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CHAPTER 1: INTRODUCTION/LITERATURE REVIEW

Magnesium Physiology and Deficiency

The available literature on magnesium (Mg) was summed tipeby997 Dietary
Reference I ntake (DRI) Committee: A The ab
forMgi s, as indicated throughout (L)hThey chapter,
identified several areas that were in particular need dficitron and/or further study.

These included reliable population intakes, reliable and specific biomarkers, basic studies
in healthy individuals (including depletion studies to measure Mg pool changes),
intervention studies, and toxicity of pharmacotajidoses of Mg.

Deficiency of Mg was first studied by McCollum and colleges at Johns Hopkins in the
1930s(2). Dogs and rats were fed a diet that provided a mere 1.8 ppm of Mg. They
found that severe Mg deficiency led to vasodilation, hyperirtitgbmuscle
di sturbances, and fatal convul sions. 't is
condition, so rapid in its onset, so short and stormy in its course, and so fatal in its
termination, leaves no doubt thdg is an esserdl element fothe animal body (2).

They found that the tetany from Mg deficiency is distinguishable from other causes of
tetany because Mg deficiency caused no carpopedal (wrist or foot spasms) or
laryngospasm (a spasmodic closure of the larynx) and accompanyiag) & prominent
vasodilation. They also found that there was a consistent lowering of blood calcium (Ca)
that occurred along with a lowering of blood Mg. After 4 weeks of depletion in the dogs,
there was a sudden rise in serum cholesterol which peakedeanglateued until death.

Just before death, they also observed a decrease in erythrocytes and an increase in non



protein nitrogen. There wef@dogs in the study, one died at 7 weeks, the other 2 died at
17 weeks.

Many diverse clinical manifestions have been reported with Mg deficiency,
including accelerated atherosclasgy@sthma, neurologatand psychiatric clinical
conditions and sudden dea(B). While severe M depletion has readily apparent
cardiovascular (CV) and neurological symp®) it is harder to identify early or marginal
deficiency(4). Symptoms can include poor appetite, irritability, weakness, muscle
tremor, tetany, twitching, numbness, tingling, disorientation, apathy, memory loss, and
skin lesiong5). Diseases thaawe been linked to low Mg includeancer, kidney stones,
arthritis, insomnia, menstrual cramps, and chronic fatigue syndi@me

Low dietaryMg intake has been demonstrated to result in hypertension, atherogenesis,
and strokg6). Diets high in Mg lave been shown to decrease incidence of hypertension,
atherogenesis, myocardial infarction, and sti@e In rats, dietary Mg deficiency not
only caused hypertensipbut also vascular remodeli(@). Patients with hypertension,
ischemic heart diseasand stroke exhibit significant depletion of serum ionized(®)g
In vitro studies with aortic and cerebrovascular smooth muscle cells show that reduction
in Mg below the normal human, rat, and dog serum value of ~0.6 mmol/L induces early
expression oftdeast two protancogene ahthe transcription factor NFk).

Inability to adequately form bon&s well as lack of Mg for bone mineralization may
be among the most important outcomes of Mg deficiency in small childyeBoth
diabetes andhany diuretic drugs are known to compromise Mg status by promoting renal
Mg loss(7). It has been shown thett a variety of patients, with ongoing atherosclerotic

disease processes, including hypertension and stroke, exhibit significant depletion of



serum ionized Mg2+ 182 (6). Hair mineral analysis has been used to estimate the
deficiency of minerals in the US population arging this techniquislg was found to be

the 2 most deficient mineral aftehcomium(Table J (5).

Mineral Deficient (%)
Chromium 56
Magnesium 49

Zinc 47

Calcium 46

Manganese 40
Selenium 40
Potassium 37

Iron 25
Copper 25
Molybdenum 15

Phosphorus 9

Sodium 6

Table 1. Deficiency of minerals via hair mineral analyg:s.

Mg is used to treat cardiac arrhgitas, myocardial infarction, asthma, felampsia
and eclampsia in clinical practi€®). The safety of pharmacological doses of Mg has not
been assessed though. This could lead to incidences of toxicity. Signs of Mg toxicity are
vomiting, hypotensiorhradycardia, and other arrhythmias, somnolence, and weakness
(9) although it should be noted that these have only been seen in patients receiving Mg

intravenously. No cases of toxicity or adverse effects when Mg is consumed as a food



have been identifiedvhich is why the 1997 Upper Limit (UL) for safety was chosen
based on noifiood sources (including antacids) at a level which caused an adverse
reaction (namely diarrhed)).

The following can increase renal elimination of Mdyem consumed in erss:
alcohol diuretics, coffee @a, salt, phosphoric acid, Ca, potassiumgig suga(10).
Conditions that can also increase Mg elimination include prolonged diarrhea or vomiting,
biliary fistulas, chronic pancreatic insufficiency, aldosteronisabelic ketoacidosis,
prolonged intense stress, vdrgavy menstration, and sweatifi®). Insufficient water
intake, a very common phenomenon, has the same effect as high sodium intake, causing
increased elimination of Mg, in order to increase the sglofithe uring(10).

The kidneys reqgue Mg in order to recycle Ca, phosphorus &Ryl K and to
eliminate excess sodium (Nandchloride CI). A Mg deficiency eventually leads to low
serum levels o€a and Kand to high levels of Na and.CThis electréytic imbalance
leads to hypertension and to intracellular disturbab@s Mg is capable of forming
soaps with fatty acids in the intestine and thus reducing the digestialgy content of
the diet(11). Mg requires both PTH and vitamin D for absosp and a diet rich in
saturated fats can hinder Mg absorp{ib@). Mg absorption has been estimated to be
59%(12). Absorption is mainly dose dependent, making comparison between studies
difficult (12). The highest absorptionwghen Mg levels are @ in the lumen of the
intestines However the higher absolute amount of Mg absorbed was abtaitiethe
higher amount testgd 2). Thereforeit is preferable to compare the absolute amount
absorbed rather than the fraction absorbed. The shottfeadind expense Mg

radioisotope has hampered bioavailability stuiey.



Efficient insulin activity requires an optimal intracellular concentration of free Ca
while undue increase in intracellular free Ca can compromise the ability ahitsul
promote eficient glucose uptak€&). Mg works in a variety of ways to aid the control of
intracellular free Ca. Extracellularly, it acts as a mild,-sepacific antagonist of various
Ca channels , moderating intracellular Ca uptake and it pror@ategtrusion as &ll as
sequestration of Ca in endoplasmic reticuln Ca, P, and Mg have important
intracellular and extracellular functions with their metabolism often linkezligh
common hormonal signa(43). Extracellular Mg concentrations deggely controlled
by the kidney with the renal tubular max reabsorption controlling the plasma
concentratior{13).

Mg modulates vasomotor tone, blood preesand peripheral blood flo@@4). Mg is
partially bound to proteins in complex with dienion ligands and as free ionized Mg
(14). A small proportion of ionized Mg in the circulation is thought to exert several
beneficial effets on vascular endothel function(14) and measurement of serum Mg
does not always reflect the overall statidg metabolism(14). Serum Mg correlates
well with intracellular free Mg, the physiologically actif@m (14). While not the best
indicator or total Mg statusesum Mg is the most practical and commonly used
parameter for assessing disosidgirMg metbolism in clinical practic€l4).

A number of physiologil, nutritioral, and biochemicalontrol mechanisms are
responsible for normal functions of the peripheral and cerebral vasculatures. These
homeostatic factors maintain both the patencyhefldood vessels and the fluid of the
blood(15). Mg reduces arteriolar tone and tension in a wide variety of ar{@6gslt

has been shown that cAMP induces Mg release from mitochdidiia



Mg is crucial for the function of G proteins whipkay important roles in
medi ati ng t he -adrehergic agonists im thé hearttarsd are dlterdd in heart
failure (17). Mg is required for protein and nucleic acid synthesis, maintenance of the
cell cycle, cytoskeletal and mitochondrial intégand for the binding of substrates to the
plasma membran@7). In a typical mammalian cell ~90% of total cellular Mg is bound
to ATP in the cytosol or within nuclei, mitochondria, and endoplasmic retic(didin

Mg has been proposed to act as a wigreegulator of cell functions , opposed to
Ca which is responsible for acute evgiild). Mg directly antagonize€aand is a
second messenger in angiotensin Il signgain smooth muscle cells. Mg deficiency
interferes with endothelial production afric oxide, a vasodilator and inhibitor of
platelet aggregation and adhesion, which is reduced in atherosc(@B8)sislg levels
influence the synthesis of nitric oxide, intracellular Ca release, the uptake and metabolism
of LDL, the permeability to wat and albumin, and the proliferation of endothelial cells
(29).

Mg is involved in the conversion of essential dietary fatty acids to prostaglandins and
prostacyclins which are potent vasodilators and platelet antiaggre(nré is an
intracdlular mineral required for the conversion of glucose to gluéphosphat€5b).

The plasma Mg level is maintained remarkably constant in healthy individuals by poorly
understood mechanisni@l).

In humars 30% of boneéMg content is in the surfadenited pool and the remaining
70% bone mg is integrated into the bone crygg2$. Mg is the fourth most abundant
cation in the body and the second most abundant intracellulan edter K. Themost

significant proportion of cellular Mg is boundvarious cell constituents and ionized Mg



is only a very small percentage of the total although it is the most important in that it is
biologically active(22).

The measurement fiee Mg posed a significant methodological problem until the
synthesif a new fluorescent Mg sensitive dye has recently allowed the measurement of
intracellular free Mg in nucleated ce(&3). Despite themportantphysiologi@l roles of
Mg and its proven or potential benefits, surveys show that the dietary intakeisf Mg

inadequate in the U®).

Dietary Intakeand Statu®f Magnesium

The known risk factors for CVD, including specific dietary components (e.g. excess
sauratedfat and cholesterdlexplain only a portion of the morbidity and mortality due to
CVD . Itis now recognized that we must focus on the total diet and not just on
individual dietary components. As a result, the study of patterns of intakes of nutrients,
foods, and food groups has emerged in nutrition reBe&ecause many nutmnés are
highly correlated with the sanfeods, it is difficult to examine their effects separately
(24).

The key recommendations from the Dietary d&lines for Americans 2005 are
consume a sufficient amount of fruits and vegetables while staying within ameszdy;
choose a variety of fruits and vegetables several times/week; consume 3 or more ounce
equivalents of wholgrain products /day and at least %2 grains should be whole grains;
and consume 3 servings /day offiage or lowfat milk or milk productg25). All of
these recomendations would increase Mg intilgewas listed as a nutrient of concern

for adults and children in the 2005 Dietary Guideli(#s). Dietary intake oMg is sub



optimalwith shortfalls of between 65 and 175 mg of Mg/d, dependimgeographic

regions(15). African Americans, the less educatedd the elderly, have particularly low

intakes of Mg(8). It was found that 23% of US adults aged72byears olchad a serum

Mg concentration <0.8 mmol/L, which is consistent with hypgnesia(8). The median

dietary intake oMg is lower than either the EAR, or the RDA in all groups suggesting

RDA UL *
Sex/Group Age
(mg/day) (mg/day)

Infants 0-6 months 30 (Al) None
Infants 7-12 months 75 (Al) None
Children 1-3 years 80 65
Children 4-8 years 130 110
Children 9-13 years 240 350

Boys 14-18 years 410 350

Men 19-70 years 400 350

Men >70 years 420 350

Girls 14-18 years 360 350
Women 19-70 years 310 350
Women > 70 years 320 350
Pregnancy 350400 350
Lactation 310-360 350

Table 2. 1997 DRI suggested RDA valugs).
*upper limit (UL) is based on supplements
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that Mg intake from dietary sources in the US remains suboptimal (Table 2) (1).
Several epidemiological studies found that diets rich in whaleg may protect
against CVD, stoke, typ2 diabetes, and certaiamcery7,26). Whole grain intake has
been shown to be inversely associated with waist to hip ratio, hDlesterol, and
fasting insulin(26). The protective effects of whole grains nagpend on the presence
or interaction of several biologically active constituents, including dietary fiber, vitamin
E, Mg, folate, and other nutrients and fautrients(26).
Mg is a major constituent of the germ and whole grains provide much higher
levels of Mgthan refined grainsWhole grains are one of the best dietary sources of Mg.
Other foods which are equally rich in Mg (on per calorie basis) are nuts, legumes, and

reduced fat dairy produc(igure 1 and Table)37).

Foods Contributing to Magnesium Intake
(NHANES 1999-2000)

Vegetables

Other
Milk Products

Meat
Breads
Fruit and fruit juice
Alcoholic drinks—" Mixed Dishes

Cold Cereals

J Pizza, Pasta
Sweets Coffee

Figure 1. Foods thatontribute to Mg intaké¢8).
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Each of these foods have been linked to decreased risk e2 @jdetes and CVD in

epidemiological studies (7).

Food Measure rggr'\:lr?easure keal I(\/lrr?gd(i‘nl\iligt;)//kcal)
Canned Spinach 1cup 163 49 3.33
Kellog's All-Bran Cereal 1/2 cup 109 81 1.35
Pumpkin Seeds loz 151 148 1.02
Halibut 1/2 fillet 170 223 0.76
Oat bran muffin 1 muffin 177 305 0.58
Brazil nuts 10z 107 186 0.58
Lima beans 1cup 50 94 0.53
Black Beans 1 cup 120 227 0.53
Tomato paste 1cup 110 215 0.51
Boiled Soybeans 1cup 148 298 0.50
Almonds loz 78 164 0.48
Trail Mix 1cup 301 707 0.43
Whole-grain wheat flour 1cup 166 407 0.41
Brown rice 1cup 84 216 0.39
Whole-wheat bread 1 slice 24 69 0.35
Milk 1cup 27 83 0.33
Yogurt 8oz 39 143 0.27
Semisweet chocolate 1cup 193 805 0.24
White bread 1 slice 6 66 0.09

Table 3. Dietary Swurces of Mg (27)
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Cardiovascular Disease and Magnesium

Atherosclerosis was first described by Lobstein in 1829 and since then, mangshe
have emergedn its pathogenesis and origB8). The American Heart Association
(AHA) reported in 2005 that coronary heart disease (CHD) was the single largest killer of
Americans and that atherosclerosis was the cause of the majority of c&sH3 (#9).
Since the first animal experiments by Anitschkow in 1913, cholesterol deposition into the
arterial wall has been recognized as the primary eveaheiprocess of atherosclerosis
(28). The development of atherosclerosis involves a multitudaatbfs including
dietary habits, glucose and insulinéds; age, sex, and blood lipi(&0). There is a
consensus that atherosclerosis is a complicated disease of the arterial wall arising from a
chronic inflammation that is the result of lypooteins atering thevascular lumen of the
artery(28,3). Li pi d deposition itself 1Is not the ent
mechanisms against thpitl seems to be the culp(28). Macrophage activation and
smooth muscl e tranmbo c asnedessanyto form anathefoma t y A f o0 a
(18). Mechanisms involving coagulation play a role in the initial enithe late stages
(28). The prodution of fibrous tissue produces the clastate stage atherosclerotic
lesion which will lead to clinicakévents such as myocardial infarction (Ml), stroke and
other cerebral vascular diseases, angpperal vascular disease (PV(2E8).
Traditional risk factors like age, sex, elevated blood pressure, smoking, elevated
LDL, and depressed HDL have been cheagmonstrated to correlatettvincidence of
atherosclerosi€32. Mor e t han any single factor, the fAg

all risk factors, can provide better prediction of cardiovascular e¢Ealde 4 (32). The

US National Cholesterd&ducation Program has adopted a system of scoring risk, called
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the Framingham risk point scores, which is based on the traditional risk factors of age,
sex, total cholesterol, LDL cholesterol, HDL cholesterol, sigstidood pressure, and
smoking(32). The more recent Prospective Cardiovascular Miinster (PROCAM) scoring
system involves 8 variables including age, LDL cholesterol, HDL cholesterol, smoking,
systolic blood pressure, triglycerides, family history of prematireand type2 diabetes
(32). Promsing new risk factors have been considered, including homocysteine,

oxidized LDL, insulin levels, and-@active protein (CRP) and will continue to be

studied.

Older Risk Factors Newer Risk Factors

Sex (men>women) Metabolic Syndrome

Age Impaired insuh function/NIDDM
Family History Apolipoprotein B and Al

Total Cholesterol Small, dense LDL

LDL (High) Oxidized LDL

HDL (Low) Antibodies against oxidized LDL
Hypertension Lipoprotein (a)

Smoking Homocysteine

Obesity CRP

Table 4. Cardiovasalar Risk Factorg32).

Numerous studies have reported significant depressions in Mg serum levels of

persons with vascular diseag&4) and there is evidence supporting the hypothesis that
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dietary Mg intake can lower blood pressure and reduce imogdef stroke. The ARIC
(Atherosclerosis Risk in Communities) Study showed an inverse relationship between
dietary Mg and serum Mg with the devetognt of carotid atherosclerogis4). The first
NHANES study found that for the highest &nd 4" quartiles of serum Mg concentration
the risk of dying fromheart disease was -30% lower(20). Some studies have not
found this correlation. Levels of serum Mg were found to not be associateeMdémnt
ischemic heart disea$g3).

Mg supplementationr30mmol/d) was given to patients with CAD and an improvement
in exercise tolerance, exerciseluced chest pain, and quality of life scores s&en
(16). This difference was seen in patients that were receiving optimal medical care for
their CAD (96% on spirin, 66% on lipidlowering medications, 48% on betaceptor
antagonist, and 55% on ACE inhibitors). During Mg loadingrigspatients with CAD
absorbmore Mg (less loss in urine), suggesting that these pawtiegre in a Mg deficient
state(16). These findings would seem to indicate that Mg might be a good addition to

therapy for CVD.

Cholesterol and Magnesium

A reduction in total and LDL cholesterol and an increase in HDL cholesterol is
associated with a decrease in risk for future cagoagents in CVD patient&®6). When
excess dietary cholesterol is ingested, the metabolic changes that occur are suppression of
endogenous cholesterol synthesis and increasexkretion of cholesterol back into the
intestinal lumern(28). HDL cholesteol is a carrier for cholesterol that needs to be

transported from peripheral tissues te tiver for excretion. This and cell sloughing are
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the only mechanisafor decreasing the body pool of cholesterol. High levels of HDL
have been observed to provipi®tection from the progression of atheroscler{ss.

Mg has been proposed to increase conversion of TG to HDL by increasimgfithiy of
lipoprotein lipas€11). Mg is also neessary for lecithin cholesteratyltransferase
(LCAT) activity (34).

It has been reported that serum Mg levels are inversley corrétatbdlesterol levels
in humang35). There is the possibility that Mg and lipoproteins may behave differently
in healthy subjects and in those having chronic diseases stygeasdiabete®r CVD
(35). In Mg deficient rats, concentrations of HDL were lowered and concentrations of
chylomicrons VLDL, and LDL were elevate(ll7). Animal studies have suggested that
Mg deficiency can accelerate and intensify lipid deposition andrissind that Mg

supplementation can slow the progressiband prevent atherosclero$is’).

Endothelium, Inflammationand Magnesium

The endothelium is a thin cell layer that regulates the exchange of many molecules
between the blood and the aié smooth muscle. This includes the exchange of water
andthe maintenancefovascular tone and coagulati(®i). In early atherosclerosis,
monocytes differentiate into macrophages in the endothelium. This results in expression
of scavenger receptorsdt ingest modified lipids, thus forming foam cells, the esatli
atherosclerotic precurs(t8). At this point, the damage is reversible, but progression of
the atheroma into a fibrous plaque eventually leadgrigptomatic, clinical diseag&8).

Endothelial cells express many types of molecules, including adhesion molecules that

attract monocytes to adhere (when injured), initiatiregfitst step in atherosclerogil).
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Activated immune cells are found in the arterial wall of the affectectlyésg also in
other arterie$36). This tends to suggest a systemic inflammatory trigger that affects the
endothelium in multiple areas and that antigens may be present in multiple aessels
even the myocardium itsgB6). During dysfunction of thendothelium many tissue
factors are expressed. Adhesion molecules are stimulated by intefeakchother
circulating cytokires and inflammatory molecul€31).

Mg deficiency has been shown to enhance endothelial iajushytrigger
vasoconstricn (14). Low serum levels of Mg have been shown to accelerate
atherogenesis through promotion of inflammatand oxidative modificatio(l4). Mg
deficiency can promote the peroxidation of lipids and reduce antioxidant capacity
serum and tissug87). Dietary Mg restriction has been shown to increase serum TG,
stimulate lipid peroxidation, and increase lipid deposition tihéovascular wall in
rodentg(14). Low serum Mg levels promote endothelial dysfunction, partially due to an
up-regulaton of inflammatory cytokine$38). Mg supplementation improved brachial
artery endothelial function in patients with CAD and the effect of oral supplementation of

Mg has been shown to be similar to the éeof lipid-lowering studie$16).

Thrombomodulin andlagnesium

The endothelium obviously plays a central role in vascular homeostasis and
vascular diseases such as atherosclerosis. Biological markers of endothelial function
would be a great asset for the prediction, evolution, and prognosis of cardiavascu
disease, including thmeasurement of drug effica¢$l). Activation by circulating pre

inflammatory cytokines such as-hand TNFU cause the endothel
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adhesion molecules such as ICAIMVCAM-1, and Eselectin. This facilitates the
migration and adherence of inflamtagy cells to the endotheliu(31).

The endothelial cells then release molecules that can becagulant or pro
coagulant in nature. An issue of marker measurement is that biological markers must be
restricted to exgession from the endothelium only. Candidate markers include E
selectin, von Willebrand Factor(vVWF), soluble thrombomodulin (sTM), IEAMNd
VCAM-1. Of these factors, von Willebrand factor and sTM are strongly isededuring
endothelial damag@1). Thrombomodulin TM) is a molecule that has a role in the
protein C anticoagulant pathway. It is expressed specifically by endothelial cells and can
be released from endotia cells upon injury as sSTNB1). STM has been demonstrated
to be a specific mier of endothelial cell damag29) and some studies have found high
concentratias of STM in arterial disea$89). Following endothelial injury by
ultrasound, elevation of STM was seen to be rapid and proporttiad severity of the
injury (29). In a paper still in press, New Zealand White rabbits were fed a 1%
cholesterol diet and sTM wasen to increase at 10 weeksached peak values at 14

weeks, and significant correlation was found between sTM and LDL le{@®.

C-reactive Protein andlagnesium

C-Reactive protein (CRP) is a serum protein that has been associated with
inflammation ad increased risk of CVD even38). CRP has been shown in vitro to
reduce mRNA levels of TM in human esttelial cells(40). Low grade inflammation
andelevation of CRP has also been associated with obesitypligd pressure and

diabeteg38). CRP seems to be an independent risk factor for cardiovascular events and
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probably contibutes to the disease proc€43%). Upon admission to the hospital ~7@%
patients with severe unstable angina had elevated levels ca@Rproinflammitory
cytokines(36). The AHA has recommended that further research be done on
inflammatory factors and they have published guidelinasdéfine risk levels for CRP
(38). CRP seems to be an active mediator of atherogesesigll as a predictor or CVD
(40). CRP cardirectly affect endothelial cells, smooth muscle cells, aasl been shown
to stimulateuptake of LDL into macrophagé€40).

Dietary Mg intake has been imgely correlated to CRP lels and dcreased
serum Mg levels have been documented irselpatients with elevated CRBB). Those
who consume less Mg were more likely to have elevated CRP and individuals in any
guartile below the RDA were significantly meolikely to have elevated CRP levégS).
Ways in which Mg status may affect CRP levels is not known at this time but it has been

speculated that it is related to oxidative s¢rer endothelial dysfunctidB8).

Animal Models for Atherosclerotic Remch

The most widely used animal in ather@sokis research is the rab@p).
Nikolaj Nikolajewitsch Anitschkow was the first to observe the feeding cholesterol to
rabbits induced atherogenesis, while feeding it to rateai43). The cholesterol
concentrations in rabbits are very low when fed a normal chow diet (~50 mg/dL) but rise
dose dependently when feed cholesterol. Feeding at least 0.5% cholesterol causes
changes to the arterial intima which are comparable to earlamiesiong43). The
reason that rabbits are prone to atherosclerosis through cholesterol feeding iy that the

cannot increase the rate of excretion of sterols and as a result, the liver produces large
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guantities of lipoproteins that areatbhg e n'i ¢ , nameVLDL (42D Thesend b
atherogenic lipoproteins remain in the blood for an extended period of time.

Dietary restriction of Mg, comparable to daily intakes by Americans, has been
shown to exacerbatgherosclerosis in rabbif$8). Mg deficiency in high cholesterol
fed rabbits has been shown to increase lipid deposition in the intima,geadin
thickening of the intim@18). Feeding saturated fat to rabbits and supplementing with
Mg led to a slight, but significant, decrease in athgeostic lesions in the aortic intima
and in the total cHesterol content of the aor(d4). Pathology studies of these lesions
showed many foam cells with large amounts of lipids.

Another study irwhich rabbitswere fed 1% cholesterol diets with sugplented Mg
showed no change in levels of cholesterol in the serum but aortic lesions and cholesterol
content ofthe aorta were both decreagdd). The authors concluded that supplemental
Mg inhibited lipid accumulation in the aorta wallhese findingsupport the
epidemiological observations that Mg intake can help to deereaidence of

atherosclerotic disease.

Hypothesis/Goals

The goal of this study was determine if supplemental levels of Mg (0.40%
High Mg group) would suppress alwv levek of Mg (0.11%, Low Mg group) would
increase atherosclerotic plaque development in rabbits, compared to a normal level of
intake of Mg in the diet (0.25%, Normal Mg group). | hypothesize that atherosclerotic
plaque, serum cholester@RP, and sTM levelsvouldinversely correlate to dietary Mg

in a dosedependent manner (Low Mg > Normal Mg > High Mg).
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CHAPTER 2: MATERIALS AND METHODS

Preliminary Trials

Pilot trials were carried out to establish appropriate dietary levels of fat and
cholesterol that wuld produce atherosclerotic lesiomsrabbits with minimal adverse
effects. Rabbits are prone to poor food intake (anorefatty liver, and jaundicevhen
fed diets high in faf45). Several dietary levels of Mg were also evaluated in these pilot
trials.

Fourmonthold rabbits were fed a diet consisting of 20% fat and 2% cholesterol
and containing either 0.11% Mg, 0.25% Mg, or 0.40% fdigup to 7weeks Serum
total cholesterol levels ranged from 736 mg/dL to 3255 mg/dL. Plaque was observed in
all diet groups but the rabbits had difficulty with this highdeof fat and cholesterol.
Over time many rabbits incurred complications including anorexia and jaundice.

To decrease incidence of jaundicedaanorexia another trial wasnrun which
four-morth-old rabbits were fed a diet consisting of 10% fat and 1% cholesterol
containing 0.11% Mdor up to 11 weeks Plaque was seen in the aorédier 6 weeks
and there were fewer complications from this diet including a lower incidence of
anorexia and no oidences of jaundice. A 10% fat and 1% cholesterol diet was chosen

as the final diet because plaque was still observed, yet adverse reactions were minimized.

Animal Trial

Four-month old male New Zealand White rablfits22) wereacquiredfrom

Myrtled sabbiry, T h o mp sSwatiod, N After an acclimation period of one week on
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standard chowGatalog # 2031 Harlan Teklabhdianapolis, IN|, rabbits were weaned
onto a sempurified atherogenic diedbver 10 day$y substitutingl0% daily increments
of cholesteroldiet for the standard rabbit chow he basal test di¢Catalog # 1811279,
TestDiet, Richmond, INyontained 10% fat, 1% cholesterol, and 0.11%dWdMg

oxide was then added to the basal dietobtainlevels of 0.25% Mg and 0.40% Mg
(Table5). To assure quality of feed, diet samples were analyzed imdapendent
laboratoryfor Mg, fiber, and fat conterfiVaters Agricultural Laboratories, Inc., Camilla,
Georgia). Rabbits were randomly agsied to one of the three dieggyen deionized
water, and fal ad libitumfor 8 weeks.Feed intake was measured daily and rabbits were
weighed weekly.Animals were houseuhdividually in standard cagingith stainless
steel mesh bottorat normakemperature ankight cycles All procedures were approved

by the hstitutionalAnimal Care andJseCommitteeat the University of lllinois Urbana

Champaign.
0.11% Mg 0.25% Mg  0.40% Mg Harlan Teklad #2031
(Basal Diet) (Chow Diet)
Fat (%) 10 10 10 3
Cholesterol (%) 1 1 1 0
Protein (%) 15 15 15 14
Fiber (%) 21 21 21 21
Magnesium (%) 0.11 0.25 0.40 0.19

Table 5. Diet Composition
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At 8 weeks, rabbits were anesthetized with a mixture of ketamine hydrochloride
(50 mg/kg) and xylazine (10 mg/kg) administered subcutaneously. They were then
euthanized with carbon dioxide. Aortas (aortic arch + abdominal aorta) were harvested
and fixed in formalin. Heatrt, liver, and skeletal muscle were harvested and frozen at

-70°C until analysis.

Serum Analysis

Blood samples were obtainatibaseline2, 4, 6, and 8 weeksa the lateral or
medialsaphenous veiand placednto a noncoated tube (for serunand alithium
heparin tubéfor blood cell collection) Serum samples were allowed to sit for 1 hour at
room temperature to promote clotting. Yiveere then centrifuged at 3000 rpm for 10
minutes anderum was collectedliqoted and frozen at70°C. Lithium heparin
samples were washed with 0.9% saline and centrifuged at 1000 rpm for 10 ramuites
supernatant was discardedihis was repeated iwe (until supernatant was colorlgss
The cellular fraction left was thdrozen at-70°C until analysis

Control serum (Catalog # 44100, Wako Chemicals USA, Inc. Richmond
VA) was used in all cholesteraksays for quality control. Total serutrotesterol was
measured using an enzymatic colorimetric kit (Catalog #4301, Wako Chemicals
USA, Inc. Richmond, VA). All samples except for baseline were diluted by a factor of
10 (1 part serum: 9 parts deionized water) because the levelscimaasterol fedabbit
serum were beyond thusualstandard curve of the kit Triglycerides were measured
using an enzymatic colorimetric method (Catalo@#37492 and #9937592 Wako

Chemicals USA, Inc. Richmond, VA). HDL was measured using a pre®pitaaction
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followed byan enzymatic colorimetric k{Catalog # 43562501, Wako Chemicals USA,
Inc. Richmond, VA).LDL wasthencalculatel using theequation LDL=Total

Cholesterof HDL . Serum thrombomodulin was measured using an ELISA kit (Catalog
#837, American Diagnostica Inc., Stanford, CT). Serum CRP was measured using an
enzymatic colorimetric kit (Catalog #92¥001, Wako Chemicals USA, Inc.). Serum

Mg was measured by the Clinical Diagnostic Laboratory at the College of Veterinary

Medicine @& the University of lllinois Urban&hampaign.

Tissue Analysis

Liver lipids were extracted using a mbdation of the Folch metho@6). The
sample was placed in chloroform: methafiol), homogenizedandfiltered via gravity
filtration. NaCl solution (0.29%) was added, vortexed briefly, and then centrifuged. The
top layer was discarded arftktinterface was washed witl29%NaCl solution. The
remaining solution waglaced in a weighed test tuleaporategplaced in a dessicator
for at least 48 burs, andveighed to determine total lipid$ive ml of PBS was added to
dried liver lipids samples wereesuspendedt 37°C and btal serum cholesterol was
measured using an enzymatic colorimetric kit (Catalog #4301, Wako Chemicals
USA).

Aortaswerescored blindlyin duplicateby a pathologisand a researchet the
Department of Pathobiology, College of Veterinary Medicine, University of lllinois
UrbanaChampaign. A score of®was assigned ®ach aortawith 0 being no plague
and 5 being thenost plague seerAfter fixation in 10% buffered formalislcrose for a

minimum of 24 hours, a parasagital section of the aortic arch was trimmed, embedded in
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paraffin, sectioned at|3m, stained with hematoxylin and eo$i&E) and mounted on
glass sli@s for histological evaluatiorintima thickness was then measured in triplicate

atthe thickest point

Statistics
Analysis of varience (ANOVA)tsatistics wereemployed using th8AS computer
program (SAS Institute, Inc., Cary, N@dF i s h eD ndethodlw&s usetd determine

statistical differences (pOO-pdns) bet ween di
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CHAPTER 3: RESULTS

Body Weight

There were no significant differences in body weights (BW) between gabups

any timepoint. The high Mg group BW did notdiffer from baseline at any time point

Week
Diet
1 2 3 4 5 6 7 8
Low 38+01 39+01 39+01 39+01 38+01 3.7+01 36+x01* 3.6+01*
Normal 38+01 3.7+01 38+02 36+01 36+01 35+0.1 35+01* 3.3+x02*
High 40+00 39+01 39+01 39+02 39+02 38+01 36+x01 3.7+x0.1

Table 6. Body Weights (kg)

Mean + SEM

* = significantly different from baseline p O0 . 0 5)

Body Weight (kg)
w
o

0.0

6.0 q

5.0 4

1.0 1

. —0— Low
Body Weight Norm
Bars=SEM
—a— High

4 5 6 7 8

Time (weeks)

Figure 2. Body Weight(kg)

Mean + SEM
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The

|l ow Mg

and

nor mal Mg

than their baseline BW at 7 and 8 weeks.

Feed Intake

Ther e

wer e

significant

groupbdbs BW were sli

di dy$ 16,18 08c1®s ( p O0. O

21, 34, 38, 39, and 42 (Table 7A, Table 7B, FigUre At days 15, 17, 18, 19, 21, 34,

and

4 2

h e

high

Mg group

had

feed I ntake t

the low Mg group. The normal Mg group did not differ froher the high or low Mg

group on those days. On day 38, the high Mg group had a higher feed intake than the

normal group, and the low Mg group did not differ from either the high or normal Mg

groups. On day 39, the high and low Mg group had no statislifterence in feed

intake and both groups had a higher feed intake than the normal Mg dithenm

average daily feed intake for the entire study was calculated, the high Mg

Day
Diet
1 2 3 4 5 6 7 8
Low 132+18 128+ 26 92+ 27 135+ 50 69+ 19 70+ 17 77+16 97+ 22
Normal 132+13 102+ 15 99+ 17 85+21 60+21 71+23 52+9 70+ 20
High 160+15 121+22 125+24 124+25 10025 107+25 103+x25 81+21
Day
Diet
9 10 11 12 13 14 15 16
Low 85+ 22 67+18 74+ 16 69+ 16 73+ 15 75+13 55+ 13° 65+8
Normal 63+21 53+21 52+14 68+ 14 66+ 14 73+21 80+ 15%° 74+ 12
High 75+ 20 73+ 14 63+7 63+8 62+8 80+10 101+14* 96+13

Table 7A. Feed Intake (g)

Mean + SEM

Letters indicate significant diffenec e
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Day

Diet
17 18 19 20 21 22 23 24
Low 68+9° 66+10° 54+14 59+13 55+8° 66 +9 57+13 53+13
Normal | 71+13° 63+15° 75+15° 68+16 68+17° 65+16 65+13 58+11
High 107 +14 102+ 1P 104+11* 102+15 104+15 89+12 84+7 81+5
Day
Diet
25 26 27 28 29 30 31 32
Low 63+12 74+13 53+9 58+5 50+5 55+ 6 6l+4 65+ 7
Normal 55+15 62+16 44+13 71+14 52+14 58+13 49+13 50+ 10
High 69+5 74+5 65+8 74+12 78+10 75+10 70+ 7 68+ 6
Day
Diet
33 34 35 36 37 38 39 40
Low 68+11 40+10° 52+6 55+ 8 49+7 45+8° 53+8° 54+9
Normal 56+9 50+11* 63+8 80+4 40+6 34+ 7P 32+3 53 +8
High 73+7 75+ 77 78+14 59+14 62+10 62+7°2 55 + 52 60 + 3
Day
Diet
41 42 43 44 45 46 47 48
Low 56+9 53+12° 47+11 52+11 53+7 55+ 7 50 + 8 52+7
Normal 49+ 7 59 + 6% 86+7 41+6 41+9 42+ 9 43+13 40+12
High 64+9 84+11° 65+18 57 +7 52+5 45+5 55+ 10 53+ 9
Day
Diet
49 50 51 52 53 54 55 Avg Daily
Low 56 +6 51+7 54+9 44 + 7 43+9 44+ 9 49+9 64 + 5°
Normal 57+10 57+10 39+10 28+10 30+13 26+13 25+13 59+¢@
High 69+14 54+14 47+10 48+10 55+5 50+ 6 46+ 6 77+ 6

Table 7B. Feed Intake (Q)
Mean + SEM .
Letters indicate significant difference between treatmemsOO0 . 0 5)
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group had a significantly greater feed intake than the normal Mg group and the low Mg

group was not statistically different from either normiahigh Mg group.

— Low
—=— Normal
—a— High

Group Average Daily Feed Intake

180 -
160 -
140 -
120 |\
100 { ©

80 A

Feed (g)

Day 1 Day 11 Day 21 Day 31 Day 41 Day 51
Time (days)

Figure 3. Feed Intake (g)
Mean + SEM

Tissue Analysis

Liver weight (as % of body weight), liver lipids (as % of liver), liver cholesterol
concentration (mg cholesterol/g liver), and total cholesterol in the liver (g) tid no

significantly differ according to dietary treatment (Table 9).

Liver Weight (% of Body Weight) Liver Lipids (% of Liver)

Low Normal High Low Normal High
35%+03% | 3.9%+0.1% | 4.1%+0.3% 15% + 2% 14% + 1% 14% + 1%
Low Normal High Low Normal High

211 +13 190 + 14 169 + 23 246+24 25.0+7.0 26.0+3.9

Table 9. Liver Lipids and Cholesterol
Mean + SEM
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Aortas from animis in the Low Mg group hadhore plaque in the aorta and@oarch

(Table 8,Figure 4 Picture 322) than the Normabr High Mg groupg p005). Amount

of plaque present in the Normal and High Mg groups did not differ significantly.

Histological examination of the aorta found similar results. The Low Mg group had a

greater

i nti mal thi ckness

and High Mg groups were not statistically different.

t handthe NemaNor ma l or

Diet Intima Thickness (microns) Score

Low 474 + 58 3.4+0.4
Normal 274 + 49 1.6+0.2°

High 303 + 58 20+0.3

Table 8. Intima Thickness andoitic Plague Severity Score

Mean + SEM

Letters indicate significant difference between treatmemsO0 . 0 5)

600 -

500 -

400 A

300 A

microns

200 -

100 -

Intima Thickness
Bars=SEM

O Low Mg
& Normal Mg
B High Mg

Figure 4. Intima Thickness
Mean + SEM
Letters indicate
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. O Low M
Average Aortic Plaque Score 9

. . N I M
(Aortic Arch + Abdominal Aorta) 9rma g
Bars=SEM B High Mg

——

Score
w

Figure 4. Aortic PlaqueScore
Mean + SEM .
Letters indicate significant difference between treatmgrmsO0 . 0 5)
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Picture 1A. Aortic Arch and Abdominal Aortd 428 LowMg)

Picture 1B. H&E Stain of AortaL428 LowMg)
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Picture 2A. Aortic Arch and Abdominal Aortd 431 LowMg)

Picture 2B. H&E Stain of Aorta(L431 LowMg)
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Picture 3A. Aortic Arch and Abdominal Aortd 437 LowMg)

Picture 3B. H&E Stain of Aorta(L437 LowMg)
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