because these MCs have a longer
half — life in vitro and are found in both resting and inflamed tissues after adoptive
transfer [267]. Investigators had suggested that Ly6C'®" MCs are the analogy with
human CD16* MCs, but Ly6C™4"*"i3" \iCs are clearly the main producers of TNF — a
during infection.

Thus, direct comparison of the functions of mouse MC subsets with their
putative human orthologs is relatively difficult. As our understanding of MC biology
improves, the issues of MC differentiation and heterogeneity will become more relevant

to resolving human diseases.

4.2.5 Akita Mouse Model is more Consistent with Human T1DM Disease Course
Streptozotocin was used to achieve  cell destruction and type 1 — like diabetes.
However, the action of these toxins is not restricted to f cells. Therefore, Akita mice are
a more advanced substitute for mice made insulin — dependent diabetic with
streptozotocin since they have Akita spontaneous mutation of the insulin 2 gene. The
nature and / or extent of the effect in atherogenesis in hyperglycemia condition caused

by HHcy will be better characterized.

118



4.2.6 Future Developments

Considering the postulations and supporting evidence presented above, some
questions still remain to be addressed that pertain to involvement of Hcy effect on
diabetic atherosclerosis. While we used HF diet in all the groups as a background
control, dyslipidemia is strongly correlated with increased atherosclerotic lesion
formation. It will be of interest to simplify the system such as excluding dyslipidemia or
using Akita mice instead of STZ injection model.

We have demonstrated changes in inflammatory MC differentiation in the
peripheral blood, spleen and BM that accompanied the changes in M@ polarization. The
up — regulation of Ly6C™%" and Ly6C"%" MCs in different compartments by high level
of Hcy and glucose can also lead to enhanced TNF — o secretion and superoxide anion
production. Ly6C molecules may also be presented in T cells or dendritic cells.
Decreased Ly6C and T — bet (Tbx21) expression distinguished a subset of Th1 cells that
displayed greater longevity and proliferative responses to secondary infection [333].
Inflammatory DCs, characterized as CD11¢"'CD11b*Ly6C", are found in granulomas
and are an essential component of the acute immune response to mycobacteria [334].
Thus, effects of HHcy and diabetes on atherosclerosis can also be investigated in other
cells involved in inflammatory system and / or in the vessel pathogenesis, such as Thl,
Th2, or DCs accumulation levels in the aortic lesion and their population changes in
peripheral tissues.

Ly6C™" and Ly6C"" MCs are proposed to contribute to atherosclerosis [209].

Ly6C'™ MCs represent the non - inflammatory subtype. They express high levels of
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CX3CR1 (Ly6C""CCR2'CX3CR1"™" and give rise to resident M@s and myeloid
dendritic cells in non - inflamed tissues, including liver, spleen, lung, and brain [267].
However, the details of the differentiation steps and intermediates between precursors
and mature MC subsets in the BM are unclear. Therefore, studies examining
transcription factors in the myeloid — lineage differentiation after hypomethylation
treatment is necessary. We propose that studies addressing these issues may offer more
insight into possible mechanisms of HHcy effect on diabetic atherosclerosis.

Ly6C MCs are being studied as inflammatory MC for systemic inflammatory
response [335]. However, differential Ly6C expression is usually used to identify
phenotypic division in different cell type. Whether Ly6C is on a surface marker or it is
mediating any signaling pathway in MCs is unknown. Therefore, while targeting of
Ly6C may have some therapeutic potential, further studies are needed to better

characterize Ly6C as a target for treatment of diabetic atherosclerosis with HHcy.
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