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ABSTRACT 

Diets consisting of non-purified guinea pig diet or non-purified guinea pig diet 

supplemented with either 1.1 % of the bile acid binding resin cholestyramine or 0.25% 

cholesterol were fed to dams from the frrst day of conception. Whole body rates of 

endogenous cholesterol synthesis and 3-hydroxy-3-methylglutaryl coenzyme A (HMG

CoA) reductase mRNA levels were determined at 0, 40 and 60 days of gestation in the dam 

and fetus. 

Sterol synthesis studies indicated that maternal hepatic cholesterol synthesis was 

reduced 87% by dietary cholesterol and was increased 2.9-fold with cholestyramine 

feeding. The pattern of fetal hepatic and peripheral tissue cholesterol synthesis rates during 

development indicated that synthesis was highest at 40 days gestation, and by 60 days was 

reduced to levels similar to that found in the adult. Cholesterol synthesis rates in the fetus 

were relatively insensitive to dietary manipulation; however, maternal cholestyramine 

treatment did result in a l.4-fold increase in fetal carcass cholesterol synthesis at 60 days 

gestation. 

To determine whether regulation at the level of feedback suppression or induction 

of steady state RNA levels were also present in the fetal organism, mRNA levels for HMG

CoA reductase were quantified in the maternal and fetal liver. In these studies the guinea 

pig was shown to have two reductase mRNA species of 4.5 and 3.2 kb, similar to 

transcript sizes identified for the hamster, rat and Drosophila. Although nearly equimolar in 

the 40 day gestation fetus the 3.2 kb transcript predominated at 60 days. Dietary treatment 

had only minor effects on fetal reductase mRNA levels at 40 days gestation; however, at 60 

days gestation, fetuses from cholestyramine-fed dams had elevated levels of reductase 

mRNA and fetuses from cholesterol fed dams had reduced levels of reductase mRNA. 
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These studies indicate that maternal cholesterogenic systems maintain 

responsiveness to dietary regulation during pregnancy at both the level of sterol synthesis 

rates and HMG-CoA reductase mRNA levels. These findings also indicate that it is 

possible to influence those mechanisms which modulate cholesterol homeostasis prenatally. 

Further studies will be required to determine if such effects extend into the post-natal period 

and beyond. 
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INTRODUCTION 

Coronary heart disease is currently the leading cause of death in the United States. 

Each year hundreds of thousands of research dollars are spent toward finding the causative 

action and a possible cure for atherosclerosis and related disease states. Although a 

substantial amount has been learned regarding the pathogenesis of atherosclerosis and 

coronary heart disease, the incidence at which this disease occurs has only been moderately 

reduced. 

Current therapies to reduce coronary heart disease risk include both nutritional and 

pharmacological approaches. Although most of these therapies are directed towards adult 

individuals with an established risk profile or disease state, there is now evidence 

suggesting that it is possible to predispose an organism towards an altered sterol 

metabolism by modulating cholesterol homeostatic mechanisms during development. This 

developmental response to environmental cues has been described in several mammalian 

systems, including humans, and has been termed "neonatal imprinting of metabolic 

memory". The implications of such findings are that it may be possible to bias an organism 

. during the early stages of developIl2~!1t to adapt better to dietary lipid challenges as an adult. 

The following studies were undertaken to address whether it is possible to influence 

fetal sterol homeostatic mechanisms by modulating maternal dietary factors. The guinea 

pig was chosen as a model for these studies for several reasons. First, the guinea pig is a 

small laboratory rodent with a long gestational term (65-70 days). The length of this 

gestational term facilitates monitoring maternal influences on fetal metabolism at differing 

time points in development. Second, the guinea pig has a lipoprotein profile similar to 

humans, in that it transports cholesterol primarily as low density lipoprotein (LDL) versus 

high density lipoprotein (HDL). HDL predominates in the rat and hamster, two other 

commonly used laboratory rodents. Third, the guinea pig, in contrast to the rat, possesses 
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a gall bladder similar to humans. Because bile acids are the only means by which sterols 

may be removed from mammalian systems, a similarity in the pathway by which these 

sterols are excreted is also of importance in these studies. Based on these qualifications, 

the guinea pig has the characteristics to be a valuable model system in which to determine 

the potential for maternal modulation of fetal cholesterol metabolism in-utero. 

To determine whether alterations in fetal cholesterol metabolism could be induced 

by dietary challenge to the dam, two interventions were used. Specifically, these studies 

made use of a strong inducer and repressor of the enzyme HMG-CoA reductase, the rate 

limiting enzyme of sterol biosynthesis. Dietary cholesterol, which is well established in its 

role in feedback inhibition of HMG-CoA reductase, was used to suppress maternal sterol 

synthesis. A second agent, the bile acid binding resin cholestyramine, was conversely used 

to induce HMG-CoA reductase activity. The effect of these treatments was then assessed in 

the fetal organism at the level of de novo sterol synthesis as measured by tritiated water 

incorporation into digitonin precipitable sterols and mRNA levels for HMG-CoA reductase. 
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CHAPTER I 

LITERATURE REVIEW 
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GENERAL STEROL METABOLISM 

In mammalian systems, cholesterol is an essential component of cellular membranes 

and lipoproteins and a precursor for bile acids, vitamin D and steroid hormones. Other 

important metabolites which are derived from the isoprenoid biosynthetic pathway include 

ubiquinone, dolichol, isopentenylated adenine (tRNA), Haem A and farnesyl, which is 

covalently bound to many membrane associated proteins (ras proto-oncogenes, nuclear 

lamin). In non-mammalian systems, important products of this pathway include 

farnesylated a-mating factor in yeast, juvenile hormones in insects and cytokines in plants. 

Based on the far reaching implications for the products of this pathway, regulation of sterol 

and isoprenoid biosynthesis has been the subject of many investigations. 

Sterol Biosynthesis 

Cholesterol is synthesized via the isoprenoid biosynthetic pathway, which involves 

conversion of the two carbon unit acetyl-CoA into the 27 carbon steroid ring of cholesterol. 

The initial steps in this pathway involve conversion of three acetyl-CoA into the CoA 

thioester of 3-hydroxy-3-methylglutaric acid (HMG). HMG-CoA reductase (ECI.1.1.34) 

then catalyzes the conversion of HMG-CoA to mevalonic acid, which is further processed 

to generate the five carbon isoprene unit, isopentenyl pyrophosphate (IPP). IPP is then 

used in a series of head to tail condensation reactions to produce the 15 carbon structure 

famesyl pyrophosphate (FPP). Two molecules of FPP are condensed via squalene 

synthetase to make the 30 carbon molecule squalene. Ultimately, cholesterol is generated 

after another series of reactions in which squalene is oxidized, cyclized and decarboxylated. 

It is generally accepted that the overall rate of cholesterol synthesis is controlled by 

the rate at which HMG-CoA is converted to mevalonic acid, and that HMG-CoA reductase 

is the rate limiting enzyme in this pathway. This was initially demonstrated when it was 
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observed that cholesterol feeding reduced the incorporation of acetate into mevalonate, but 

not the conversion of acetate into HMG-CoA (Siperstein and Fagan, 1966). Subsequent 

studies have shown that several other enzymes in the isoprenoid biosynthetic pathway are 

subject to feedback inhibition in response to cholesterol treatment, e.g. HMG-CoA 

synthase and farnesyl pyrophosphate synthetase; however, they do not appear to be 

reduced to the extent that HMG-CoA reductase is and are therefore not rate limiting (Slakey 

et al. 1972). 

The steady state level of cholesterol and other sterols within a cell can be defined as 

being controlled by three factors: 1) the rate of sterol synthesis; 2) uptake of sterols through 

lipoproteins or other mechanisms; 3) utilization, or removal of sterols from the free sterol 

pool. De novo synthesis, as described above, is the pathway by which all sterols originate; 

however, in addition to synthesis, mammalian cells can also acquire sterols through the 

uptake of cholesterol currying lipoproteins. Sterols within lipoproteins are derived either 

from de novo synthesis in other tissues of the body, or from dietary sources. In general, 

lipoprotein uptake is controlled by the number of receptors for a particular lipoprotein on 

the cell surface. In the case of the LDL receptor, which has been extensively studied, a fine 

tuned regulatory system responsive to cellular cholesterol levels controls receptor numbers 

on the cell surface. The third factor controlling the sterol content of a given cell is the rate 

at which sterols are utilized. Utilization, or removal of sterols from the pool of free sterols 

within a cell, involves either export via lipoproteins or as steroid hormones; incorporation 

into a cell membrane or other cellular component; or conversion to bile acids which are then 

excreted. In mammalian systems, the primary pathway by which sterols are catabolized is 

through conversion to bile acids. 

Under some circumstances individual cells or an entire organism is unable to 

balance efficiently the equilibrium between synthesis, uptake and utilization of sterols. 
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Many disease states in both humans and animals are the consequence of an 

overaccumulation of cholesterol. In humans, this overaccumulation frequently leads to 

atherosclerotic build up in arteries and ultimately coronary heart disease. Since an 

overproduction of cholesterol or other isoprenoid compounds causes deleterious effects at 

the level of the whole organism, as well as the cell, higher organisms have evolved a 

complex regulatory system to modulate sterol biosynthesis. One of the most well 

characterized modes of regulation is via feedback suppression of enzymes in the isoprenoid 

biosynthetic pathway. As early as 1951 it was shown that feeding dietary cholesterol to 

rats results in decreased levels of incorporation of [14C]acetate into cholesterol (Gould, 

1951). It has since been demonstrated that suppression of cholesterol synthesis by 

cholesterol feeding also occurs in humans, primates, rats, guinea-pigs, mice, birds reptiles, 

and amphibians (Siperstein, 1970). 

HMG-CoA Reductase 

Perhaps the most well characterized enzyme of the isoprenoid biosynthetic pathway 

is HMG-CoA reductase. As described above, it is considered to be the rate limiting 

enzyme of this pathway and it is subject to feedback repression by cholesterol. Other 

metabolites which also repress reductase activity are oxygenated sterols, mevalonate and 

bile acids. 

The regulation of HMG-CoA reductase occurs at multiple levels within the cell 

(Goldstein and Brown 1990). As well as feedback inhibition, reductase expression and 

activity are also known to be induced in the absence of sterols. Pharmacological agents 

which are known to induce reductase activity are cholestyramine and mevinolin. 

Cholestyramine, a non-absorbable bile acid binding resin, is commonly used as a 

therapeutic agent for controlling elevated plasma cholesterol levels in humans and acts by 
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binding bile acids in the gut and removing them from enterohepatic circulation. 

Cholestyramine feeding results in moderately elevated levels of reductase activity and 

increased numbers of hepatic LDL-receptors. The consequence of increased LDL-receptor 

numbers is a lowered plasma cholesterol level. Other drugs commonly used to lower 

plasma cholesterol levels are lovastatin (mevinolin) or compactin. These drugs are 

competitive inhibitors of HMG-CoA reductase; and, although they affect a massive 

induction of HMG-CoA reductase protein levels, overall enzyme activity is inhibited. 

Other compounds which modulate HMG-CoA reductase activity via mechanisms 

other than end product repression or induction are hormones. Insulin, thyroid hormone, 

adrenalin and glucocorticoids are several hormones which have a stimulatory effect on the 

enzyme. In contrast, glucagon has been shown to be inhibitory. It has been further 

demonstrated that glucagon and insulin modulate reductase through protein kinase A, 

which is responsive to cAMP levels. 

HMG-CoA reductase activity is also modulated by dietary status. Fasting has been 

shown to cause a marked reduction in HMG-CoA reductase activity (up to 1O-fold) within 

a period of several hours. Refeeding causes a concomitant increase in reductase activity. It 

was initially suggested that this mode of regulation was responsible for the observed 

diurnal rhythm of reductase, wherein activity levels are highest at mid-dark and lowest at 

mid-light. This rhythm accounts for up to a 7-10 fold fluctuation in reductase activity 

during the course of a day. Although the diurnal rhythm does coincide to some extent with 

the feeding schedule, it is still present in fasted animals; therefore, feeding schedules alone 

cannot account for the diurnal regulation of reductase. 

Other Enzymes of the Isoprenoid Biosynthetic Pathway 
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Although HMG-CoA reductase is undoubtedly the most well characterized enzyme 

of the isoprenoid biosynthetic pathway several recent studies have indicated that two other 

enzymes in this pathway, HMG-CoA synthase (Smith et al. 1988) and famesyl 

pyrophosphate synthetase (Rosser et al. 1989), are also subject to feedback regulation by 

sterols. In general however they are much less well characterized than reductase and will 

not be considered here. 

Sterol Catabolism 

Once cholesterol has either been synthesized or taken up by mammalian cells the 

major pathway of catabolism is through conversion to bile acids. Bile acids are important 

in mammalian systems in that they emulsify dietary fat in the intestine and allow far its 

absorption. After bile acids are secreted into the intestinal lumen up to 95% are reabsorbed, 

taken up through the portal circulation by the liver and reexcreted. The rate limiting enzyme 

which controls the conversion of cholesterol into bile acids is cholesterol 7 a-hydroxylase. 

This enzyme is also subject to feedback repression by its end products which in this case 

are both primary and secondary bile acids. Bile acids play an important role in modulating 

sterol biosynthesis in mammals; and their depletion, as occurs when using the drug 

cholestyramine, is a convenient method by which to measure induction of enzymes in the 

isoprenoid biosynthetic pathway. 

DEVELOPMENT AND STEROL METABOLISM 

The nature of the studies involved in this dissertation concern developmental 

aspects of cholesterol homeostasis in the guinea pig. Therefore, the following section will 

consider what is known regarding development and sterol metabolism. Although nearly all 

of these studies have been conducted in mammals, several new findings, in particular the 
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cloning of relevant genes from non-mammalian systems, allow for some insight into the 

developmental significance of isoprenoid biosynthesis and regulation in other systems as 

well. 

Neonatal Imprinting of Metabolic Memory 

It is well known that genetic factors contribute significantly to cholesterol and 

lipoprotein metabolism. However, genetic factors cannot account for all of the 

heterogeneity observed in sterol metabolism; therefore, it is postulated that environmental 

factors may also have an important role in modulating cholesterol homeostasis. One period 

when environmental factors may be critical is during the early stages of development. This 

effect was first demonstrated in 1972 when Reiser and Sidelman (1972) showed that 

suckling animals exposed to high levels of cholesterol in milk were better able to handle a 

dietary cholesterol challenge as adults. This potential for early nutritional manipulation to 

have long-term effects has been termed "neonatal imprinting of metabolic memory". 

Most studies investigating neonatal imprinting have focused on post-natal 

interventions and their effects in the adult animal. Less is known about the role for pre

natal interventions, which will be the focus of this review. There are several studies which 

suggest that the pre-natal nutritional environment may have significant long-term effects on 

cholesterol regulatory mechanisms. In the guinea pig, when dams are fed 0.25% 

cholesterol during gestation, their newborn pups have an elevated plasma cholesterol level 

and a decreased bile acid pool size at birth (Hassan et al. 1981). This indicates that elevated 

levels of maternal cholesterol can influence fetal sterol metabolism. However, in direct 

contrast to this finding, when Innis (1982) fed pregnant rats a diet high in fat and 

cholesterol (20% fat: 15% lard, 5% corn oil; 5% cholesterol) there was no effect on fetal 

HMG-CoA reductase or cholesterol 7 a-hydroxylase activity. Innis did demonstrate, in 



similar studies, that feeding dams 5% cholestyramine caused fetal hepatic HMG-CoA 

reductase activity to be elevated 1.9-fold at 20 d gestation (Innis 1982). 
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To date, there are two studies (Corey et a1. 1976; Christian and Kang 1977) which 

address the issue of pre-natal imprinting in humans. These studies indicate that plasma 

cholesterol levels in newborn homozygotic twins are more strongly correlated when fetuses 

are mono- rather than dichorionic. This implies that pre-natal placental nutritional and 

honnonal factors may have a significant effect on cholesterol levels in newborns. Taken 

together, these studies suggest that the pre-natal nutritional environment may influence 

adult cholesterol homeostasis; however, it has yet to be detennined if there is a critical 

period during which pre-natal interventions are most significant. 

Sterol Requirements in Pregnancy 

During pregnancy there is an increased demand for cholesterol for several reasons: 

first, there is a need for cholesterol for membrane biosynthesis during periods of tissue 

hypertrophy; and second, steroids are required as precursors for honnone production. 

Different organisms meet this increased need for sterols in various ways. In the chicken, 

much of the cholesterol required by the developing fetus is "pre-supplied" in the yolk. The 

chicken egg has from 135-170 mg cholesterol, while the entire chick at hatching contains 

approximately 169-297 mg of this sterol (Belknap and Dietschy, 1988). In contrast to a 

system where most of the cholesterol required for development is stored prior to 

fertilization, viviparous organisms must have another source of cholesterol, be it maternal 

or fetal in origin. During developmental periods of hypertrophy the exponential increase in 

body mass engenders an increased cholesterol need for membrane biogenesis. In the rat, it 

has been demonstrated that during the greatest period of growth, 1 .. 5 to 2.0 mg of 

cholesterol are required per gram increase in body weight (Turley and Dietschy 1988). 
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Sterols are also required in the developing fetus as the precursor for steroid 

hormone biosynthesis (Turley and Dietschy 1988). It has been calculated that the human 

fetal adrenal secretes up to 200 mg of steroids per day, most of which is 

dehydroandrosterone sulfate (CUlT and Simpson 1982). This rate is 4-10 times greater than 

that of adults, and the fetal adrenal is actually larger than at many subsequent stages of 

development (Carr and Simpson 1982). In humans, the rate of sterol synthesis in the fetal 

adrenal has been measured to be 2.6 /lg/g-h, as determined by tritiated water incorporation 

into sterols (Carr and Simpson 1981 a). 

The mechanism by which steroid hormones are synthesized by the fetoplacental unit 

is relatively complex. The placenta is an incomplete organ and requires fetal organs for 

steroid hormone biosynthesis. It is currently believed that the major precursor for steroid 

hormones is maternal LDL-cholesterol, since the placenta does not have the full 

complement of enzymes to synthesize cholesterol on its own. The placenta uses LDL

derived cholesterol to synthesize pregnenolone and progesterone (Chard et al. 1983). The 

placental trophoblast secretes progesterone until term, which is required for normal uterine 

growth and maturation of the endometrium. Pregnenolone is further processed in the fetal 

adrenal to dehydroandrosterone sulfate or cortisol. Dehydroandrosterone sulfate is 

ultimately converted to estrogen in the placenta or testosterone in the fetal testis. CUlT et al. 

(1985) have suggested that LDL cholesterol may be the major source for steroid hormone 

biosynthesis in the fetal adrenal and that this organ may control the absolute level of 

circulating LDL in fetal plasma. Studies in the anencephalic fetus,where the adrenals are 

atrophied and the production of both estrogen and glucocorticoid hormones are markedly 

reduced, provide support for this theory. The reduction in steroid hormone production in 

the anencephalic fetus is accompanied by a 3-fold elevation in fetal LDL-cholesterollevels. 



These findings imply that the fetal adrenal may be an important site for catabolism of 

circulating fetal LDL. 

Placental Transfer 
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Although it is known that the placenta derives much of the cholesterol it needs for 

hormone synthesis from circulating lipoproteins, studies addressing the origin of 

cholesterol used by the fetus are less conclusive. As early as 1935, it was demonstrated 

that transfer of free cholesterol from the placenta to the fetus was possible in humans (Boyd 

and Wilson 1935). Further studies showed that deuterium labeled cholesterol was 

transferred from maternal to fetal blood in rats (Goldwater and Stetten 1947). When the 

guinea pig was used as a model, Connor and Lin (1967) found that 20-24% of cholesterol 

at parturition in serum, liver, heart and lung was of maternal origin; whereas maternally 

derived cholesterol represented only 15-17% in the fetal skeletal muscle and kidney and 

only 2% in the fetal brain. Connor and Lin (1967) also found that when 0.1 % cholesterol 

was added to the maternal diet the proportion of fetal cholesterol derived from maternal 

sources increased to 52-65%. Recent studies in the rat, which address whether or not 

lipoproteins such as LDL are transferred across the placenta, suggest that during a 6 h time 

course [l25I]cellobiose labeled LDL injected into the dam was rapidly taken up by the 

placenta; however, no portion of this radiolabeled LDL was recovered in fetal tissues 

(Belknap, 1988). These findings imply that the apoprotein moiety of LDL is not 

transferred to the fetus in significant amounts. However, because rats are primarily HDL 

animals and possess very low levels of LDL in vivo, determining the net transfer of labeled 

LDL may not be of physiological significance in this organism. 

The placenta has been demonstrated to have relatively low rates of cholesterol 

synthesis, and it is believed that this organ obtains most of the sterol used for hormone 
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synthesis and growth from circulating LDL. Feingold et al. (1983) demonstrated that 

placental rates of sterol synthesis in the rat were 90% lower than those measured in the 

fetus at 19 d gestation. Similarly, Belknap and Dietschy (1988) measured rat placental 

sterol synthetic rates and found values between 70-80% lower than fetal levels at periods of 

gestation ranging from 14-21 d. In one study addressing regulation of sterol synthesis in 

the placenta, it was shown that dams fed 2% cholesterol did not have altered rates of 

placental sterol synthesis (Feingold et al. 1983). 

Lipoproteins and Plasma Cholesterol Levels 

In both humans and the rat, the lipoprotein profile that occurs in response to 

pregnancy is relatively well characterized. In humans, plasma cholesterol levels begin to 

rise during the second trimester and this increase is maintained throughout pregnancy 

(Knopp et al. 1973). This rise represents an increase in both circulating VLDL and LDL 

(Knopp et al. 1973). Hypertriglyceridemia is also commonly observed in humans during 

the latter stages of gestation (Knopp et al. 1970). It is postulated that this 

hyperttiglyceridemia, which is accompanied by increased matemallipolysis, is essential for 

fetal energy utilization. In the rat, during the 21 days of gestation, the dam often becomes 

both hypercholesterolemic (Montes et al. 1978; Johansson, 1983) and hypertriglyceridemic 

(Jones, 1976; Montes et al. 1978). Hypercholesterolemia has also been observed in the 

pregnant pig (Walsh-Hentges and Martin 1987). Although the trend of hyperlipidemia is 

common for many mammals, it is absent in some species such as the guinea pig which 

becomes both hypocholesterolemic and hypotriglyceridemic during pregnancy (Hershfeld 

and Nemeth 1968; Jones, 1976; Chapter II). 

The effect of dietary interventions on plasma cholesterol levels in pregnant animals 

generally reflects the trend observed for non-pregnant animals. When pregnant rats were 



fed diets containing 2% cholesterol, dams hud a significant elevation in their plasma 

cholesterol levels (Feingold et al. 1983). Similarly, when pregnant rats were challenged 

with a diet high in fat and cholesterol (15% lard, 5% corn oil; 5% cholesterol) a 6.1-fold 

increase in maternal plasma cholesterol was observed; however, in this study one cannot 

separate dietary fat effects from those induced by cholesterol (Innis, 1988). Feeding 

pregnant rats diets containing 5% cholestyrarnine generally does not result in an altered 

plasma cholesterol level, although in some cases there is a modest increase in plasma 

cholesterol levels (Innis, 1988; Innis, 1983b; Innis, 1983a). 
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Although pregnant mammals respond in a manner very similar to non-pregnant 

animals when challenged with dietary cholesterol or cholestyramine, the fetal response is 

less well characterized. When Innis subjected dams to a diet high in fat and cholesterol 

(15% lard, 5% corn oil; 5% cholesterol), fetal plasma cholesterol levels were increased 

47% (Innis, 1988). Similarly, Hassan et al. (1981) demonstrated a 2-fold elevation in the 

plasma cholesterol in newborn guinea pig pups when dams were fed 0.25% cholesterol. 

However, when Connor and Lin (1967) feed 0.1 % cholesterol to the dams, fetal plasma 

cholesterol levels were unaffected. In those studies where cholestyramine has been fed 

maternally to rats there has been no response in the fetus (Innis, 1988). More studies in 

this area will be required to determine conclusively whether or not fetal plasma cholesterol 

levels are responsive to maternal dietary manipUlation. 

Effects of Pregnancy on Cholesterol Homeostasis 

Although much of this review will focus on specific effects of pre-natal 

interventions on fetal cholesterol metabolism, those changes which affect the dam and are 

associated with pregnancy itself, are also interesting and will be considered here. The 

effect of pregnancy on HMG-CoA reductase and sterol synthesis is somewhat 
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controversial. In the rat. HMG-CoA reductase has been demonstrated to either decrease 

(71 %). or remain unchanged at 20 d gestation as measured by one laboratory (Innis. 1983; 

Innis. 1986). Contrary to these findings. Feingold et al. (1983) demonstrated a 2.5-fold 

increase in sterol synthesis rates for both the pregnant rat (d 19 gestation) and the pregnant 

Sanguines Fusciolli monkey (date of gestation not reported). Similarly. Reichen et al. 

(1987) showed sterol synthesis rates to be elevated 3.2-fold in the 14-d pregnant rat; 

although at 10 d gestation sterol synthesis rates were not different from non-pregnant 

control animals. 

In studies where pregnant dams were challenged with dietary cholesterol. results 

indicate feedback suppression of cholesterogenic enzymes and cholesterol biosynthesis. as 

is commonly observed in non-pregnant animals. However. since normal bile acid 

metabolism is often altered by pregnancy. unique responses to dietary cholestyramine with 

pregnancy are not particularly surprising. In general. cholestyramine treatment of pregnant 

animals has a somewhat less marked effect than is found for non-pregnant animals. Innis 

has reported on several occasions reduced levels of HMG-CoA reductase activity 

(approximately 2-fold) for cholestyramine-fed dams as compared to controls (Innis. 1986; 

Innis. 1983b). 

Ontogeny of HMG-CoA Reductase Activity 

The developmental pattern of of rat HMG-CoA reductase activity was first 

described in 1972 by McNamara et al. (1972). These studies demonstrated that hepatic 

HMG-CoA reductase activity in the fetal rat peaks prior to birth and is followed by a sharp 

postnatal decline during the suckling period. At weaning. when the dietary source of 

cholesterol is removed. HMG-CoA reductase activity rises again; although this level is 

lower than that observed prenatally. Ness and coworkers (1978) showed a similar pattern 
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for fetal rat HMG-CoA reductase activity (17-20 d) which was identical in liver and lung; 

although brain reductase activity peaked postnatally. Further studies in the rat have verified 

this pattern of activity in the fetus (Carlson et al. 1978; Leoni et al. 1986; Innis, 1985). In 

humans, HMG-CoA reductase activity is highest at 11 weeks of age and progressively 

decrease up until 22 weeks gestation (Carr and Simpson 1981 b). The level of reductase 

activity has not been determined at time points later than 22 weeks in humans therefore it is 

not known whether the human enzyme, as has been shown in the rat, also peaks prior to 

birth. 

To determine whether the regulatory system of phosphorylation and 

dephosphorylation is active in the fetus, total versus active levels of fetal hepatic reductase 

were measured using NaF as an endogenous phosphatase inhibitor. In the rat, the ratio of 

active to inactive reductase at 16 d gestation is approximately 1: 1; however, at 21 d 

gestation, the more typical 3: 1 (total:active) ratio was observed (Leoni et al. 1986). When 

Carr and Simpson (1981) determined total and active levels of HMG-CoA reductase in 

human abortus tissues they found that total reductase activity was generally 5 to 8-fold 

greater for all time points sampled (11-22 weeks gestation). These findings suggest that 

regulation of reductase at the level of phosphorylation/dephosphorylation is functional 

during development; although in the rat this mode of regulation may not be apparent until 

very near parturition. 

Ontogeny of Cholesterol Synthesis 

The pattern of activity described for HMG-CoA reductase has been further 

corroborated by studies which have measured the developmental pattern of cholesterol 

synthesis. In 1973 Wrobel and coworkers (1973) assayed rates of cholesterol synthesis 

using tritiated water and demonstrated a pre-natal peak in cholesterol synthesis followed by 
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a postnatal decline both in vivo and in vitro for fetal rat hepatic tissues. Similarly, Leoni et 

al. (1984) demonstrated a 10-fold peak in cholesterol synthesis just prior to birth in rat liver 

homogenates. Studies by Belknap and Dietschy (1988) also indicated that fetal sterol 

synthesis increased 1.5-fold from day 14 to peak at day 17 of gestation. Fetal sterol 

synthesis then declined to approximately 60% of this value at 21 d gestation. 

In human abortus tissues hepatic and adrenal cholesterol synthesis, as measured by 

tritiated water, increased from weeks 10-15 and then declined up to 21 weeks gestation 

(Carr and Simpson 1982). The highest rates of cholesterol synthesis per gram tissue were 

found in the adrenal followed by liver and then testis. A similar trend of decline with 

increasing lengths of gestation was found for both chick liver and brain, where a gradual 

decrease in sterol synthesis was observed as development progressed (Marco et al. 1985). 

However, because the chick has large reserves of stored cholesterol, comparison with 

viviparous animals may not be appropriate. 

An interesting pattern of development followed by senescence was further 

demonstrated by Belknap and coworkers for the fetal parietal yolk sac. This tissue, which 

consists of an outer cell layer of cytotrophoblasts, a basement membrane and an inner cell 

layer of endoderm, had rates of sterol synthesis 2-fold greater than the fetus itself at 14-d 

gestation. However, at 16-d gestation a sharp decline in synthesis occurred and by 20-d 

gestation levels of sterol synthesis in this tissue were negligible (Belknap and Dietschy 

1988). 

Overall, sterol synthesis rates reflect the pattern observed for HMG-CoA reductase 

activity. This pattern of expression varies however between the human and the rat in that in 

rats fetal hepatic sterol synthesis rates and reductase activity peak just prior to birth; 

whereas in humans, where the gestational term is much longer, sterol synthesis and 
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reductase activities peak nearer mid-gestation. The significance of these findings may relate 

to those periods at which new sterols for membrane synthesis are most acute. 

Regulation of HMG-CoA Reductase Activity and Sterol Synthesis During 

Development 

The question of whether fetal cholesterol homeostatic mechanisms are functional 

pre-natally has been addressed in two types of studies. One involves challenging the dam 

with various dietary components to measure fetal responses in vivo. A second group of 

studies has addressed the response of fetal tissues in vitro to pharmacological and other 

manipulations. 

To determine if feedback suppression of cholesterol biosynthetic enzymes, which is 

well established for adult organisms, occurs in the fetal animals; several investigations have 

measured the fetal response to dietary cholesterol. When Innis (Innis, 1988) fed pregnant 

rats a diet high in fat and cholesterol (HFC) (15% lard, 5% com oil; 5% cholesterol) from 

conception onwards, fetal hepatic HMO-CoA reductase activity was reduced 25%. 

However, in these studies one cannot determine if alterations are due to the high fat or 

cholesterol levels. In another study, where again both fat (47%) and cholesterol (1 %) were 

added to the maternal diet, Naseem and coworkers (1980) demonstrated a reduction in 

perinatal rat hepatic reductase. 

In the human anencephalic fetus, where the circulating plasma LDL concentration is 

3 times the normal level, Carr et al. (1985) showed liver reductase to be 10-fold lower at 

periods between 17 and 46 weeks gestation. In these studies, it was further demonstrated 

that reduced levels of hepatic reductase activity were due to a decreased in HMO-CoA 

reductase protein by immunoblotting. The inhibition of reductase activity here was specific 

in that other hepatic enzymes such as NADPH cytochrome C reductase and glucose-6-
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phosphatase had normal levels of activity. However, one confounding factor in studies 

which use the anencephalic fetus is that glucocorticoid hormone levels are abnormally low 

due to atrophied adrenals; therefore, it is difficult to separate the lack of stimulation from 

these hormones from the suppression that may be occurring due to high plasma LDL 

cholesterol levels. From these findings it appears that fetal HMG-CoA reductase activity, 

when determined in vivo, is sensitive to elevated levels of fat and cholesterol and/or LDL 

cholesterol. 

In vitro studies using fetal rat hepatocytes have shown some modulation of HMG

CoA reductase activity in response to exogenous cholesterol. When fetal rat hepatocytes 

isolated at 19 and 21 d gestation, were incubated with 100 Ilg/mi cholesterol, a modest 

reductionof 6% in reductase activity was demonstrated only in the 19 d adults (Leoni et al. 

1986). Under the same conditions, adult reductase activity was reduced 46% in 

hepatocytes. It was further demonstrated that mevalonate decreases reductase activity 38 

and 3% at 18-19 and 20-21 d gestation respectively. Mevalonate added to adult rat 

hepatocytes decreased reductase activity 52%. These studies are inconclusive in that 

exogenous cholesterol added to media without a carrier molecule is not a physiologically 

meaningful way to transfer sterols into cells. It is therefore difficult to conclude from these 

findings whether or not fetal hepatocytes, in vitro, are sensitive to repression by sterols. 

In contrast, when fetal sterol synthesis rates were measured in response to 

cholesterol feeding, feedback suppression of cholesterol homeostatic enzymes was not 

observed. In the rat, feeding 5% cholesterol to dams had no effect on fetal hepatic 

cholesterol synthesis as measured by [14C]acetate incorporation (Miguel and Abraham 

1976). Similarly, Feingold and coworkers (1983) used tritiated water to measure sterol 

synthesis and failed to see an effect of cholesterol feeding (2% for 1 week) on fetal 

cholesterol synthesis; although, maternal hepatic sterol synthesis was reduced by 90%. 



Taken together, the above findings do not demonstrate that feeding dietary cholesterol 

during pregnancy has a significant effect on fetal cholesterol homeostasis in vivo. 
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Several interventions other than cholesterol feeding have been studied in pregnant 

dams and their fetuses. In particular, the pharmacological agent cholestyramine has been 

used to determine if it is possible to induce fetal HMG-CoA reductase and sterol synthesis. 

In a series of studies by Innis, it has been repeatedly demonstrated that cholestyramine 

feeding (5%) results in an elevated hepatic HMG-CoA reductase activity in the fetus. This 

reported increase ranges from 1.4 to 1.9-fold (Innis, 1983a; Innis, 1985; Innis, 1988). 

The mechanism by which the non-absorbable bile acid-binding resin cholestyramine effects 

such a change in the fetus is unknown. In the adult animal cholestyramine binds bile acids 

in the gut and enhances fecal bile acid excretion, which creates a drain on the hepatic pool 

of bile acids and results in an increased rate of cholesterol catabolism. A secondary effect 

of cholestyramine feeding is to induce LDL receptor synthesis and increase the total number 

of hepatic LDL receptors. In the case of the fetal induction of HMG-CoA reductase, the 

mechanism by which metabolic or hormonal changes are transferred across the placenta is 

unclear. One hypothesis is that reduced levels of primary and secondary bile acids may 

mediate a regulatory effect to increase fetal HMG-CoA reductase. 

Glucocorticoids, progesterone, estrogens, insulin, glucagon, androgens, T3, EGF, 

FGF and GH are hormones that have been shown to eHicit responses in fetal hepatocytes 

isolated from human abortuses. Hormones which stimulate human fetal HMG-CoA 

reductase activity include ACTH, glucocorticoids (dexamethasone, cortisol), progesterone 

and estrogens (El, E2, E3) (Carr and Simpson 1984). Whereas the steroid hormone 

androgens, the peptide hormones glucagon, insulin and GH and peptide regulatory factors 

T3, EGF, and FGF inhibit HMG-CoA reductase activity (Carr anq Simpson 1984). From 



these data one would predict that cholesterol synthesis could be stimulated by steroid 

products of the fetal adrenal or their metabolites. 

Hepatic Lipid Concentrations 
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In general, reports using the rat and hamster indicate that although liver weight 

increases significantly during pregnancy, hepatic cholesterol concentrations are not altered 

(Montes et al. 1978; Reichen et al. 1987; Innis, 1986). These findings are in contrast to 

what is known about hepatic triglycerides. It has been shown in the guinea pig and rat that 

hepatic triglycerides are reduced late in gestation (Jones, 1975; Montes et al. 1978). This 

change is accompanied by an increase in maternal lipolysis and suggests that fatty acids are 

mobilized as a source of energy for the fetus. 

Sterol Catabolism in Pregnancy 

Bile acid production is the primary pathway for cholesterol catabolism, and the rate 

limiting enzyme for this pathway is hepatic cholesterol 7 ex-hydroxylase. As mentioned 

previously, bile acid metabolism and enterohepatic circulation are frequently altered during 

pregnancy. Pregnancy can be characterized as a physiologic state in which serum levels of 

estrogen and progesterone are significantly elevated. Both of these hormones are known to 

alter normal biliary excretory function. Although the mechanism by which these hormones 

affect bile acid excretion is not known, it has been hypothesized that progesterone may 

inhibit normal smooth muscle contraction (Ylostalo et al. 1982). Decreased levels of 

smooth muscle contraction may result in lower rates of bile acid excretion from the gall 

bladder. The consequence of these alterations is often an increased risk for cholestasis and 

gall stone formation in pregnant women and it has been conclusively demonstrated that 

there is an increased biliary cholesterol saturation in the second half of pregnancy (Kern et 
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al. 1981). Another mechanism which undoubtedly contributes to cholestasis in pregnancy 

is the observed reduction in cholesterol 7 a-hydroxylase activity which has been 

demonstrated in the rat (Innis, 1983b; Innis, 1983a) and hamster (Reichen et aI. 1987). In 

two separate studies 7 a-hydroxylase activity was reduced 37 and 94% in the 20 d 

gestation pregnant rat (Innis, 198:;b, Innis, 1983a). Therefore, it appears that elevated 

levels of progesterone and estrogen, when combined with decreased rates of 7 a

hydroxylase activity, lead to cholestasis and risk for gallstones in pregnant organisms. 

MOLECULAR MECHANISMS AND CONTROL OF CHOLESTEROL 

HOMEOSTASIS 

Although the above studies indicate that the physiological state of pregnancy and 

fetal cholesterol metabolism are well characterized, they are essentially all descriptive in 

nature. Recent technological advances, however, have allowed for a more detailed 

understanding of how cholesterol metabolism may be regulated at the molecular level. The 

final section of this review therefore will focus on the molecular characterization of those 

genes which are known to regulate cholesterol homeostasis and those studies which pertain 

to development will be considered. 

Molecular Characterization of HMG-CoA Reductase 

HMG-CoA reductase has previously been determined to be the rate limiting enzyme 

of sterol biosynthesis. Although the intact mammalian enzyme has never been purified, the 

cDNA isolated in 1982 for hamster HMG-CoA reductase, predicts an enzyme that would 

have a Mr of 97,000 (Chin et ai. 1982). HMG-CoA reductase has been localized on the 

smooth endoplasmic reticulum (Basson et aI. 1988) and has also been found in 

peroxisomes (Keller et aI. 1986). From the cDNA, reductase was inferred to consist of 
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three domains, a hydrophobic membrane bound amino terminal region, a poorly conserved 

linking region and a water soluble catalytic domain. The amino-tenninal domain consists 

of 339 amino acids and has regions which specify seven membrane spanning segments. 

The COOH-terminaI region (548 amino acids) is predicted to contain two l3-sheets and a 

series of amphipathic helices. This portion of reductase is highly conserved and is thought 

to contain the active site of the enzyme (Liscum et al. 1985). Northern blot analysis of UT

I cell (a CHO cell line with elevated levels of reductase) total RNA, reveals two mRNAs of 

4.7 and 4.2 kb, both of which appear to be subject to repression by sterols. 

The genomic clone for HMG-CoA reductase was isolated from a hamster UT-l 

library (Reynolds et al. 1984). The reductase gene was found to be 25 kb in length with 20 

exons. The 5' untranslated region of the reductase gene is somewhat unusual in that it is 

very long (670 bp) and has 8-ATG codons upstream of the ATG used to initiate translation. 

The 5' region has also been shown to have multiple transcription initiation sites as 

determined by S 1 nuclease and primer extension analysis. The 5' region is also unusual in 

that it lacks both a TA TA and CCAA T box and is GC rich (65%). Although these features 

are uncommon for many eukaryotic genes, the reductase promoter has been shown to have 

homology with the SV40 5' untranslated region. Like SV40, there is an element 80 bp 

upstream of the transcription initiation site in reductase that is GC rich and has two perfect 

repeats and one imperfect repeat of a 21 bp sequence containing the sequence CCGCCc. 

This region in SV40 has been demonstrated to interact with the cellular transcription factor 

Spl. Also, like SV40, reductase is subject to end product repression of transcription. The 

3' un translated region of the reductase gene is less well characterized; however, it is known 

that this region is up to 1944 bp long and has multiple sites for polyadenylation (Reynolds 

et aI. 1984) 
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The presence of an intron in the 5' region of the HMG-CoA reductase gene 

suggests that alternate splicing may occur in this region. This possibility was addressed in 

studies by Reynolds et al. (1985), where the exact size of the 5' region was detennined by 

primer extension and S 1 nuclease analysis. These studies revealed 16 different transcripts 

for the 5' region of the gene, varying in length from 68-670 nucleotides, in hamster UT-l 

cells. It is hypothesized that these differences arise from multiple transcription initiation 

sites and multiple 5' splice donor sites for the intron in the 5' untranslated region of the 

gene. An additional aspect of this study showed that all of these variable mRNA species 

were diminished when cells were incubated with sterols. 

In studies addressing potential mechanisms for regulation of reductase, Osborne 

and coworkers (1987) reported that there were 6 regions within a 277 bp portion of the 5' 

untranslated region that bound proteins to produce footprints. When mutated, two of these 

regions were shown to be essential for transcription in vitro. A third region, when 

mutated, resulted in constitutive transcription, even in the presence of sterols, implying that 

this region may be important for sterol mediated repression of transcription (Osborne et al. 

1988). In 1988, Gil et al. (1988) used DNA affinity chromatography, with 

oligonucleotides corresponding to two of these footprint regions, to purify a single activity 

that accounted for the 6 footprints. This activity was a doublet of proteins with Mr of 33 

and 35 kD, and has been tenned reductase promoter factor 1 (RPF-l). All 6 footprints 

which bind this protein doublet have been shown to contain TGG, both of whose 

guanosines contact RPF-l. The footprint which binds RPF-l with the greatest affinity has 

been shown to be palindromic (TGG(n7)CCA), and is similar to a sequence in adenovirus-

2 which binds NF-l. Later in this same year (Gil et al. 1988), cDNAs for the RPF-l 

proteins were isolated and were designated pNFIlRedl A and B. The amino-tenninal 

regions of these proteins were virtually identical to the NF-l family of proteins, and 
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contained a DNA binding domain. It is hypothesized that the carboxyl terminal may confer 

specificity to these proteins and that they may interact with other DNA binding proteins. 

Based on these findings, in addition to information obtained from the 

characterization of other genes in the cholesterol biosynthetic pathway, the core site for 

sterol mediated regulation has been identified. This region is now known to be an octamer 

(GTG(C/G)GGTG) and is referred to as the sterol responsive element (SRE-l) (Smith et 

al. 1988; Metherall et al. 1989). In reductase, this region appears to be responsible for the 

repression of transcription by sterols. The SRE will be discussed in further detail in later 

sections. 

Proteins Which Interact with the Reductase Promoter 

Cellular Nucleic Acid Binding Protein: 

A protein which specifically binds to the reductase promoter has recently been 

identified (Rajavashisth et al. 1989). In this case oligonucleotides containing the SRE 

octamer were used to screen a human expression library. A protein, designated the cellular 

nucleic acid binding protein (CNBP), was found to bind to the SRE octanucleotide in a 

sequence and single strand specific manner. This protein has seven tandem Zn-finger 

repeats, and has homology with a family of retroviral nucleic acid binding proteins 

(NBP's). The cDNA is 1,500 nucleotides long and generates a 19 kD protein when 

translated in vitro. A similar 19 kD protein has been identified in Hep G2 nuclear extracts, 

which is responsive to cholesterol (Rajavashisth et al. 1989). It is likely that this protein 

and CNBP are identical, in that mRNA levels for CNBP increase 4-fold when Hep G2 

cells are incubated with sterols. The mRNA for CNBP has also been shown to be 

expressed in a variety of rat tissues, with the highest levels being fqund in the adrenal and 

testes (Rajavashisth et al. 1989). There is also evidence that this protein can bind SRE 



39 

motifs that are present in the LDL receptor, HMG-CoA synthase, famesyl pyrophosphate 

synthase, and mouse apo AIV genes (Rajavashisth et al. 1989). The implications for the 

single stranded specificity of this protein are as yet unclear; however, it is interesting to 

note that the estrogen receptor also specifically binds single stranded DNA. Further studies 

will be necessary to demonstrate that this protein is actually involved in transcription of 

cholesterol homeostatic genes. 

Oxysterol Binding Protein: 

Early studies by Saucier and coworkers (1989) demonstrated that oxysterols, which 

are natural metabolites of cholesterol, are much more potent repressors of cholesterol 

biosynthesis than cholesterol itself. Recently, an oxysterol binding protein has been both 

purified (Dawson et al. 1989) and cloned (Dawson et al. 1989) from the hamster and rabbit 

respectively. The rabbit cDNA encodes a protein of 809 amino acids with a 35 amino acid 

leucine zipper motif (however this region is not flanked by an amino terminal cluster of 

basic residues as in other DNA binding leucine zipper motifs). The purified protein from 

both rat and hamster liver is cytosolic and has a molecular weight of approximately 280 kD, 

implying that in the cell, this protein exists as a dimer. When the rabbit cDNA is 

transfected into simian COS cells, two forms of the protein (96 and 10 1 kD) are expressed 

upon immunoblotting. To date a physiological role for the oxysterol binding protein has 

yet to be determined, and it is of importance to note that this protein has no resemblance to 

the steroid hormone receptor superfamily. It will also be important in future studies to 

determine whether or not this oxysterol binding protein can become localized to the 

nucleus. 
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Characterization of HMG·CoA Reductase in Non·Mammalian Systems 

Within the past several years HMG-CoA reductase has been cloned from several 

other non-mammalian species, using low stringency hybridization and cDNA's from the 

highly conserved active site region. In 1988 Basson et a1. (1988), isolated two reductase 

genes designated HMG 1 and HMG2 from Saccharomyces cerevisiae. These cDNA's 

encode individual proteins of approximately 115 kD each. When compared with 

mammalian reductase the only region that is highly conserved is the carboxyl tenninal 

active site domain. It is interesting that although the membrane bound domain is not 

conserved at either the nucleotide or amino acid level, both yeast enzymes also have seven 

membrane spanning regions. The two yeast enzymes are moderately conserved between 

themselves and based on sequence divergence in the linker region it is estimated that these 

two genes diverged 68-198 million years ago. It appears that either of the HMG enzymes 

can substitute for one another, in that cells lacking either yeast gene are viable. In mutant 

cell lines which lack both HMG genes (hmglhmg2 yeast cells) human or hamster cDNAs 

for reductase are able to restore viability to these cell types which are otherwise mevalonate 

auxotrophs. 

In the same year that HMG-CoA reductase was cloned from yeast it was also 

cloned from Drosophila melanogaster (Gertler et a1. 1988). This cDNA contains a 2,748 

open reading frame that predicts a protein of 98 kD. The Drosophila enzyme is 56% 

identical with the carboxyl-terminus of the hamster enzyme and 32-60% identical in the· 

amino terminal domain. The Drosophila enzyme, like all other reductase genes isolated to 

date, has seven potential transmembrane domains. Northern blot hybridization reveals two 

Drosophila mRNA's at 3.2 and 4 kb. The regulation of this fonn of insect reductase will 

undoubtedly be very interesting, in that in Drosophila, reductase is used for the synthesis 

of non-sterol isoprenoids including the developmentally important juvenile honnone. 



Studies addressing regulation of Drosophila reductase have shown that the enzyme is 

insensitive to inhibition by sterols but is subject to repression by mevalonate. 
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The gene for HMG-CoA reductase has also recently been isolated from tomato 

(Narita et al. 1989). In plants HMG-CoA reductase is necessary for the synthesis of 

membrane phytosterols, the phytol moiety of chlorophyll, phytoalexins, latex, flavinoids, 

hormones (gibberelic acid and abscisic acid) and caroteniods. Southern blots indicate the 

presence of one or two genes, suggesting existence of plastid and cytosolic membrane 

bound forms. Tomato reductase is 62% homologous with the hamster cDNA in the 

carboxyl terminal region at the nucleotide level, with 67% identity and 23% conservative at 

the amino acid level. The tomato reductase eDNA hybridizes with a mRNA of 3.0 kb on 

denaturing Northern gel electrophoresis. 

Mechanisms by which HMG·CoA Reductase Activity and Expression are 

Regulated 

The mode by which HMG-CoA reductase activity can be modulated occurs at a 

variety of different levels. HMG-CoA reductase activity has been shown to be regulated at 

the following points: transcription, translation rate, phosphorylation/dephosphorylation and 

differential rates of degradation. Since transcription has been discussed in general 

phosphorylation and post-translational degradation will be considered here. 

Phosphorylation: 

Regulation by phosphorylation/dephosphorylation appears to be important for rapid 

modulation of enzyme activity levels, with phosphorylation causing enzyme inactivation 

(Beg et al. 1987). In studies where NaF has been used as a phosphatase inhibitor it 

appears that approximately 2/3 of the red~ctase enzyme in rat liver as well as other tissues 
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is phosphorylated and inactive. These reserves of inactive enzyme are potentially present 

such that the active form of the enzyme can be rapidly generated by dephosphorylation. 

This kind of modulation can easily be stimulated by second messenger systems. 

Conversely, this system also allows for a simple means by which to shut off reductase 

activity. It is known that the enzyme which catalyzes this phosphorylation is the cAMP

activated protein kinase (PKA-formerly termed reductase kinase) (Clarke et al. 1990). 

Until the past year the site at which reductase is phosphorylated was unknown; however, 

recently it has been identified to be a single serine at position 872 of the human enzyme, a 

position very close to the C-terminus (Clarke et al. 1990). This finding should allow for 

better understanding of how phosphorylation is regulated in reductase, particularly by 

using site directed mutagenesis. 

Post-translational control: 

Another important mode of regulation for HMG-CoA reductase occurs at the post

translational level. Multiple investigations have established that the half-life for reductase 

can vary from 42-600 minutes, depending on the cellular environment. When CHO cells 

are incubated with 25-hydroxycholesterol or mevalonate the half-life for reductase 

decreases from approximately 120 minutes to 45 minutes (Edwards et al. 1983). 

Conversely, when cells are deprived of sterols or incubated with competitive inhibitors of 

reductase, the t 1/2 for reductase can be dramatically extended to up to 10 h. The 

mechanism by which this type of regulation occurs is to date not well understood; 

however, studies in which portions of the transmembrane region have been deleted 

demonstrate that membrane spanning domains 4-6 may be important for mediating enzyme 

stability through this pathway (Chin et al. 1985; Skalnik et al. 1988). 



Other Genes of the Cholesterol Biosynthetic Pathway 

HMO-CoA synthase: 
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Recently, it has been demonstrated that other genes of the cholesterol biosynthetic 

pathway have sterol responsive regulatory elements which allow them to be regulated in a 

coordinate manner. The gene for HMO-CoA synthase (Smith et al. 1988) has two regions 

which correspond to the SRE-I octanucleotide in its 5' region. When these regions are 

inactivated, increased transcription in response to sterol deprivation is no longer observed. 

A third octanucleotide, termed SRE-2, also appears to be important for regulation of HMO

CoA synthase. The fact that these SRE elements in the HMO-CoA synthase promoter 

appear to be important for enhancing transcription, categorizes them as conditionally 

positive activators. A model for this type of activator would predict that in the absence of 

sterols, regulatory proteins may bind the SRE's to stimulate transcription; whereas in the 

presence of sterols these regulatory proteins may be inactivated and transcription decreases 

to a basal rate. 

Farnesyl Pyrophosphate Synthetase: 

Another gene in the cholesterol biosynthetic pathway that has recently been isolated 

is farnesyl pyrophosphate synthetase (FPS) (Rosser et al. 1989). The 5' region of this 

gene contains one SRE octanucleotide; however, it is not yet known whether this SRE 

functions in a conditionally positive or negative manner. In Hep 02 cells coordinate 

regulation of HMO-CoA reductase, HMG-CoA synthetase and FPS has been observed in 

response to the presence or absence of sterols. This regulation is apparent at both the 

mRNA and protein synthesis levels. Further studies with FPS should indicate how the 

SRE functions in this gene and whether or not it possesses unique,regulatory motifs. 
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Prenylation of Proteins 

One interesting new development in the isoprenoid biosynthetic pathway is the 

recent discovery of post-translational isoprenylation of many membrane associated 

proteins. Prenylation of proteins was first postulated when it was shown that some 

proteins become radiolabeled following the incubation of cells with [I4C]mevalonate 

(Schmidt et al. 1984). It is of particular interest that many of the small GTP binding 

proteins, including all of the ras proteins, are polyisoprenylated. For ras proteins to be 

functional it is necessary that they bind GTP and become membrane associated. Other 

proteins which are now known to be isoprenylated are yeast mating factors, nuclear Iamins 

and cyclic nucleotide phosphodiesterases (Hancock et ai. 1989). In the case of the ras 

family of G-proteins, the addition of the polyisoprene derivative appears to make the 

protein more hydrophobic and better able to associate with membranes; however, 

palmitoylation which also occurs on many ras proteins enhances membrane association 

even further. Undoubtedly, over the next few years, it is likely that many other membrane 

associated proteins which are isoprenylated will be identified. One potential application for 

these findings is that competitive inhibitors of HMG-CoA reductase may be useful as a 

possible therapy for ras induced tumors. 

The LDL Receptor 

Another gene which is very well characterized and is an important component of 

sterol metabolism in mammals is that for the LDL-receptor (Yamamoto et ai. 1984; Sudhof 

et aI. 1985). The LDL receptor gene, like HMG-CoA reductase has been described as a 

housekeeping gene. The 5' untranslated region of the LDL-receptor gene has three 

imperfect repeats of 16 bp each and a TAT A -like sequence. Like the steroid biosynthetic 

genes the 5' untranslated region of the LDL receptor has the SRE octamer. The promoter 



region also has a sequence homologous to the consensus for Spl (Sudhof et al. 1987a; 

Sudhof et al. 1987b). 

Coordinate Transcriptional Regulation 

It is now becoming apparent that multiple genes involved in sterol or 
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poly isoprenoid metabolism may be coordinately regulated. These include HMO-CoA 

reductase, HMO-CoA synthase, FPS, mouse apo AIV and mevalonate kinase; all of 

which, excepting mevalonate kinase, have at least one copy of the SRE. It is interesting 

that SRE's are frequently located adjacent to sites that bind positive transcription factors 

(SPl, LDL receptor; NF-l HMO-CoA reductase). One item of contention involving the 

regulatory role of the SRE is that it appears to function both in a conditionally positive and 

negative manner. One possible explanation for this finding is that SRE function may be 

dependent on the arrangement of the SRE within a specific promoter. 

Metherall and coworkers (1989) have isolated a mutant CHO cell line in which 

transcriptional control by 25-hydroxycholesterol is lost for HMO-CoA synthase, HMO

CoA reductase and the LDL receptor. This cell line also no longer represses transcription 

of chimeric plasmids, when the promoter region of any of these genes is connected to a 

reporter gene, indicating that this defect occurs at the level of transcription. In this mutant 

cell line, cells are no longer sensitive to repression by sterols and there is no loss of 

transcriptional enhancement when cells are deprived of sterols. These findings imply that a 

single protein, which in these cell lines is no longer functional, may interact with all three 

genes. 

Several other examples of coordinate regulation occur in response to non-sterol 

factors. It has been demonstrated that transcription of the LDL receptor and HMO-CoA 

reductase genes are rapidly induced after the addition of phorbol esters (Auwerx et al. 



1989) This implies that protein kinase C may be involved in the pathway that regulates 

transcription of these genes. 

Molecular Developmental Studies 

46 

There are three studies to date which have characterized the developmental pattern 

of the isoprenoid pathway at the molecular level. In Drosophila, a developmental time 

course for expression of HMG-CoA reductase has been determined (Gertler et al. 1988). 

In this species the 3.2 and 4.0 kb transcript appear to be differentially expressed during 

development. Adult organisms have approximately equal amounts of both mRNA species. 

In contrast, organisms ranging from 0-24 h in age express only the higher molecular 

weight 4.0 kb species. This expression, although measurable at the 0-2 h time point, is 

dramatically elevated at 12-24 h. In the three larval instar stages only the 4.0 kb transcript 

was observed; whereas the 3.2 kb transcript can be detected at the early pupal stage, and 

appears to be present in equimolar amounts to the 4.0 kb message. This second transcript 

continues to be expressed in the late pupae and adult forms of the organism. Although data 

were not presented, the authors state that primer extension studies suggest at least two 

transcription initiation sites as the potential mechanism for the two observed mRNA 

species. 

Developmental expression of reductase mRNA has also been detelmined in tomato 

(Narita et aI. 1989). In tomato a singular 3.0 kb message is expressed. In this study 

reductase transcripts were undetectable in tomato leaf, root, flower ovule, and red fruit. 

However, the reductase transcript was evident in developing fruit from the 0.2 to 1.6 cm 

stage. For larger fruit sizes 2.0 to 3.0 cm (fruit expansion and ripening stages) reductase 

message was no longer observable. This pattern of expression of transcript was 

corroborated by high levels of HMG-CoA reductase activity at the 0.2 to 1.6 cm stages. It 



appears that in developing tomato reductase is only highly expressed during periods of 

membrane biogenesis and not during the period of carotenoid expression. 
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In mammals, one study has determined the developmental pattern of human and rat 

mRNA levels for HMG-CoA synthase, HMG-CoA reductase and FPS (Levin et al. 1989). 

The pattern described for rat hepatic HMG-CoA reductase transcript levels is similar to that 

observed for reductase activity, with a peak in hepatic expression just prior to birth; 

however, the rise in reductase activity observed at weaning is not reflected at the level of 

mRNA synthesis. In contrast to this, both HMG-CoA synthase and prenyl transferase 

mRNA levels, which also peak prior to birth, do show an increase at weaning when the 

dietary source of cholesterol is withdrawn. In lung, intestine and kidney a similar pattern 

ofreductase expression was demonstrated; however, brain expression peaks postnatally at 

day 14 for both HMG-CoA reductase and HMG-CoA synthase and at day 2 for prenyl 

transferase. This supports the theory that sterol biosynthesis is very important post-natally 

in the developing brain. In human abortus tissues, for time points ranging from 8.5 to 25 

weeks, there was little variation in the expression of any of the three transcripts. This 

finding corroborates data for HMG-CoA reductase activity in human abortus tissues, whIch 

also showed only minor fluctuations for this time period. In the rat two transcripts have 

also been identified for HMG-CoA reductase; however, in these studies dot blots were 

used to quantitate RNA levels therefore it was not possible to detennine whether or not 

individual transcript patterns were changing. 

Present Studies 

The studies presented in the following sections have investigated the role of dietary 

modulation on fetal and maternal cholesterol homeostasis. Absolute rates of sterol 

synthesis, as quantitated by tritiated water incorporation into digitonin precipitable sterols, 
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indicated that fetal guinea pig liver and carcass had markedly elevated rates of cholesterol 

synthesis at 40 days gestation. At 60 days gestation fetal liver and carcass sterol synthesis 

rates were not significantly higher than adult levels. Feeding dams diets containing either 

cholesterol or cholestyramine resulted in repression and induction of cholesterol synthesis 

respectively in the dam but had little effect on fetal sterol synthetic rates. 

To determine if maternal dietary modulation had an affects at the level of 

transcription, fetal mRNA levels for HMG-CoA reductase were also detennined. In these 

studies two mRNA transcripts, of 4.0 and 3.2 kb, were identified in both adult and fetal 

guinea pigs. Transcriptional regulation by dietary intervention of maternal message levels 

was less extreme than was found when absolute rates of sterol synthesis were detennined, 

indicating that regulation of sterol synthesis occurs at more than one level. Fetal message 

levels for HMG-CoA reductase were elevated at both 40 and 60 days gestation and in both 

cases the 4.0 kb species predominated. Maternal cholestyramine treatment induced fetal 

reductase levels at 60 days gestation; an effect that was not detected by measuring fetal rates 

of sterol synthesis. 



CHAPTER II 

DIETARY REGULATION OF MATERNAL AND 

FETAL CHOLESTEROL METABOLISM IN THE 

GUINEA PIG 
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INTRODUCTION 

An elevated plasma cholesterol level has been established as a major risk factor for 

coronary heart disease (Kannel et al. 1979). Plasma and whole body cholesterol levels are 

regulated in part by the integration of two complementary systems which control 

endogenous cholesterol synthesis and tissue cholesterol uptake. Endogenous cholesterol 

synthesis is primarily controlled by the activity of 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase (E.C.I.l.l.34), the rate- limiting enzyme of the cholesterol 

biosynthetic pathway, whereas tissue cholesterol uptake is regulated by the number of low 

density lipoprotein (LDL) receptors, as well as by scavenger receptor and non-receptor 

mediated tissue uptake of LDL. In vivo and in vitro studies have demonstrated that 

cholesterol homeostasis can be modulated by a wide variety of dietary and pharmacological 

interventions. Dietary cholesterol intake reduces hepatic cholesterol synthesis through 

repression ofHMG-CoA reductase activity (Shapiro and Rodwell 1971; Rodwell et aI. 

1976). Conversely, HMG-CoA reductase can be induced by pharmacological agents such 

as cholestyramine, a drug frequently used to lower plasma cholesterol in humans, which 

causes an increased fecal excretion of bile acids and results in increased reductase activity 

(Tanaka et al. 1982; Huff et al. 1963; Li et al. 1988). The hypocholesterolemic effects of 

cholestyramine in humans is mediated primarily by an increased catabolism of cholesterol 

to bile acids and increased expression of hepatic LDL receptors (Bilheimer et aI. 1983). 

While many studies in animals have confirmed the feedback regulation of 

cholesterol biosynthesis (Tanaka et al. 1982; Liscum et al. 1983; Higgins and Rudney 

1973; Brown et al. 1974), few studies have investigated the effect of dietary or 

pharmacological interventions during pregnancy on maternal and fetal cholesterol 

metabolism and its regulation. Those studies which have been carried out have been 
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contradictory in that several studies have suggested that pre-natal interventions may have a 

significant effect on fetal cholesterol homeostasis (Innis 1983a; Innis 1983b; Innis 1985; 

Innis 1988), whereas others have shown no effect (Belknap and Dietschy 1988; Feingold 

et a1. 1983; Leoni et a1. 1984; Leoni et al. 1985). Several reports suggest that both 

maternal and fetal hepatic HMO-CoA reductase activities are induced by cholestyramine 

feeding in the pregnant rat (Innis 1983a; Innis 1983b; Innis 1985; Innis 1988). Reports 

addressing the effects of maternal dietary cholesterol intake are less conclusive; however, 

most of the data indicate that while maternal hepatic HMO-CoA reductase activity responds 

to increased intake of cholesterol, fetal reductase remains relatively unchanged (lnnis 1985; 

Innis 1988). 

Previous developmental studies have measured activity levels of HMO-CoA 

reductase (Innis 1983b; Innis 1985; Innis 1988; Leoni et al. 1984; Leoni et a1. 1985) which 

reflect the relative capacity of a tissue for cholesterol biosynthesis; however, simply 

measuring the activity of an enzyme does not necessarily predict absolute rates of 

cholesterol synthesis. In order to determine in vivo rates of cholesterol synthesis in the 

dam and fetus, the present study used [3H]water as a labelled tracer, which avoids 

problems associated with precursor pool fluctuations that occur with radiolabeled acetate or 

octanoate. Analysis of whole body and hepatic rates of cholesterol synthesis were carried 

out to quantitate the effect of two dietary interventions, cholesterol and cholestyramine 

feeding, on fetal and maternal total and hepatic cholesterol synthesis in the guinea pig. 

MATERIALS AND METHODS 

Materials 

Reagents were obtained from the following sources: Cholesterol enzymatic assay 

kit from Boehringer Mannheim, Indianapolis, IN; digitonin from Sigma, St.Louis, MO; [4-
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14C]cholesterol (50 mCi/mmol) and r3H]water (5.0 Ci/g) from New England Nuclear, 

Boston, MA; halothane from Halocarbon Lab. Inc. Hackensack, NJ; pyridine, EM 

Science, Cherry Hill, NJ; ascorbic acid, Cecon, Abbot Laboratories, North Chicago, IL; 

cholestyramine, Bristol Myers, Evansville, IN. 

Animals 

Virgin female Hartley guinea pigs (Harlan Sprague-Dawley, Inc., Indianapolis, IN) 

weighing approximately 500 g were mated with male guinea pigs from the same vendor. 

Fertilization was detennined by the presence of a cervical plug. All animals were housed in 

a light-cycle room with light from 7:00-19:00 h. 

Diets 

Animals were fed either a basal non-purified guinea pig diet (Wayne Research 

Diets, Chicago, IL), or diet supplemented with 1.1 % cholestyramine or 0.25% 

recrystallized cholesterol (w/w); supplemented diets were fonnulated and pelleted by 

Research Diets Inc. (New Brunswick, NJ). On the day of fertilization animals were 

randomized to either basal diet, diet plus cholesterol or diet plus cholestyramine and 

maintained on the test diets until 40 or 60 days gestation. Non-pregnant control animals 

were maintained on test diets for 7 days. This period of treatment for the non-pregnant 

animals was sufficient to induce treatment effects as evidenced by the fact that animals fed 

diets for 40 and 60 days had similar responses of measured variabilities in response to 

dietary treatments. All animals were fed ad libitum and were supplemented with 60 mg 

ascorbic acidIL drinking water. 

Determination of In-vivo Sterol Synthesis Rates 

At 10:00 h animals were lightly anesthetized with ether and injected intraperitoneally 

with 250 mCi [3H]water. During the 2 h labeling period animals did not have access to 

food or water. Animals were anesthetized with halothane and sacrificed by cardiac 
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puncture 2 h post-injection. Plasma and amniotic fluid were obtained for detennination of 

water specific activities. Livers were immediately removed from dams and fetuses and 

weighed and fetal livers from the litter of a single dam were pooled. Fetal carcasses were 

analyzed individually. The carcass and hepatic tissues were saponified in 30% methanolic 

KOH at 70°C for 15 h. [14C]cholesterol, 1.0 )lCi/L methanolic KOH, was added to 

individual samples as an internal recovery standard. Digitonin precipitation of sterols was 

perfonned as described by Jeske et al. (Jeske and Dietschy 1983). In brief, 25 ml aliquots 

of saponified sample were adjusted to 50% H20 and sterols were extracted with petroleum 

ether. The sterol extract was back washed with an equal volume of 50% EtOH. 3-B

hydroxysterols were precipitated as digitonides (2% digitonin in 80% EtOH) and washed 

sequentially with acetone, acetone:diethyl ether (1: 1) and ether. Digitonin precipitable 

sterols (DPS) were heated for 1 h, cleaved with 300 )ll pyridine and extracted with 4 

aliquots of diethyl ether. The DPS were dried, assayed for total cholesterol and counted in 

a liquid scintillation counter. 

Determination of Total Cholesterol Levels 

Tissue cholesterol levels were detelmined by dissolving the dried extracted DPS in 

1.0 ml of EtOH, just prior to addition of a scintillation fluor. Aliquots were removed for 

cholesterol detennination by enzymatic assay (Allain et al. 1974). The DPS-EtOH-solution 

was then evaporated to dryness under N2 and scintillation fluor was added. 

[14C]cholesterol recoveries were used to correct for recovery, and the mg cholesterol/g 

tissue was detennined. 

Calculations 

Calculations are essentially those described by Spady and Dietschy (Spady and 

Dietschy 1983) with one modification. Due to a longer incubation period, the specific 

activity of body water detennined at 2 h post injection was adjusted to the mean specific 
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activity for the 2 h incubation period. Plasma specific activity was measured over a 2 h 

time course in intraperitoneally injected pregnant guinea pigs, and it was determined that the 

mean plasma specific activity was 80.2% of the final specific activity at 2 h (data not 

shown). Thus, the specific activity of body water, expressed as dpm/nmol water,was 

calculated as follows. 

Water Specific Activity (dpm/nmol) = 

(dpm/ml plasma)(O.802) 

(nmol H20/ml H20)(0.92 ml H20)/ml plasma) 

[3H] incorporation into DPS was then calculated by using the specific activity for plasma 

water in the following equations to give nmol [3H] incorporated per h per g of tissue and 

per 100 g body weight. 

[3H] Incorporation Into Sterols (nmol/h-g) = 

dpm [3Hl DPS 

(2h) (tissue weight, g) (dpm/nmol[3H20]) 

[3H] Incorporation Into Sterols (Ilmol/h-l DOg) = 

[(hepatic nmol/h-g) (liver wt. g) + (carcass nmol/h-g) (carcass wt. g)] (100) 

(whole animal body wt.) 
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Statistical Analysis 

One way analysis of variance (ANOVA), using least signiticant difference was 

used to assess differences among treatment groups and gestational periods (Steel and Torrie 

1960). All data are presented as mean ± 1 standard deviation. 

RESULTS 

[3H]Water 

Because our calculations use maternal plasma water specific activity to calculate 

fetal cholesterol synthesis it was initially necessary to document that fetal and maternal 

water pools had similar specific activity values. To verify this, studies compared the 

[3H]water specific activity of maternal plasma and fetal amniotic fluid. As shown in Fig. 

1, amniotic fluid water specific activity values at 2 h were essentially identical to the plasma 

water specific activities of the dam (r=0.89, n=8, P<O.Ol). These data demonstrate that the 

water pools of the dam and fetus rapidly equilibrate and that the plasma water specific 

activity values in the dam can be used to calculate absolute rates of cholesterol synthesis in 

the fetus. 

Dietary Effects in Non-pregnant Animals 

Dietary factors had no effect on tissue weights (Table I); however, dietary effects 

for nearly all other parameters were more pronounced in non-pregnant animals fed 

treatment diets for 7 days, than pregnant animals. Plasma cholesterol levels were markedly 

increased with cholesterol feeding in non-pregnant guinea pigs (Table II); while animals fed 

cholestyrarnine showed a significant decrease in plasma cholesterol relative to animals fed 

the basal diet. 

To determine the effect of dietary manipulation on rates of cholesterol synthesis in 

non-pregnant guinea pigs, [3H]water incorporation into DPS was determined in animals on 
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the three treatment diets. Results of this analysis indicated that cholesterol feeding caused 

an 85% reduction in the rate of hepatic cholesterol synthesis; and cholestyramine feeding 

resulted in a 4.7-fold induction in hepatic cholesterol synthesis rates in non-pregnant 

animals (Table III). Carcass cholesterol synthesis was not affected by dietary treatments in 

these animals. When these values were expressed as the percent contribution of hepatic 

cholesterol synthesis to whole body cholesterol synthesis, non-pregnant animals again 

showed significant differences between treatment groups. The percent contribution by liver 

was reduced by 88% when animals were fed cholesterol. Cholestyramine, however, 

resulted in a net 3.3-fold increase in the percent contribution by hepatic tissues to whole 

body cholesterol synthesis (Table IV). 

Overall levels of tissue cholesterol were not markedly affected by dietary treatments; 

however, cholesterol feeding did cause an increased level of tissue cholesterol in the liver 

of non-pregnant animals (Table V). 

Effects of Gestational Age 

The effect of pregnancy on maternal plasma cholesterol levels showed a trend 

towards lower values with increasing gestational age for all treatments (Table II); the cause 

of this trend may be related to hemodilution related to pregnancy or possibly hormonal 

factors. 

To determine the effects of pregnancy on maternal hepatic cholesterol synthesis, 

rates of [3H] water incorporation into DPS of animals on the basal diet at 0,40 and 60 days 

gestation were compared (Table III). During gestation, maternal hepatic cholesterol 

synthesis was elevated 1.3-fold at 40 days and I. I-fold at 60 days; however, these 

differences were not significantly different. Similarly, no changes in percentage of liver 

contribution to whole body cholesterol synthesis were found during different stages of 

gestation (Table IV). Maternal peripheral tissue sterol synthesis rates also showed elevated 



values at 40 days gestation when carcass cholesterol synthesis was significantly greater 

than at 60 days gestation. 
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Pregnancy resulted in no significant changes in carcass cholesterol levels; however, 

it did induce an 18% reduction in maternal hepatic cholesterol levels at 40 days gestation, 

which returned to pre-pregnancy levels at 60 days (Table V). 

Dietary Effects in Pregnant Animals 

Although cholesterol feeding resulted in a marked increase in plasma cholesterol for 

pregnant animals (Table II), neither treatment with cholesterol nor cholestyramine resulted 

in a significant difference in maternal plasma cholesterol levels when compared to control 

animals. In part, this is due to the large variability in the plasma cholesterol response to 

dietary cholesterol in pregnant animals. 

When absolute rates of cholesterol synthesis were detennined in maternal hepatic 

tissues, the inductive and repressive effects of cholestyramine and cholesterol treatments 

were similar to that found for non-pregnant animals. Cholesterol feeding caused a 90% 

inhibition of hepatic cholesterol synthesis at 40 days and a 87% inhibition in 60 day 

pregnant animals (Table III). Cholestyramine feeding resulted in a 2.7-fold induction in 

maternal hepatic cholesterol synthesis at 40 days and a 3. I-fold induction at 60 days. 

Extrahepatic tissue sterol synthesis rates were much less sensitive to dietary manipulation; 

although cholesterol feeding did result in a significant reduction in carcass cholesterol 

synthesis at 40 days gestation (Table III). 

As described above, maternal treatment effects on cholesterol synthesis were most 

significant in hepatic tissues. When hepatic cholesterol synthesis is considered as a part of 

whole body cholesterol production, treatment effects are less apparent; however, 

cholesterol feeding did result in significantly lower rates of whole body cholesterol 

synthesis in the dam at 40 days gestation (Table IV). The relative percentage of total 
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cholesterol synthesis contributed by the maternal liver changed dramatically in response to 

dietary treatment. Cholestyramine feeding resulted in an average increase in the hepatic 

contribution to whole body cholesterol synthesis of 2.6-fold for dams at all time points 

examined. Conversely, cholesterol feeding resulted in a net 76% decrease in maternal 

hepatic contributions to whole body cholesterol synthesis at all time points. 

Tissue cholesterol levels were relatively insensitive to cholestyramine treatment; 

however, cholesterol feeding caused increased tissue cholesterol in the liver of the dam at 

all time points examined, although this increase was significant only for non-pregnant 

animals. 

Fetal Developmental Pattern and Responses to Maternal Dietary Treatment 

In general, levels of fetal cholesterol synthesis were markedly higher than that 

found in adults per gram liver and per gram carcass. Fetal hepatic cholesterogenesis, as 

measured by [3H]water incorporation into DPS, was very active at 40 days gestation with a 

cholesterol synthetic rate 6.2-fold higher than in the adult and this rate declined to a value 

similar to adult levels at 60 days gestation (Table III). Maternal cholesterol feeding had no 

apparent effect on the incorporation of [3HJwater into DPS in the 40 day fetal liver; 

however, cholestyramine feeding resulted in a significant decrease in hepatic cholesterol 

synthesis at 40 days. With maternal cholesterol or cholestyramine feeding, the 60 day 

gestation fetal liver showed a trend toward the regulatory pattern of the adult but the values 

were not significantly different. 

Fetal carcass cholesterol synthesis rates were also significantly higher than rates of 

adult carcass cholesterol synthesis at 40 and 60 days gestation. Maternal cholesterol 

feeding had no effect on fetal carcass cholesterol synthesis; however, cholestyramine 

feeding resulted in a significant 16% decrease in carcass cholesterol synthesis at 40 days 

and a significant lA-fold increase at 60 days gestation (Table III). 
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Whole body cholesterol synthesis in the fetus was greater at 40 than at 60 days 

gestation (Table IV). Maternal cholesterol treatment appeared to have little effect on fetal 

whole body cholesterol synthesis; whereas cholestyramine treatment had opposite effects at 

40 and 60 days gestation. At 40 days gestation maternal cholestyramine treatment resulted 

in an average 24% reduction in cholesterol synthesis, while at 60 days gestation this 

treatment caused a lA-fold increase in fetal whole body cholesterol synthesis. In the fetus, 

the percentage contribution from the liver to the rate of whole body cholesterol synthesis 

was an average of 2.9-fold higher at 40 days gestation than at 60 days. At 40 days 

gestation, the fetal contribution was somewhat higher for animals fed the basal diet than 

treatment animals although the reason for this observation is unclear. It is also interesting 

to note that the fetal hepatic contribution to endogenous cholesterol synthesis at 60 days 

gestation was consistent higher for dams fcd the basal diet. 

Fetal hepatic and carcass cholesterol levels from control animals were generally 

greater than adult levels at both 40 and 60 days gestation (Table V). Maternal dietary 

treatment did not result in significant changes in fetal tissue cholesterol levels. 
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Table I. Tissue Weights 

Diet (n) Maternal Liver Whole Animal Fetal Liver (n)a Fetal Carcass 

(g/IOO s) (s) (g/IOO s) (s) 
o Days 

Control 3 3.2±0.4 528±20 

CY 3 2.9±O.6 630±32 

CH 3 3.1±0.6 515±59 

10 Di!YS 
Control 3 3.2±O.6 714±79 6.6±1.1 10 9±2 

CY 4 3.0±0.1 745±28 6.2±1.2 13 8±1 
CH 3 3.8±1.1 804±95 6.2±1.2 10 8±1 

60 DilYS 
Control 3 2.2±0.2 976±68 5.1±0.2 10 61±7 

CY 3 2.1±0.1 907±167 5.7±1.0 7 63±7 
CH 3 3.1±0.1 866±11O 5.4±1.0 6 61±4 

Animals were fed diets as described in the methods section (CY -control supplemented with 1.1 % 
cholestyramine; CH-control supplemented with 0.25% recrystallized cholesterol (w/w); 0 day non-
pregnant animals were fed treatment diets for 7 days). At sacrifice body and liver weights were 
determined. Fetal livers from the same dam were pooled; fetal carcasses were measured individually. 
Data are presented as mean ± S.D. for (n) animals. 
a Number of fetal carcasses; number of fetal livers same as number of maternal livers. 



Table II. Plasma Cholesterol Values 

Dietary 

Treatment 

Control 

CY 

CH 

Treatment 

(n) 

3 

3 

3 

o Days Gestation 

60± 7b 

47± 3a 

105 ± 12C 

(P<O.Ol) 

40 Days 

Gestation 

(mgldl) 

44± 3 

42± 10 

95± 35 

60 Days 

Gestation 

42±3 

24 ± 10 

70± 35 
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Animals were fed diets as described in the methods section. CY-control supplemented with 
1.1 % cholestyramine; CH-control supplemented with 0.25% recrystallized cholesterol 
(w/w); 0 day non-pregnant animals were fed treatment diets for 7 days. At sacrifice, 
plasma was separated from whole blood by centrifugation. Cholesterol levels were 
determined by enzymatic assay. Data are presented as means ± S.D for (n) animals. 
Values in columns (a,b,c) with different superscripts are significantly different. 
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Table m. Incorporation of [3H120 into Sterols 

Dietary Treatment (n) Maternal Liver Maternal Carcass Fetal Liver (n)a Fetal 

Carcass 

(nmol/h-s) 

o Days 

Control 3 137±41b 44±7xy 

CY 3 644±165a 42±11 

CH 3 21±3c 32±4 

Treatment (P<O.Ol) 

40 Days 
Control 3 172±36b 51±6ax 1074±141ax 10 292±12ax 

CY 4 462±118a 41±7ab 504±284bx 13 244±39bx 

CH 3 18±3c 29±8b 933±183ax 10 275±61 abx 

Treatment (P<O.OI) (1'>0.05) (P<0.05) (P<0.05) 

60 Days 
Control 3 150±75b 34±9Y 151±41Y 10 lll±21 by 

CY 3 473±16a 55±20 163±69Y 7 153±27ay 

CH 3 20±1 C 36±1O 101±26Y 6 I 19±8by 

Treatment (P<O.OOl) (P<O.OI) 
Gestation (P<0.05) (P<O.OOl) (P<O.OO1) 

Guinea pigs were fed diets as described in the methods section. CY-control supplemented with 
1.1 % cholestyramine; CH-control supplemented with 0.25% recrystallized cholesterol (w/w); 0 day 
non-pregnant animals were fed treatment diets for 7 days. Data are presented as mean ± S.D. for (n) 
animals. Livers were removed from fetuses and dams and the remaining tissues constitute the 
carcass. Significant differences are indicated by differing superscripts within the same column 
(a,b,c-comparisons between dietary treatments; x,y-differences between periods of gestation). 
a Number of fetal carcasses; number of fetal livers same as number of maternal livers. 
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Table IV. Whole Body Cholesterol Synthesis 

Dietary (n) Maternal Synthesis Percentage Liver (n)8 Fetal Percentage 

Treatment ()lIl1ol/h-per lOOg (%) Synthesis ()lIl1ol/h- (%) 

bodl: wt) ~r lOOg bod~ wt) 

!illm 
Control 3 4.7±0.7 9±2b 

CY 3 5.8±l.S 3(}±68 

CH 3 4.3±1.7 2±lc 

Treatment (P<O.Ol) 

4Q Oa~s 
Control 3 5.5±O.7a l0±2b 10 33.9±1.4alt 20±1.6alt 

CY 4 5.4±l.la 26±2a 13 2S.9±4.8blt 11±4.3blt 

CH 3 2.9±O.8b 3±lc 10 32.7±4.4alt 13±1.6blt 

Treatment (P<O.OS) (P<O.OOl) (P<O.OOl) 

60 Oa~s 
Control 3 3.7±1.0 l0±2b 10 11.2±2.0by 6.3±1.2ay 

CY 3 6.7±2.0 19:W 7 IS.I±2.7ay 4.8±2.laby 

CH 3 3.7±l.O 2±IC 6 11.S±9.lby 4.0±I.1 by 

Treattnent (P<O.Ol) (P<O.Ol) (P<O.OI) 

Gestation (P<O.OOl) (P<O.OOI) 

Guinea pigs were fed diets as described in the methods section. CY -control supplemented with 1.1 % 
cholestyramine; CH-control supplemented with 0.25% recrystallized cholesterol (w/w): 0 day non-pregnant 
animals were fed treatment diets for 7 days. Whole body cholesterol synthesis was calculated from absolute 
rates of cholesterol synthesis expressed as nrnol/h. Maternal cholesterol synthesis was calculated using the 
entire maternal carcass excepting fetal tissues. Fetal cholesterol synthesis was determined using cholesterol 
synthetic rates of the entire fetus. Data are presented as mean ± S.D. for (n) animals, values with differing 
superscripts are significantly different. 
a Number of fetal carcasses: number of fetal livers same as number of maternal livers. 
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Table V. Tissue Cholesterol Concentrations 

Diet (n) Maternal Liver Maternal Carcass Fetal Liver (n)a Fetal 

Carcass 

(mg cholesteroVg tissue) 

o Days 

Control 3 2.32±0.37b 1.2S±0.2S 

CY 3 2. 16±0.29b 1.09±0.18 

CH 3 3.99±o.9Sa 1.3S±0.13 

Treatment (P<O.OS) 

40 QayS 
Control 3 1.91±0.01 1. 22±0.17 2.97±0.12 10 1.88±0.19 

CY 4 2.08±0.09 1.70±0.OS 4.03±2.21 13 2.07±O.41 

CH 3 4.07±1.74 1.39±0.19 S.14±3.78 10 1.73±0.28 

00 QayS 
Control 3 2.26±0.39 1.38±O.26 3.02±1.24 10 1.86±0.62 

CY 3 2.2S±0.34 1.60±O.34 2.60±0.18 7 2.21±0.2S 

CH 3 4.3S±2.1S 1.60±0.29 2.S1±0.11 6 1.61±0.27 

Animals were fed diets as described in the methods section. CY-control supplemented with 1.1 % 
cholestyramine; CH-control supplemented with 0.2S% recrystallized cholesterol (w/w); 0 day non
pregnant animals were fed treatment diets for 7 days. Tissue cholesterol levels were determined by 
dissolving digitonin precipitable sterols in ethanol and enzymatic assay. The data are presented as 
mean ± S.D. Values with superscripts are significantly different. 
a Number of fetal carcasses; number of fetal livers same as number of maternal livers. 
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DISCUSSION 

To date very little is known regarding the effect of maternal dietary mani pulmions 

on fetal cholesterol homeostasis. Although it is well established that dietary treatments 

affect maternal cholesterol metabolism in a manner similar to that seen in non-pregnant 

animals, the relative effects of changes in maternal cholesterol homeostasis on fetal 

cholesterol metabolism are not well defined. Studies in rat dams fed cholestyramine (5%) 

have found that fetal cholesterol synthesis is increased in a manner similar to the dam (Innis 

1983b; Innis 1985; Innis 1988). In contrast to these findings, when diets containing 2% 

(Belknap and Dietschy 1988; Feingold et al. 1983) or 5% (Innis 1985; Innis 1988) 

cholesterol were fed to pregnant rat dams there was no repression of cholesterol synthesis 

in fetal tissues. These data suggest that either the placenta does not transport increased 

amounts of cholesterol under these conditions, or that if it does, the fetus is relatively 

insensitive to feedback regulatory responses when elevated maternal plasma cholesterol 

levels are encountered. 

An additional unknown when attempting to delineate the role of the maternal 

contribution to fetal cholesterol levels is the extent to which the fetus is dependent on 

maternal cholesterol sources during various periods of gestation. Early studies by Conner 

and Lin (1967) suggested that up to 22% of fetal cholesterol was derived from maternal 

sources during late gestation in the guinea pig; however, studies by Belknap and Dietschy 

(1988) in the pregnant rat have indicated that the fetus makes identical levels of cholesterol 

whether or not the dam is in a hypercholesterolemic state induced by cholesterol feeding. 

These data imply that the fetus is relatively autonomous, relative to the dam, in terms of 

producing the required amount of cholesterol required for normal development. 

In these studies we have readdressed the role of maternal ~ietary interventions on 

fetal cholesterol metabolism in the guinea pig. We chose the guinea pig as an animal model 
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for these studies for several reasons. First, the guinea pig has a much longer gestational 

term than other rodents, 65-70 days vs. 21 days, resulting in a more fully developed animal 

at parturition. This longer gestational term allows for better analysis of in-utero treatment 

effects. Second, the guinea pig has a lipoprotein profile which is more similar to humans 

than that found in either the rat or the hamster where the major plasma lipoprotein is high 

density lipoprotein (HDL). The primary plasma cholesterol carrying lipoprotein in the 

guinea pig, as in the human, is LDL. Finally, the guinea pig has a gall bladder which may 

better represent bile acid and biliary cholesterol flow patterns in response to cholestyramine 

than other rodent models. 

Use of [3H] Water to Measure Sterol Synthesis in the Pregnant Guinea Pig 

Model 

To determine rates of cholesterol synthesis in both the dam and fetus during 

pregnancy, the rates of [3H]water incorporation into DPS were measured. This method 

has advantages over [l4Cllabeled acetate, pyruvate or octanoate incorporation studies in 

that it avoids problems associated with variations in substrate precursor pools (Dietschy 

and Spady 1984; Reichen et al. 1987). A 2 h labeling period was chosen for analysis of 

tritium incorporation into sterols since, this time period assured full equilibration of the 

tracer with body water pools in the dam and fetus, and it has previously been demonstrated 

that incorporation of tritium into cholesterol is linear at this time point (Carr and Simpson 

1981). 

To validate the use of [3H]water analysis to measure sterol synthesis rates in a 

fetal/maternal system, several criteria specific to this system had to be addressed. One of 

the first assumptions was that all metabolically active pools of body water are equally 

labeled with tritium. To determine this we measured the specific activity of the amniotic 

fluid relative to maternal plasma. The result of this comparison showed that the specific 
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activity of both maternal plasma and amniotic fluid were essentially identical, indicating that 

there was a complete equilibration of [3H]water between maternal and fetal compartments. 

Also, because our model involved a pregnant animal we needed to determine the rate of 

equilibration of [3H]water injected intraperitoneally with the maternal plasma and body 

water pool. Results from these studies indicated that equilibration of intraperitoneally 

injected water with the maternal plasma pool occurred very rapidly, within 20 min. Based 

on this result we corrected the plasma specific activity to represent a mean for the entire 2 h 

labeling period which was 80.2% of the final specific activity. 

Another consideration in a developmental study is whether or not the number of Ilg 

atoms of hydrogen are incorporated into cholesterol to the same extent for both fetal and 

maternal systems. Previous investigations in the rat have shown that 22 Ilg atoms of 

hydrogen are derived from labeled water in both the dam and the fetus (Belknap and 

Dietschy 1988). Based on this finding we assume similar conditions exist in the guinea 

pig. 

Finally, the rate of transfer of maternal cholesterol to fetal compartments during the 

2 h labeling period should be addressed. One way to estimate the amount of transfer is to 

compare fetal cholesterol synthesis when the dam is fed a low vs. a high cholesterol diet. 

Feeding the dam a high cholesterol diet results in a near complete inhibition of maternal 

hepatic cholesterol synthesis; which, in turn, results in almost negligible levels of export of 

newly synthesized cholesterol to the blood via very low density lipoprotein (VLDL) 

(Belknap and Dietschy 1988). Thus, when the expOlt of newly synthesized hepatic 

cholesterol to the plasma is eliminated, sterol synthesis rates in other organs reflect only de 

novo synthesis versus uptake of radiolabeled sterol from the plasma. This type of analysis 

also provides a quantitative estimate of cholesterol transfer between the dam and fetus. Our 

results indicate that fetal cholesterol synthesis is essentially identical when the dam is fed 



either low or high cholesterol, suggesting that maternal transfer of cholesterol to fetal 

compartments is negligible during the 2 h labeling period assayed. 

Pregnancy Effects 
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Our studies did not find an increased plasma cholesterol during gestation in dams 

fed the basal diet, a finding commonly observed in the pregnant rat (Innis 1983a; Leoni et 

al. 1984; Johansson 1983). This may be a real observation or it may be related to 

hemodilution or an increased cholesterol demand for membrane biosynthesis or synthesis 

of steroid hormones during pregnancy (Innis 1988). 

Pregnancy appears to induce a modest increase in the rate of hepatic cholesterol 

synthesis at 40 and 60 days gestation in animals on the basal diet although this difference 

was not significant. These findings are consistent with studies in the hamster and the rat 

which show increases in maternal hepatic cholesterol synthesis at 20 days gestation, very 

near term, as measured by [3H]water incorporation into cholesterol (Feingold et al. 1983; 

Reichen et al. 1987; Belknap and Dietschy 1988). In this study pregnancy was found to 

have no effect on sterol synthesis rates by the carcass or on whole body synthesis rates. 

Treatment Effects in Pregnancy 

Cholesterol feeding resulted in increased plasma cholesterol levels in non-pregnant 

animals, and non-significant increases were observed in pregnant animals. This elevation 

in maternal plasma cholesterol with cholesterol feeding may be of importance, considering 

an earlier report by Conner and Lin (1967) in the guinea pig. These studies indicated that 

when dams were fed a high cholesterol diet (0.1 %), significantly greater amounts of fetal 

cholesterol were derived from maternal sources, 52-65% compared to 22% for controls. 

This suggests the possibility that in cholesterol fed dams the fetus has a decreased 

requirement for de novo cholesterol synthesis. However, in contrast to the earlier findings, 

recent studies have not obtained similar results. Belknap and Dietschy (1988) fed a 2% 
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cholesterol diet to pregnant rats and found that fetal cholesterol synthesis was identical to 

that seen in control dams. Similarly, our findings demonstrate that fetal cholesterol 

synthesis rates are not altered by maternal cholesterol feeding. This would imply that 

placental transport of circulating maternal cholesterol is either down-regulated with 

cholesterol feeding, is negligible under all circumstances or is sufficiently precise to 

maintain a constant delivery of maternal cholesterol irrespective of maternal plasma 

cholesterol levels. 

Feingold et al. (1983) found that hepatic cholesterol synthesis was repressed to 

identical levels in pregnant and non-pregnant rats with cholesterol feeding. This parallels 

our finding of an identical repression of cholesterol synthesis in maternal hepatic tissues at 

40 and 60 days gestation and the reduced relative contribution of hepatic cholesterol 

synthesis to whole body rates of sterol production with cholesterol treatment. Similarly, 

Belknap and Dietschy (1988) also found cholesterol synthesis to be significantly reduced in 

the maternal rat liver when dams were fed a 2% cholesterol diet. Just as maternal hepatic 

cholesterol synthesis rates are reduced with cholesterol feeding, they are induced when 

cholestyramine is fed, although the induction is less than that observed in control animals, 

e.g., 4.7 vs. 2.9-fold. As documented by Reichen and coworkers (1987), the decrease in 

bile flow that occurs during pregnancy may explain why the observed induction of 

cholesterol synthesis in pregnancy by administration of cholestyramine was somewhat less 

than in the control animal. This model would suggest that with decreased bile flow, and 

reduced levels of bile acids in the gut, the bile acid-binding resin cholestyramine would 

have less substrate with which to interact and would be less effective in inducing a 

pharmacological effect. 

Fetal Developmental Pattern and Response to Treatments 
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Our observation of elevated fetal hepatic cholesterol synthesis at 40 days gestation 

is similar to studies in the human abortus which demonstrated that fetal hepatic cholesterol 

synthesis peaks at week 15 (Carr and Simpson 1982). Studies using the rat as a model 

have also shown that HMG-CoA reductase peaks just prior to birth (Leoni et al. 1984; 

Ness et al. 1978; McNamara et al. 1972). It may be that this elevation in sterol synthesis 

represents developmental periods of rapid tissue hypertrophy for these mentioned species. 

One unexpected finding in our data is the 53% reduction in fetal hepatic cholesterol 

synthesis at 40 days gestation from cholestyramine fed dams, as compared to control and 

cholesterol fed dams. This cannot be ascribed to changes in fetal growth rates since fetal 

weights in cholestyramine fed dams were not significantly different from the other groups. 

It may be that the generalized induction of tissue LDL receptors which occurs in the adult 

with cholestyramine feeding results in an increased number of placental LDL receptors 

(Bilheimer et aI. 1983). This could have the net result of delivering more cholesterol to the 

fetus which would respond by repressing its level of endogenous cholesterol synthesis. It 

was not possible to determine the mass flux of maternal cholesterol to the fetus in the 

animals, and at present it is uncertain whether there was a change in flux. 

Innis and coworkers have consistently shown induction of fetal hepatic HMG-CoA 

reductase with maternal cholestyramine feeding at 20 days gestation (Innis 1983b; Innis 

1985; Innis 1988). This agrees with our observation of increased cholesterol synthesis in 

the 60 day carcass of fetuses from cholestyramine fed dams. At 60 days gestation we saw 

a trend towards an increased level of fetal hepatic cholesterol synthesis, although the values 

were not significantly different from controls. 

In conclusion, our data demonstrate that maternal responses to dietary treatments 

during pregnancy are similar to the non-pregnant responses; that f~tal hepatic and carcass 

cholesterol synthesis are markedly higher at mid-gestation than at near-term, probably 



I. 

72 

indicative of the massive hypertrophy occurring at this stage of development; and that fetal 

systems are relatively insensitive to maternal dietary treatments, although maternal 

cholestyramine feeding did result in reduced rates of cholesterol synthesis at 40 days 

gestation and increased fetal cholesterol synthesis at 60 days. 



CHAPTER III 

DEVELOPMENTAL REGULATION OF HMG-CoA REDUCTASE 

mRNA IN THE GUINEA PIG 
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INTRODUCTION 

Cholesterol is an essential structural component of cellular membranes and is 

important as a precursor for steroid hormones, bile acids and vitamin D3. Because an 

overproduction of cholesterol can be toxic to cells, higher organisms have developed a 

sophisticated mechanism by which sterols modulate gene expression. The enzyme for 

which this level of regulation is most well characterized is HMG-CoA reductase, the rate 

limiting enzyme of sterol biosynthesis. HMG-CoA reductase can be considered as a typical 

housekeeping gene in that it is transcribed at low rates in many tissues and is often subject 

to negative feedback regulation. Feedback suppression of HMG-CoA reductase by sterols 

occurs both transcriptionally (Chin et al. 1982) and post-translationally (Edwards et al. 

1983; Gil et a1. 1985; Skalnik et al. 1988). Transcriptional repression has been observed 

both in mammalian cell lines (Chin et al. 1982; Luskey et al. 1983) and in rat liver (Liscum 

et aI. 1983). The mechanism by which sterols modulate reductase transcription rates is not 

fully understood, although it may involve a newly identified octanucleotide in the 5' region 

of the hamster HMG-CoA reductase gene referred to as the sterol responsive element 

(SRE) (Osborne et a1. 1988). The SRE has also been identified in the promoter region of 

two additional genes which are responsive to cellular sterol concentrations, the hamster 

HMG-CoA synthase (Smith et a1. 1988) and human LDL receptor genes (Sudhof et aI. 

1987). The SRE is believed to modulate gene expression in response to immediate cellular 

sterol concentrations. 

Regulation of HMG-CoA reductase and other enzymes of the sterol biosynthetic 

pathway has been extensively investigated at the molecular level; however, characterization 

of this pathway during development is relatively less well understood. Because sterols are 

required for membrane biogenesis, regulation of this pathway is understandably important 

during development when organisms unqergo rapid rates of tissue expansion. At the level 
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of enzyme activity, many studies in venebrates have characterized the overall pattern of 

expression of HMG-CoA reductase activity during development. In 1972, McNamara and 

coworkers described the ontogeny of reductase activity in fetal rat liver. These studies 

indicate,d that reductase activity levels are very high in the fetal organism prior to birth; 

whereas, after birth during the suckling period, reductase activity levels are much lower. 

Findings from these studies have been corroborated by later work wherein sterol synthesis 

rates in the fetal rat have been measured (Belknap and Dietschy 1988). Similar high rates 

of sterol synthesis were observed in the fetal rat liver and fetal amniotic membranes prior to 

birth with much lower rates of synthesis observed post-natally. 

To date, only a few studies have characterized developmental regulation at the level 

of gene expression. Levin et al. (1989) have demonstrated that mRNA levels for HMG

CoA reductase and synthase and farnesyl pyrophosphate synthetase are elevated prior to 

birth in the rat liver. We have previously demonstrated that fetal rates of sterol synthesis 

are relatively insensitive to maternal dietary treatment (Chapter II); however, it is not 

known whether regulation at the level of feedback suppression or induction of transcription 

is operative in the fetal organism. The present studies undertook to determine whether such 

regulation occurs in the fetal organism using the guinea pig as a model. In this report we 

demonstrate that the guinea pig has two HMG-CoA reductase mRNA species of 4.5 and 

3.2 kb. In adults the 3.2 kb transcript predominates slightly; however, this ratio appears to 

be regulated differentially during fetal development. 

EXPERIMENTAL PROCEDURES 

Materials 

Materials were purchased from the following sources: DNA polymerase (Klenow), 

T4 DNA ligase, T4 polynucleotide kinase and restriction endonucleases (New England 
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Biolabs, Beverly, MA; Boehringer Mannheim, Indianapolis, IN); Nytran 0.45 and 0.22 

~m (Scheider and Schuell, Keene, NH). Radionucleotides, [a-32PJdCTP (3,000 

Ci/mmol), were obtained from ICN (Costa Mesa, CA). The plasmid containing pH Red-

102 was obtained from A TCC (Rockville, MD). Cholestyramine and cholesterol were 

obtained from Bristol Myers (Evansville, IN), and Sigma (St. Louis, MO) respectively. 

Female Hartley guinea pigs were purchased from SASCO Inc. (St. Louis, MO). 

Animals 

Guinea pigs were maintained in 12 hr light/12 hr dark facility (7:00 AM to 7:00 

PM) and animals were sacrificed at 10:00 AM (near mid-light in the cycle). Animals were 

fed a non-purified guinea pig diet (Teklad, Madison, WI), which for the treatment diets 

contained either 0.25 % (w/w) cholesterol or 1.1 % (w/w) cholestyramine. Pregnancy was 

determined by the presence of cervical plugs after the animals were mated. Treatment diets 

were initiated on the first day following conception. Reductase transcript levels were 

determined at 0, 40 and 6O-days gestation. Four animals were used for each time point and 

treatment group. 

General Methods 

A 2.7 kbp Bg/II or a 1.35 kbp BglII-HindIII fragment from pHRed-1 02 (A TCC; 

Rockville, MD) was subcloned into pUC19. Restriction endonuclease digestions and 

ligations were as described by manufacturer. 

DNA and RNA Isolation 

Plasmid DNA was isolated by the method of Maniatis (1989). Genomic guinea pig 

DNA was prepared using the cetrimide extraction (crAB) method described by Murray 

and Thompson (1980). Human DNA was isolated from white blood cells following the 

procedure of Bell et al. (1981). RNA was prepared using a modif~cation of the guanidine 

thiocyanate procedure described by Rutter et al. (1979; 1981). For these extractions the 
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ratio of tissue to guanidine thiocyanate homogenization buffer was I: 10. RNA was stored 

at -70°C in 10 mM Tris-HCI pH 7.5, 1 mM EDTA, 0.1 % (w/v) SDS. 

Southern and Northern Analysis 

For restriction digestion and Southern transfer (Southern, 1975) 5 Ilg of DNA were 

digested with one of six different restriction endonucleases at a concentration of 4 units/Ilg 

DNA for 6 hrs. DNA was separated in agarose gels and blotted onto nylon membranes 

(Nytran 0.45 Ilm, Schleicher and Schuell, Keene, NH) according to Chu et aL (1981). 

DNA size markers were lambda DNA (cI857 Sam7) digested with HindIII. For northern 

transfer (Thomas, 1980), 10-15 Ilg of total RNA was analyzed on l.25% denaturing 

agarose gels (Barkin et aL, 1986). Northerns were a!Iowed to transfer overnight in 10 X 

SSPE (3.6 M NaCl, 200 mM NaH2P04, 20 mM EDTA). RNA size markers (BRL, 

Gaithersburg, MD) were used to estimate RNA sizes. DNA hybridization solutions 

contained 40% formamide with Denhardt's (0.02% (w/v) BSA, Ficoll, 

Polyvinylpyrrolidone) and poly(A+) RNA (100 Ilg/ml) as blocking agents; hybridization 

was allowed to proceed for 36 h at 42°C. RNA blot hybridization conditions were as 

described for DNA blots with the exception that 7% SDS (w/v) was also present. The 2.7 

and 1.35 kbp HMG-CoA reductase cDNA clones were radiolabeled ([32Pl a-dA TP, ICN) 

by specific priming using pUC universal primer (Stratagene, La Jolla, CA). 

Quantitation of [32Pl signal was detennined using a laser densitometer at several 

different exposures (Molecular Dynamics, model 300 series). 

RNA Quantitation 

Total RNA was quantitated by RNA dot blot and northern hybridization of 

ribosomal RNA using an 18s rDNA BamHI-EcoRI fragment as a probe (Eckenrode et aI. 

1985). Preliminary blots were hybridized to detennine a linear signal response range. 

RNA samples were diluted 1: 10,000 and approximately 15 and 30 ng were used to 
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determine relative RNA concentrations. Ribosomal probes were labeled using the random 

primer method (Feinberg and Yogelstein, 1983). [32p] signal was' quantitated using a 

Betascope. 

Statistics 

One way analysis of variance (ANOY A), using least significant differences was 

used to assess differences among treatment groups and gestational periods (Steel and 

Torrie, 1960). Data are presented as mean ± 1 standard deviation. 

RESULTS 

The cDNA probe used in these studies was a 2.7 kbp human HMG-CoA reductase 

fragment containing nearly the entire coding region of the gene. As indicated in Figure 2a, 

this human reductase probe cross-hybridized with genomic DNA from inbred Hartley 

guinea pigs which, at a high stringency level (0.1 % SDS, 0.5 X SSPE, 65°C), indicated a 

high degree of homology between guinea pig and human reductase genes. The 

hybridization pattern observed, including a single hybridizing species for BamHI digested 

DNA, suggested that the reductase gene is present at a low copy number, (l-x) in the 

guinea pig genome (Figure 2a). To determine the exact number a smaller, 1.35 kbp 

fragment was used as a probe, which still included the active site region (Figure 2b). 

Under these circumstances, fewer hybridizing bands were observed. A single BamHI, 

Bgm and EcoRI fragment hybridized with the 1.35 kbp probe; indicating that the reductase 

gene exists as a single gene in the guinea pig genome. As a control, EcoR 1 digested 

human DNA was also hybridized with both the 2.7 and the 1.35 kbp probe. A single 

hybridizing species of approximately equal intesity and greater than 30 kbp was observed 

(Figure 2), 
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To determine the size of the guinea pig HMG-CoA reductase transcript, total RNA 

from guinea pig liver was analyzed on denaturing formaldehyde agarose gels. Preliminary 

findings indicated that the guinea pig had two reductase transcripts, 4.5 and 3.2 kb in size 

(Figure 3). In adult animals these two transcripts appeared to be present in nearly 

equimolar amounts. The presence of two transcripts for HMG-CoA reductase in the guinea 

pig was not unexpected; two transcripts of similar size have also been found in the hamster 

(Chin et al. 1984), rat (Clarke et al. 1984) and Drosophila (Gertler et al. 1988). Three 

RNA species of 4.0, 3.2 and 2.0 kb hybridized with the HMG-CoA reductase probe. 

When the specific primed 1.35 kbp smaller probe was used on the same RNA sample there 

was less hybridization to the 2.0 kb transcript (data not shown). More stringent wash 

conditions also minimized the 2.0 kb signal. This indicated that the 2.0 kb band was not a 

breakdown product of HMG-CoA reductase mRNA but possibly cross-hybridization with 

the 18s rRNA. 

To determine if reductase mRNA levels were sensitive to feedback suppression by 

sterols or induction due to a depletion of sterols, animals were given non-purified guinea 

pig diet supplemented with either 0.25% cholesterol or 1.1 % cholestyramine. 

Cholestyramine is a bile acid-binding resin which interrupts enterohepatic recirculation of 

bile acids and causes a net drain on the hepatic bile acid pool. In effect, this causes a 

moderate depletion of cellular sterols and induces HMG-CoA reductase activity (Bilheimer 

et al. 1983). Cholesterol, on the other hand, is known to repress HMG-CoA reductase 

activity (Shapiro and Rodwell 1971). In these studies, cholesterol feeding caused an 

average 87% reduction in the quantity of both transcripts; in some cases this reduction was 

so extensive that reductase mRNA levels were no longer detectable (Figure 4). 

Cholestyramine feeding however, did not significantly induce 

reductase mRNA levels under the conditions of this study (Figure 4). 



To characterize the developmental pattern of reductase expression, total hepatic 

RNA was isolated from the 0, 40 and 60-day gestation dam and 
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fetus. For adults and the 4O-day gestation fetus, the 3.2 kb transcript predominated (an 

equimolar ratio for the 4.5:3.2 transcript would be 1.4 whereas the measured ratio for 

adults was 1.1) (Figure 5). However, for RNA isolated from the liver of 60-day gestation 

fetuses this ratio was altered such that the 4.5 kb was enriched and was present at a ratio of 

1.5, 1.2 and 2.2 for control, cholesterol and cholestyramine fed dams respectively (Figure 

5 lane 5). 

Quantitation of HMG-CoA reductase mRNA levels for the three different treatment 

groups, as determined from northern blots, is shown in Figure 6. The overall pattern of 

expression for dams at different stages of gestation was similar for control and 

cholestyramine fed animals. In both cases, reductase mRNA levels for control and 

cholestyramine fed animals at 40-days gestation were nearly identical; however at 6O-days 

gestation reductase mRNA levels decreased 38% and 40% for animals in the control and 

cholestyramine groups respectively (Figure 6). Cholesterol fed adults had markedly lower 

levels of reductase mRNA expression, although reductase mRNA levels did increase 

during gestation. At 60-days gestation dams from all three treatment groups had nearly 

identical levels of reductase mRNA levels, implying that gestational effects may override 

treatment affects at this point of gestation (Figure 6). 

Fetal levels of reductase expression at 40-d gestation were nearly identical for the 

control and cholesterol treatment groups (Figure 6). Cholestyramine feeding, however, 

resulted in reduced levels of fetal hepatic reductase mRNA at 40-d gestation. Although the 

mechanism for this cholestyramine mediated effect is not known, it does parallel findings 

from a previous study (chapter II) where sterol synthesis rates were reduced in the 40-day 

gestation fetus from cholestyramine fed dams. At 60-days gestation, the pattern of fetal 
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hepatic reductase expression was more like that of the adult; and the trend observed for the 

fetuses from animals on the three diets mimicked the treatment response pattern observed 

for dams in this study. This may imply that either the regulatory mechanisms modulating 

sterol synthesis are operative in the 60-day gestation fetus; or that maternal factors direct 

fetal reductase mRNA expression at 60-days gestation. 
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Figure 2. Genomic Southern of Guinea Pig DNA. Genomic guinea pig (lanes 1-6) 
or human (lanes 8-9) DNA was digested with restriction endonucleases (BamHI, lane 1; 
Bg/II, lane 2; EcoRI, lane 3; HindIII, lane 4; PstI, lane 5; XbaI, lane 6; lane 7, blank; 
EcoRI, lane 8-9) and run on 0.8% agarose gels. Hybridization was carried out using a 2.7 
Bg/II (Panel A) or 1.35 kbp BglII-HindIII human cDNA fragment (Panel B). Southerns 
were washed in 0.5 X SSPE, 0.1 %SDS at 65 °e. Lambda HindIII digested DNA is 
shown as a molecular size marker. 
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Figure 3: Northern Hybridization with HMG-CoA Reductase Probe. Total 
RNA (10 Ilg/lane) was isolated from liver from cholestyramine fed guinea pigs and run out 
on a 1.25% agarose formaldehyde gel. The 1.35 kbp BglII-HindIII human HMG-CoA 
reductase cDNA, which contains the active site region, was used as a probe. The 4.5 and 
3.2 kb species are HMG-CoA reductase specific hybridizations whereas the 2.0 kb band 
represents a non-specific interaction with the 18s rRNA. Blots were washed with 0.5 X 
SSPE, 0.1 %SDS for 10 min at room temperature and 30 min at 60 °C. 
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Figure 4: Northern Hybridization for Animals Under Different Treatment 
Protocols. Total hepatic RNA (15 Jlg!lane) was isolated from guinea pigs fed control 
(CO-lanes 1-2),0.25% cholesterol (CH-Ianes 3-4) or 1.1 % cholestyramine (CY-Ianes 5-6) 
diets. Gel running and hybridization conditions are as for Figure 2. Blots were washed 
with 0.5 X SSPE, 0.1 %SDS for 10 min at room temperature and 30 min at 58°C. The 
lower panel graphically represents the relative concentration of each RNA as calculated 
from scanning laser densitometry of autoradiographs. (n) = 4 animals per group; data are 
presented as mean ± S.D. Values with differing superscripts are significantly different 
(P<0.05). 
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Figure 5: Developmental Pattern of HMG-CoA Reductase Expression. Total 
hepatic RNA (15 Jlg!lane) was isolated from guinea pig dams and fetuses. Dams were fed 
control (CO), cholesterol (CH) or cholestyramine (CY) diet for differing lengths of time 
during development: lane 1, O-d non-pregnant animals; lane 2, 40-d gestation dam; lane 3, 
60-d gestation dam; lane 4, 40-d gestation fetus; lane 5, 60-d gestation fetus. The lowest 
panel in this figure represents 1/1000 or 15 ng of sample RNA from a typical loading. This 
northern was probed with a 1.1 kbp soybean ribosomal fragment and demonstrates that 
equal amounts of rRNA were loaded in each lane. 
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Figure 6: Quantitation of HMG-CoA Reductase Hybridization to Northerns. 
Total hepatic RNA (15 Ilgllane) was isolated from guinea pigs fed control (CO), cholesterol 
(CH) or cholestyramine (CY) diet for different time points during development. This 
figure represents the relative concentration of each RNA as calculated from scanning laser 
densitometry of autoradiographs. Comparisons between blots were normalized to one 
sample that was loaded in equal amount on each blot. (n) = 4 dams or fetuses (pooled per 
litter) per time point; data are presented as mean ± S.D. Values with differing superscripts 
are significantly different (P<O.05). 
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DISCUSSION 

To date, HMG-CoA reductase is believed to be present as a single gene in those 

mammalian species studied; including the hamster (Chin et aI. 1984) and human (Luskey 

and Stevens 1985). In other eukaryotes, such as yeast (Basson et al. 1988), two reductase 

genes have been found. Although it has yet to be confirmed, tomato and other plants are 

suspected of having two or three reductase genes, encoding both plastid and cellular 

enzymes respectively (N arita and Gruissem 1989). The simple hybridization pattern 

observed in the Southern blots presented in Figure 2 indicates that the guinea pig genome, 

like other mammalian systems, probably carries only one copy of the reductase gene. 

These Southern blots also demonstrated thal the human HMG-CoA reductase probe cross

hybridized at an equal intensity with guinea pig genomic DNA, and thus was suitable for 

the northern blot analyses in this study. 

The presence of multiple RNA transcripts for HMG-CoA reductase has been 

demonstrated in more than one species. In 1984 Clarke et al. observed a 4.6 and 4.2 kb 

transcript in the rat, and Chin and coworkers (1984) found similarly sized transcripts, 4.7 

and 4.2 kb, in the hamster. Since then, two transcripts have also been found in 

Drosophila, where the estimated sizes are 4.0 and 3.2 kb (Gertler et aI. 1988). Of the 

species for which transcript size has been reported, one exception is tomato where a single 

3.0 kb species has been identified (Narita and Gruissem 1989). As shown in Figure 3, the 

guinea pig, like other mammalian species, has two transcripts which are approximately 4.5 

and 3.2 kb in size. For adult animals, under the conditions used in these studies, the 3.2 

kb transcript predominated. To date, the underlying mechanism for this difference in 

transcript size is unknown; however, for the hamster it has been postulated that it may be a 

function of multiple polyadenylation sites (Reynolds et al. 1984). 
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Feedback inhibition of HMG-CoA reductase at the transcriptional level is well 

documented (Chin et al. 1982; Luskey et al. 1983). In the present studies non-pregnant 

animals fed diets containing 0.25% cholesterol had 87% lower levels of reductase mRNA 

than controls. A similar level of inhibition (85%), was observed in sterol synthesis rates 

for guinea pigs fed the same amount of choiesterol (chapter II). Initially, one unexpected 

finding in these studies was the fact that cholestyramine feeding did not result in elevated 

levels of reductase mRNA; since, under identical conditions, sterol synthesis rates are 

induced 4.7-fold in the guinea pig (chapter II). However, this finding is corroborated by a 

report by Clarke and coworkers (1984) wherein rats were fed 5% cholestyramine and 

HMG-CoA reductase mRNA levels were determined for time points representing the 

diurnal peak and nadir. At the diurnal peak, cholestyramine feeding resulted in a 4.5-fold 

induction in hepatic reductase message levels relative to control diet fed animals; however, 

at the nadir this differential no longer existed and rats on both diets had identical levels of 

reductase expression. Since sterol synthesis rates are still elevated at the diurnal nadir these 

results imply that regulation of reductase activity or cholesterol synthesis must occur post

transcriptionally. Potentially, the extended half-life of the reductase enzyme in 

cholestyramine fed animals (Edwards et al. 1983) may account for the observed elevated 

sterol synthesis rates in lieu of equivalent levels of transcription. 

Several well documented consequences of pregnancy in both humans and animals 

are decreased rates of bile flow and cholestasis (Kern et al. 1981; Reichen et al. 1987). 

Although, these alterations in cholesterol homeostasis are usually minor, pregnant women 

are at an increased risk for developing gallstones (Kern et al. 1981).· In these studies, the 

effect of pregnancy on mRNA levels for HMG-CoA reductase became apparent at 60-days 

gestation, when both control and cholestyramine fed dams had reduced message levels. 

One possible explanation for this decrease may be due to an increased intracellular pool of 
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sterols, as occurs with decreased rates of bile acid production (Reichen et al. 1987). Also, 

when Belknap and Dietschy (1988) measured sterol synthesis rates in pregnant rats they 

observed a similar reduction in maternal sterol synthesis just prior to parturition. In 

general, cholesterol feeding during pregnancy results in the same level of repression of 

sterol synthesis as found for non-pregnant control animals (Feingold 1983; Belknap and 

Dietschy 1988). In these studies, dams fed cholesterol had reduced levels of reductase 

mRNA; although this effect was diminished with increasing lengths of gestation. This 

suggests that gestational effects may be most important near parturition. 

During development tissue expansion occurs at a rapid rate and increased levels of 

sterols are required for membrane biogenesis. Other isoprenoid products, such as 

ubiquinone and isopentenyl tRNA, are probably also required at increased levels during 

development. In these studies fetal levels of reductase mRNA at 40-days gestation were 

similar for control diet and cholesterol fed animals. In the fetus of the cholesterol fed dam, 

reductase message levels were 17.5-fold higher than that of non-pregnant adults fed 

cholesterol. This suggests that at this stage of gestation regulation of reductase mRNA 

levels may be independent of maternal regulatory factors or that the placenta modulates 

sterol delivery to the fetus. The 40-day gestation fetus from dams fed cholestyramine 

however, did have lower levels of reductase message than fetuses from the other two 

groups. This finding parallels observations of reduced rates of sterol synthesis in the 40-

day gestation guinea pig from dams fed cholestyramine (chapter II). One possible 

explanation for this effect is related to the fact that cholestyramine feeding induces LDL

receptor numbers (Bilheimer et al. 1983; Belknap and Dietschy 1988). Under these 

circumstances, placental tissues may also have elevated LDL receptor numbers and 

therefore have an increased capacity to deliver LDL-cholesterol to the fetus. If such a 



mechanism is in operation then fetuses from cholestyramine fed dams may have reduced 

needs for de nOl'O sterol synthesis. 
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One of the most pronounced effects observed in the 40-day gestation fetus was that 

HMG-CoA reductase mRNA levels were not significantly different from mRNA levels 

measured in adults. This is in contrast to the markedly elevated levels of fetal sterol 

synthesis observed for the 40-day gestation guinea pig (chapter II). This uncoupling of 

HMG-CoA reductase mRNA levels and sterol synthesis rates suggests that sterol synthesis 

in the 40-day gestation fetus may be controlled by a post-transcriptional regulatory step. 

Post-transcriptional mechanisms which have been described for the adult HMG-CoA 

reductase include, variable rates of translation (Goldstein and Brown, 1990), differential 

rates of enzyme degradation (Edwards et al. 1983; Chin et al. 1985; Skalnik et al. 1988), 

and modulation of enzyme activity by AMP-dependent kinase phosphorylation of serine 

and threonine residues in the catalytic domain (Clarke et al. 1990). It is also possible that 

in the fetal organism, other enzymes in the sterol biosynthetic pathway may be rate limiting. 

In these studies the mechanism allowing for high rates of sterol synthesis with basal levels 

of HMG-CoA reductase mRNA levels is not known. 

In the 6O-day gestation fetal liver, the pattern of HMG-CoA reductase expression 

was not unlike that of the respective dams. Reductase mRNA levels were 26% of control 

fetal mRNA levels at 60-days in the cholesterol treatment group and were increased 1.2-

fold in the cholestyramine group. It is possible that at this later stage of development the 

transcriptional regulatory mechanisms observed in the adult guinea pig are active in the fetal 

liver. 

Since reductase has been demonstrated to have more than one transcript in multiple 

species, it was of interest to determine if these transcripts were modulated differentially 

during development. In the one study where transcript modulation has been characterized 
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during development, Gertler and coworkers (1988) found preferential expression of the 

larger 4.0 kb transcript up through the 3rd instar larval stage in Drosophila embryos. The 

smaller 3.2 kb transcript was initially observed as a very faint signal at the 3rd instar stage 

and only began to be expressed in nearly equimolar amounts at the early pupal stage. In 

these studies, the only time point at which differential levels of reductase transcript were 

observed was in the 60-d gestation fetus. This was most pronounced for fetuses from 

cholestyramine fed dams where the ratio of the 4.5 to 3.2 transcript was 2.2. To date the 

mechanism for this differential mode of expression in development is not known. 

In summary, these studies demonstrated that the guinea pig has two transcripts for 

HMG-CoA reductase, 4.5 and 3.2 kb in size. Pregnancy had only modest effects on 

reductase expression and did not significantly alter treatment induced effects on expression. 

Fetal reductase message levels, although unaffected at 40-days gestation, may have the 

regulatory mechanisms observed in the adult at the 6O-day time point. 
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CHAPTER V 

CONCLUSION 
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In summary, sterol synthesis rates in adult animals were precisely what would be 

expected in response to dietary cholesterol and cholestyramine treatment; with cholesterol 

and cholestyramine treatments resulting in markedly reduced and increased levels of sterol 

synthesis respectively. Pregnancy did not significantly alter this pattern in that maternal 

sterol synthesis levels in response to dietary cholesterol and cholestyramine treatment were 

similar to the responses observed for non-pregnant animals. 

When mRNA levels for HMG-CoA reductase for this system were determined, it 

was demonstrated that the guinea pig has a 4.5 and 3.2 kb HMG-CoA reductase transcript. 

Pregnancy had only modest effects on maternal hepatic reductase mRNA levels, in that 

mRNA levels were not significantly different between pregnant and non-pregnant animals. 

In adult animals, cholesterol feeding did reduce HMG-CoA reductase mRNA levels as 

expected, however, cholestyramine treatment did not increase HMG-CoA reductase mRt'JA 

levels. This was in contrast to the fact that cholestyramine treatment did increase sterol 

synthesis levels in similarly treated animals. One probable explanation for this lack of 

induction with cholestyramine treatment, may be due to diurnal regulation of HMG-CoA 

reductase mRNA with cholestyramine treatment as has been described for the rat (Clarke et 

aI. 1984). 

In general, fetal hepatic and carcass cholesterol synthesis rates were markedly 

higher at mid-gestation than at near-term, probably indicative of the massive hypertrophy 

occurring at this stage of development. However, fetal sterol synthesis rates were not 

affected by maternal dietary treatments, although maternal cholestyramine feeding did result 

in reduced rates of cholesterol synthesis at 40-days gestation. 

Fetal HMG-CoA reductase mRNA levels generally reflected the pattern observed 

for sterol synthesis rates, although the magnitude of this response was much lower than for 

sterol synthesis. At 40-days gestation maternal cholestyramine treatment caused a 
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suppression of both sterol synthesis rates and HMG-CoA reductase mRNA levels. 

Cholesterol treatment at 40-days gestation, however, did not inhibit either sterol synthesis 

rates or HMG-CoA reductase mRNA levels as demonstrated in adult animals. Perhaps the 

most pronounced effect observed in the 40-day gestation fetus was that HMG-CoA 

reductase mRNA levels were not significantly different from mRNA levels measured in 

adults, in contrast to the markedly elevated fetal sterol synthesis rutes at 40-days gestation. 

This finding would indicate that sterol synthesis rutes in the 40-day gestation fetus are 

controlled by a post-transcriptional regulatory step. In these studies the mechanism 

allowing for high rates of sterol synthesis with basal levels of HMG-CoA reductase mRNA 

levels is not known. 

At 60-days gestation, fetal sterol synthesis rutes and HMG-CoA reductase mRNA 

levels were similar to what was measured in the adult, in both amplitude and response to 

treatments. These findings suggest that the 60-day gestation fetus may either have 

developed the regulatory mechanisms present in the adult, or that at this time point in 

development, fetal and adult responses cannot be separated. 

Overall, these studies indicate that maternal factors may influence pre-natal 

cholesterol homeostatic mechanisms, particularly at 60-days gestation. Further studies will 

be required to determine if such effects extend into the post-natal period and beyond. 
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ABSTRACT 

The effect of copper deficiency on hepatic HMG-CoA reductase coenzyme A 

reductase, the key enzyme regulating cholesterol biosynthesis, was investigated in the rat. 

Male weanling rats were fed semi-purified diets containing adequate, marginal or deficient 

levels of copper for 6 weeks. Two separate studies were conducted; in the first study 

animals were fasted 12 hrs prior to analysis and in the second study animals were fed diets 

ad libitum. Plasma lipid levels, hepatic cholesterol concentrations and HMG-CoA 

reductase specific activity, both total and active, were determined. Consistent with 

previous findings, plasma total cholesterol and triglyceride levels were significantly 

elevated in copper-deficient rats. Copper deficiency resulted in a significant decrease in 

hepatic total cholesterol levels. Total and active levels of HMG-CoA reductase in fed 

animals were elevated 2-fold with copper deficiency, with the active form of the enzyme 

constituting approximately 30% of total activity. 3-hydroxy-3-methylglutaryl coenzyme A 

reductase activity in copper-deficient fasted rats was 2-fold higher than for the fasted 

adequate animal; however, fasting did result in a lO-fold reduction in hepatic reductase 

specific activity. These data support the hypothesis that copper deficiency results in a 

hypercholesterolemic state in the rat associated with increased hepatic cholesterol synthesis. 

INTRODUCTION 

Copper has been shown to be an essential mineral for all species studied to date. 

Although copper deficiency is rare in adult humans, its symptoms have been diagnosed in 

individuals suffering from the genetic disorder Menke's disease (Williams et al. 1978), in 

patients on total parental nutrition lacking copper (Mason 1979) and during the 

rehabilitation of malnourished children (Mason 1979). Although clinical deficiencies of 

copper are rare, recent data indicate that many individuals may suffer from marginal 



inadequacies in copper status because they receive less than the 2.0 mg copper per day 

established as necessary (Anon 1980; Holden et al. 1979). 
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In the rat, some of the earliest signs of copper deficiency, along with anemia (Hart 

et al. 1928), are elevated levels of plasma cholesterol (Klevay 1973; Allen and Klevay 

1978; Lefevere et al. 1985; Lei, 1977; Lei, 1983) and triglyceride (Allen and Klevay 1980; 

Harvey and Allen 1985). This phenomenon was first observed in 1973 when Klevay and 

coworkers (Klevay 1973) found an elevated plasma cholesterol in copper-deficient rats 

when the dietary zinc to copper ratio was increased. This increase in plasma cholesterol 

was attributed to an increased zinc to copper ratio since it is known that zinc and copper 

will compete for absorption in the gut (Gray and Daniel 1964; Evans 1973). Shortly after 

this observation was reported, several large scale factorial studies by Petering et al. 

(Petering et al. 1977; Murthy and Petering 1976) indicated that serum cholesterol and 

copper levels were inversely related while no relationship was found between zinc and 

serum cholesterol levels. In 1977 Lei (1977) confirmed that a deficiency of copper alone 

resulted in elevated plasma cholesterol and triglyceride levels in rats. 

In an attempt to explain how copper deficiency may be linked to an elevated plasma 

cholesterol level, hepatic cholesterol metabolism and its regulation have been examined in 

copper-deficient animals to determine whether abnormalities exist. In 1977 Lei (1977) 

incubated rat liver slices from copper-adequate and deficient rats with [14C]acetate and 

found that copper status had no effect on the rate of incOlporation of [14C] into cholesterol. 

In 1980 Shao and Lei (1980) injected rats with [14C]mevalonate and found an increase in 

[14C]cholesterol ester in plasma from copper-deficient animals. This finding suggested 

that there is a shift of hepatic cholesterol to the plasma. To examine whether or not 

cholesterol catabolism was altered by copper deficiency, Lei (1978) measured rates of bile 

acid synthesis and fecal cholesterol excretion in copper-deficient rats and found no 
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difference as compared to control animals. Furthermore, Allen and Klevay (1978) 

demonstrated that the excretion of fecal acidic sterols was not impaired in copper-deficient 

rats. These studies imply that the observed hypercholesterolemia in copper-deficient rats 

may not be the result of altered cholesterol excretion and suggest that increased cholesterol 

synthesis may be a contributing factor. 

The present study has reexamined this question by measuring the activity of the rate 

limiting enzyme in cholesterol biosynthesis, HMG-CoA reductase (E.C.1.1.1.34), in 

copper-adequate and deficient rats. The data demonstrate that HMG-CoA reductase activity 

is significantly elevated with copper deficiency, suggesting that increased cholesterol 

synthesis may account in part for the hypercholesterolemia observed in copper deficiency. 

MA TERIALS AND METHODS 

Materials 

Materials were obtained from the following sources: DL-hydroxy-[3-

14C]methylglutaryl coenzyme A (40-60 mCi/mmol) and DL-[5-3H]mevalonic acid (10-30 

Ci/mmol), New England Nuclear, Boston, MA; cholesterol enzymatic assay kit and 

cholesterol esterase, Boehringer Mannheim, Indianapolis, IN; triacylglycerol enzymatic 

assay kit, DL-3-hydroxy-3- methylglutaryl coenzyme A, glucose-6-phosphate, glucose-6-

phosphate dehydrogenase, and BNADPH, Sigma, St.Louis, MO; silica gel thin layer 

chromatography plates, Alltech Associates, Deerfield, IL. 

Animals 

Four week old weanling male Sprague-Dawley rats weighing approximately 55 g 

were obtained from Harlan Sprague-Dawley, Inc., Indianapolis, IN. Animals were housed 

individually in stainless steel cages in a light cycle room with 7:00 AM-7:00 PM light. 
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Diets 

Animals were divided randomly into 2 or 3 dietary treatment groups, depending on 

the study, and maintained on the semi-purified diets described in Table I for 6 weeks. 

Dietary copper levels were determined after a nitric acid digestion by name atomic 

absorption spectrophotometry (Hitachi, model 170). 

Study Design 

Two separate studies were carried out. The first study (Study I-Fasting) used 18 

rats that were randomly assigned to three dietary treatments which were identical except for 

varying copper levels: adequate (6.55 ppm), marginally deficient (1.64 ppm) and deficient 

(0.89). Groups of 6 animals were given their respective diet ad libitum for 6 weeks and 

were fasted for 12 hr prior to sacrifice. The second study (Study 2-Fed) involved 12 rats 

randomly divided into 2 dietary groups, copper adequate (6.92 ppm) and copper-deficient 

(0.57 ppm). Animals in this study were not fasted prior to sacrifice. Dietary copper levels 

for Study 1 and Study 2 are presented in Table I. This design allowed for comparison of 

fasting to non-fasting effects on HMG-CoA reductase activity in response to varying levels 

of dietary copper. 

Assays 

Plasma Cholesterol, Triglyceride and Hematocrit: Blood was obtained by cardiac puncture 

using Na2EDTA (1 mglml) as an anticoagulant. Following centrifugation, plasma was 

removed and total cholesterol and triglyceride were determined by enzymatic assay (Allain 

et at 1974; Bucolo and David 1973). Hematocrit was determined by centrifugation in a 

capillary tube system to obtain packed cells. 

Hepatic Microsome Isolation and HMG-CoA Reductase Assay: Animals were sacrificed 

between 7:00-9:00 AM near the nadir of the diurnal rhythm for HMG-CoA reductase 

(McNamara et aI. 1972). At sacrifice livers were quickly excised, rinsed with saline and 
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placed in ice cold Dulbecco's phosphate buffered saline (pH 7.2). A crude homogenate 

was prepared by pressing tissue through a tissue grinder into 1:3 (w:v) homogenization 

buffer (50 mM KH2P04, 0.1 M sucrose, 50 mM KCl, 30 mM EDTA, and 2.0 mM 

dithiothreitol, pH 7.2) containing either 50 mM NaCl, to determine total HMG-CoA 

reductase activity, or the phosphatase inhibitor NaF (50 mM) for measurement of the active 

form of enzyme. This crude homogenate was further homogenized with a Potter-Elvehjem 

homogenizer. A microsomal fraction was isolated by two 15 min centrifugations at 10,000 

x g followed by a 1 hr centrifugation at 100,000 x g at 4° C. Microsomes were 

rehomogenized in a small volume of homogenization buffer and stored at -700 C 

(McNamara et al. 1972). 

The assay for HMG-CoA reductase was essentially the radioisotopic thin-layer 

chromatography method described by Shapiro et al. (1974). Briefly, our method used up 

to 0.20 mg protein per assay mixture which contained 50 nmole RS-[14C]HMG-CoA, 4.5 

Ilmole glucose-6-phosphate, 3.6llmole EDTA, 0,45llmole I3NADPH, 0.3 IV glucose-6-

phosphate dehydrogenase and 2 x 104 dpm [3H]mevalonic acid brought to a final volume 

of 100 III with homogenization buffer. Incubations were carried out for 15 min at 37°C 

and the [14C]mevalonolactone isolated by thin layer chromatography on silica gel plates 

developed in benzene:acetone (v:v/l: 1) (Shapiro et al. 1974). The position to which 

mevalonolactone migrated was identified by spotting mevalonolactone standards and 

individually scraping each centimeter of the silica gel plate. Microsomal protein 

concentrations were determined by the method of Markwell et al. (1978). Enzyme specific 

activities are expressed as pmoles of mevalonate produced per min per mg microsomal 

protein. 

Hepatic Cholesterol Concentrations: Approximately 1.0 g of liver from each rat was 

homogenized in a Potter-Elvehjem homogenizer with an equal volume of Dulbecco's 
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phosphate buffered saline. The homogenate was extracted with 10 ml of 

chloroform:methanol (2: l/v:v) (Folch et al. 1957). To remove tissue precipitates, extracts 

were filtered on a #1 grade filter paper and the filter paper was washed with approximately 

10 ml additional solvent. Samples were brought to equal volume and aliquots in 

quadruplicate were removed to dry overnight. 

To assay for total and free cholesterol, a modification of the assay procedure 

described by Sale et al. (1984) was used. Ethanol (0.2 ml) was added to the dry samples 

followed by 0.8 ml of a buffered solution containing horseradish peroxidase (0.2 U/ml), 

cholesterol oxidase (0.125 U/ml) and O-dianisidine (0.1 mg/ml). Samples were incubated 

for 10 min at 37° C, then 100 mU of cholesterol esterase were added to half of the tubes. 

Incubation was allowed to proceed for another 35 min at 37° C. Absorbance at 500 nm 

was determined and mg/g cholesterol calculated relative to a standard curve. This 

calculation involved subtracting cholesterol oxidase reaction values (free cholesterol only) 

from values obtained from reactions containing both cholesterol oxidase and cholesterol 

esterase (total cholesterol levels) to give esterified cholesterol values. 

Statistics 

One way analysis of variance (ANOYA) was used to assess differences between 

treatment groups. For determinations of differences in plasma cholesterol levels a one 

tailed Student's t-test was used since it was predicted that plasma cholesterol would 

increase with copper deficiency. All data are presented as mean ± 1 standard deviation. 

RESULTS 

To verify that animals fed the copper-deficient diet were indeed copper-deficient 

several parameters characteristic of copper deficiency were determined (Table II). Copper

deficient rats had decreased body weights and hematocrits, and exhibited increased heart 



weights and heart to body weight ratios. Also, in Study 2-Fed, liver weights were 

significantly different. All of these traits are characteristics of copper deficiency and 

indicate that animals on the copper-deficient diets were copper-deficient. 
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Similar to previous studies (Klevay 1973; Allen and Klevay 1978; Lefevere et al. 

1985; Lei 1977; Lei 1983; Allen and Klevay 1980; Harvey and Allen 1985), we observed 

both hypercholesterolemia and hypertriglyceridemia in copper-deficient rats (Table III). 

Plasma cholesterol levels in copper-deficient rats were 25% greater than for copper 

adequate animals in both the fasted and fed state. Fasting triglycerides were 2-fold greater 

than that observed in adequate rats. 

Analysis of rat liver microsomal HMG-CoA reductase in copper-deficient rats 

showed a net 2-fold increase in total HMG-CoA reductase activity relative to copper

adequate animals for both the fasted and fed animals (Figures 1 and 2). In the fed copper

deficient animal the active form of HMG-CoA reductase was also elevated 2-fold; however, 

the active form of the enzyme was not changed in the fasted rat. Fasting resulted in a 10-

fold reduction in HMG-CoA reductase activity for both total and active forms of the 

enzyme (Figure 1). In fasted rats the observed active to total enzyme ratio was 45 % for 

copper-deficient rats and ranged from 75 to 80 % for the marginal and adequate groups 

(Figure 1). In the fed state, the active form ofHMG-CoA reductase was approximately 

30%, for both copper-adequate and deficient rats (Figure 2). 

Copper deficiency resulted in decreased total hepatic cholesterol levels for both 

fasted and fed animals (Table IV). Under all conditions, the majority of cholesterol was 

present as free cholesterol, relative to esterified cholesterol. It is interesting to note that in 

fasted animals the concentration of free cholesterol changes with copper status; whereas in 

fed animals esterified cholesterol levels are reduced with copper-deficiency while free 

cholesterol remains essentially constant. The percentage of cholesterol present as 
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cholesterol ester increases from 15.6 to 20.4 % with copper deficiency in Study I-Fasting; 

however, this trend is reversed in Study 2-Fed. None of these percentage changes are 

significant for either group. 



Table I. Diet Composition 

Component 

Casein 

DL-Methionine 

Glucose Monohydrate 

Cellulose 

Com Oil 

AIN Mineral Mix 

AIN Vitamin Mix 

Choline Bitartrate 

Cupric Carbonate 

Copper Level (ppm) 

Study I 

Study II 

Adeguate 

20.0 

0.3 

64.0 

5.0 

5.0 

3.5 

1.0 

0.2 

1.0 

6.55 

6.92 

Percent (w/w) 

Marginal 

20.0 

0.3 

64.5 

5.0 

5.0 

3.5 

1.0 

0.2 

0.5 

1.64 

Deficient 

20.0 

0.3 

65.0 

5.0 

5.0 

3.5 

1.0 

0.2 

0.0 

0.89 

0.57 
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Diets were prepared according to specifications provided by the American Institute of 
Nutrition (1977), with the exception that copper was not included in the mineral mix. 
Copper levels in each diet were determined by analysis on an atomic absorption 
spectrophotometer. [aAIN Mineral mix (20) contains standard contents excepting copper]. 
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Table II. Characteristics of Copper Deficeincy 

Body Wt. Liver Wt. Heart Wt. Heart/Body Hematocrit 

Wt. 

(g) (g) (g) (g) (%) 

STUDY I 

FASTING 

Adequate 326±16a 9.07±OA 1.1S±O.03b O.3S±O.Ol c SO.I±2.1 a 

Marginal 289±44b 9.62±O.9 1.36±O.09a O.47±O.OSb 4O.4±2.7b 

Deficient 238±22c 8.86±O.2 1 AS±O.09a O.61±O.02a 27.7±1.7c 

(P<O.OOI) (P<O.OOI) (P<O.OOI) (P<O.OOI) 

STUDY II 

FED 

Adequate 303±9a 13.0±1.2a 1.07±O.06b O.3S±O.02b 49.2±l.sa 

Deficient 219±2Sb 1O.1±1.7b 1.77±O.39a O.81±O.17a 28.1±2.2b 

(P<O.OOl) (P<O.Ol) (P<O.Ol) (P<O.OOl) (P<O.OOl) 

Male weanling rats, 18 animals Study I-Fasting or 12 Study 2-Fed, were fed diets 
containing either adequate, marginal or deficient levels of copper for a period of 6 weeks. 
At sacrifice several parameters of copper status were determined. Values in the same 
column with differing superscripts indicate significantly different values. 



Table III. Plasma Lipids 

STUDY I 

FASTING 

Adequate 

Marginal 

Deficient 

STUDY II 

FED 

Adequate 

Deficient 

Cholesterol 

(mgldl) 

109.0±3.Sb 

120.2±17.6ab 

137 A±24.0a 

(P<O.OS) 

12S.1±8.9b 

lS6.9±19.Sa 

(P<O.OI) 

Triglyceride 

(mgldl) 

99.8±11Ab 

114.0±9.Sb 

202.9±104a 

(P<O.OS) 

n.d. 

n.d. 
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Rats were fed semi-synthetic diets containing either deficient, marginal or adequate levels 
of copper. At sacrifice e whole blood was obtained by cardiac puncture using EDTA as an 
anticoagulent. Plasma was separated from blood by centrifugation. Total plasma 
cholesterol and triglyceride concentrations were determined by enzymatic assay as 
previously described. Study 1: n=18, 12-hr fasted rats. Study 2: n= 12, non-fasted rats. 
The data are presented as means ± S.D., n.d. = not determined. Values in the same 
column with differing superscripts are significantly different. 
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Figure 1. HMG-CoA Reductase Activity in Fasted Rats. Rats were fed copper 
containing diets as indicated in Table I (Study 1-Fasting) with either adequate (n=6), 
marginal (n=6) or deficient (n=6) levels of copper for 6 weeks. Prior to sacrifice animals 
were fasted for 12 hr. Hepatic microsomal fractions were isolated and HMG-CoA 
reductase specific activity, both total and active, were determined. Total hepatic HMG
CoA reductase activity was significantly greater for deficient rats than for adequate animals 
(*P<O.01). 
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Figure 2. HMG-CoA Reductase Activity in Fed Rats. Rats were fed diets 
containing either adequate (n=6) or deficient (n=6) levels of copper as indicated in Table I 
(Study 2-Fed) for a period of 6 weeks. Animals were fed ad lib prior to sacrifice. Hepatic 
microsomal fractions were isolated and HMG-eoA reductase specific activity, both total 
and active, were determined. Total and active forms of HMG-CoA reductase were 
significantly greater for deficient than adequate rats (*P<O.05, **P<O.Ol). 



Table IV. Hepatic Tissue Cholesterol Levels 

STUDY I 

FASTING 

Adequate 

Marginal 

Deficient 

STUDY II 

FED 

Adequate 

Deficient 

Total 

2. 12±0.16a 

1.92±O.41ab 

1.57±O.16b 

(P<0.05) 

1.64±O.loa 

1.47±O.OSb 

(P<O.OOl) 

Cholesterol (mg/g) 

Free 

1.79±O.07a 

1.62±O.42ab 

1.26±O.32b 

(P<O.05) 

1.35±0.13 

1.32±0.13 

Ester 

O.33±O.14 

O.32±O.19 

O.32±0.30 

O.29±O.06a 

O.17±O.11 b 

(P<O.Ol) 
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Rats were fed semi-synthetic diets as described with either adequate. marginal or deficient 
levels of copper. At sacrifice approximately 1.0 g of liver was removed and stored at -20 
°C. Hepatic lipids were extracted using chloroform methanol and free and total levels of 
cholesterol were determined by enzymatic assay. Study 1 and 2 are as described for Table 
III. Data are presented as mean ± S.D .• n=6 animals per group. Values in the same 
column with differing superscripts are significantly different. 
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DISCUSSION 

As previous investigators have established, we observed an elevated plasma total 

cholesterol for both fed and fasted copper-deficient rats (Klevay 1973; Allen and Klevay 

1978; Lefevere et al. 1985; Lei 1977; Lei 1983). Our marginally deficient group in Study 1 

had a somewhat elevated plasma cholesterol intennediate between the adequate and 

deficient groups. Also, consistent with previous reports, we observed an elevated plasma 

triglyceride in fasted copper-deficient rats (Allen and Klevay 1980; Harvey and Allen 

1985). Triglycerides were not detennined in fed animals due to post-prandial fluctuations 

in plasma triglyceride levels. 

Our findings of an increased HMG-CoA reductase with copper deficiency support 

the hypothesis that copper deficiency results in increased rates of hepatic cholesterol 

biosynthesis, since hepatic HMG-CoA reductase activity generally reflects hepatic 

cholesterol synthesis (Lei 1977). HMG-CoA reductase activity was elevated 2-fold in both 

fed and fasted copper-deficient rats which suggests that an elevation of cholesterol 

biosynthesis may be a physiological manifestation of copper deficiency. Previous 

investigators may not have observed this elevation of cholesterol synthesis with copper 

deficiency because in many cases fasted rats were used (Lei 1977; Lei 1978), and it is well 

established that HMG-CoA reductase and cholesterol biosynthesis are markedly reduced 

under fasting conditions (Slakey et al. 1972; Hamprect et al. 1969; White et al. 1970). 

This is consistent with our own data for the fasted rat which showed a lO-fold reduction in 

HMG-CoA reductase activity in the fasted state. It is also possible that previous studies 

(Lei 1977; Lei 1978) did not observe elevated cholesterol synthesis with copper deficiency 

due to technical problems associated with using radiolabeled acetate, a substrate subject to 

precursor pool variations (Andersen and Dietschy 1979). This artifact makes determination 

of precursor specific activity difficult and comparison of incorporation rates ambiguous. 
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Previous investigators have shown that hepatic HMG-CoA reductase exists in vivo 

in two distinct fonns, a phosphorylated inactive form and a dephosphorylated active fonn 

(Goodwin and Margolis 1973; Nordstrom et al. 1977). The interconversion between these 

two fonns has been shown to be mediated by a phosphatase and a series of kinases that are 

themselves subject to regulation (Feingold et al. 1983; Beg et al. 1986; Gil and Hegart 

1982). In general, the percentage of active to total levels of HMG-CoA reductase for the 

chow fed rat has been found to range between 15 to 30 % under normal conditions (Hunter 

and Rodwell 1980; Brown et al. 1979). It is interesting to note that although copper 

deficiency dramatically altered total levels of HMG-CoA reductase activity, copper 

deficiency did not alter the ratio of active to total enzyme in the fed animal which was 30 % 

for both copper adequate and deficient rats. This suggests that the observed increase in 

reductase activity with copper deficiency is not due to an activation of the 70 % of reductase 

which is inactive. Instead, it suggests that copper deficiency results in a net increase in the 

total levels of HMG-CoA reductase. This would be in agreement with the theory that 

alterations in the ratio of phosphorylated to dephosphorylated enzyme function primarily as 

a short tenn, transient mechanism for regulation of reductase (lngebritsen et al. 1979); 

whereas changes in enzyme levels are important for more long tenn adaptations to 

environmental changes. 

In the fasted rat we also observed a net two-fold increase in HMG-CoA reductase 

activity with copper deficiency; however in the fasted state, the ratio of active to total 

HMG-CoA reductase was increased to 50 to 80%. There are several possible explanations 

for why this may occur. Firstly, under fasting conditions HMG-CoA reductase activity 

was repressed to nearly 10% of fed levels, and it is possible that when the enzyme is 

suppressed to this extent the active fonn of the enzyme becomes a larger percentage of total 

activity (Scallen et al. 1982). Also, under these circumstances where activity levels are 



very low, it may be analytically impossible to distinguish between the inactive

phosphorylated and active-dephosphorylated fonn of reductase. 
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Previous studies have consistently shown a decreased hepatic cholesterol content in 

copper-deficient rats (Lei 1977; Harvey and Allen 1985). Similarly, our studies found 

significantly reduced levels of total hepatic cholesterol in both fed and fasted animals. This 

finding implies a possible mechanism by which hepatic HMG-CoA reductase may be 

induced during copper deficiency. HMG-CoA reductase has been shown to be responsive 

to many regulatory factors including hormones (Ingebritsen et ai. 1979) and feedback 

inhibition by biosynthetic intennediates (Rodwell et ai. 1976); however, one of the primary 

regulatory factors governing the overall activity of this enzyme has consistently been 

shown to be hepatic cholesterol levels (Mitropoulos et ai. 1978). Thus, the predicted 

response to a reduced hepatic cholesterol level would be, as observed, an elevation in 

reductase activity. 

Our findings, together with other data, support the hypothesis that the 

hypercholesterolemia induced by copper deficiency results from a combination of factors 

which include increased rates of export of newly synthesized cholesterol from the liver 

(Shao and Lei 1980), increased rates of cholesterol ester and apoprotein uptake by 

extrahepatic tissues (Carr and Lei 1989a; Carr and Lei 1989b), and increased levels of 

cholesterol synthesis coupled with unchanging rates of bile acid synthesis (Lei 1978) and 

cholesterol excretion (Koo et ai. 1988). An additional factor which may effect plasma 

cholesterol homeostasis is the recent observation that copper deficiency decreases 

endothelial lipoprotein lipase and hepatic lipase activity in the rat which could contribute to 

an elevated plasma cholesterol (Koo et aI. 1988). Taken together, these observations 

support the hypothesis that hypercholesterolemia is due to increased hepatic synthesis and 

export of cholesterol with no alterations in cholesterol excretion. 
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Our findings suggest that the mechanism by which copper deficiency results in 

elevated plasma cholesterol may in part be due to increased levels of hepatic HMG-CoA 

reductase and endogenous cholesterol synthesis. The mechanism by which HMG-CoA 

reductase is elevated in copper deficiency may relate to the reduction in hepatic cholesterol 

levels. The mechanism by which hepatic tissue cholesterol concentrations are reduced with 

copper deficiency probably results from a combination of factors which lead to a general 

shift in cholesterol distribution between the plasma and hepatic compartments; however. the 

mechanisms by which copper deficiency facilitates this change in cholesterol distribution 

are to date not fully understood. 
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ABSTRACT 

The effect of copper deficiency on absolute rates of cholesterol synthesis was 

investigated in the rat. Male weanling rats were fed semi-purified diets containing adequate 

(7.13 ppm) or deficient (0.621 ppm) levels of copper for 6 weeks. Copper-adequate and 

deficient animals (n=6/ group) were injected intraperitoneally with 50 mCi [3Hlwater and 

sacrificed 1 h post-injection. Copper-deficient animals had elevated heart weights and 

reduced body and spleen weights. Plasma cholesterol levels were significantly elevated 

and hematocrits were reduced. Absolute rates of carcass cholesterol synthesis per organ 

were 1.9-fold higher in copper-deficient rats (P<0.025). Previous studies have indicated 

that hepatic HMG-CoA reductase (E.C.l.l.1,34) activity is increased by copper deficiency; 

however, de novo synthesis of cholesterol from [3H]water was not significantly elevated in 

the liver. The present data indicate that newly synthesized cholesterol exported to the 

plasma was increased 2. I-fold (P<O.Ol) in copper-deficient rats. Since it has been 

demonstrated that hepatic export of cholesterol is increased with copper deficiency and that 

the major tissue for export of newly synthesized cholesterol is the liver, we hypothesize 

that the origin of radiolabeled cholesterol in the plasma was the liver. These data support 

the hypothesis that elevated levels of hepatic HMG-CoA reductase seen with copper 

deficiency are associated with an increased rate of whole body and hepatic cholesterol 

synthesis. 

INTRODUCTION 

One of the earliest signs of copper deficiency in the rat is an elevated plasma 

cholesterol level (Klevay 1973; Allen and Klevay 1978; Lefevere et a1. 1985; Lei 1977; Lei 

1983). This occurs in conjunction with anemia (Hart 1928) and an elevated plasma 

triglyceride level (Allen and Klevay 1980; Harvey and Allen 1985). Elevated plasma 
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cholesterol levels were first reported in 1973 when Klevay and coworkers observed an 

increased plasma cholesterol in rats fed diets with an increased ratio of zinc to copper. It 

was shown definitively that copper deficiency alone led to elevated plasma cholesterol 

levels in later studies conducted by Lei (1977). 

In an attempt to explain how abnormalities in cholesterol metabolism may be linked 

to copper deficiency, previous studies have measured both sterol synthesis and catabolism 

in copper-deficient rats. Studies investigating the rate of export of newly synthesized 

hepatic cholesterol ester into the plasma by Shao and Lei (1980), have shown that copper

deficient rats injected with [l4C]mevalonate have increased amounts of [l4CJcholesterol 

estci" in their plasma. These findings suggest that there is an increased rate of export of 

hepatic cholesterol into the plasma in copper-deficient rats. It has also recently been 

demonstrated that hepatic HMO-CoA reductase activity is significantly elevated in copper

deficient rats (Yount et a!. 1990), indicating that hepatic cholesterol synthesis may be 

elevated by copper deficiency. Other studies addressing sterol catabolism, using [26-

14C]cholesterol as a substrate, have demonstrated that bile acid synthesis and fecal neutral 

sterol excretion in copper-deficient rats are not different from copper-adequate animals (Lei 

1978). Similar studies by Allen and Klevay (1978) showed that excretion of fecal acidic 

sterols was not impaired in copper-deficient rats. Taken together, these findings suggest 

that the hypercholesterolemia induced by copper deficiency may be more of a response to 

increased mtes of cholesterol synthesis and transport as opposed to decreased rates of 

cholesterol catabolism or excretion. 

Based on the finding that copper deficiency results in an increased hepatic HMO

CoA reductase activity it is possible that whole body cholesterol synthesis is also increased 

in copper-deficient mts. These studies were undertaken to test this hypothesis using 

tritiated water to measure absolute rates of whole body and tissue cholesterol synthesis. 
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The data demonstrate that with copper deficiency carcass cholesterol synthesis is elevated 

when expressed per organ and that newly synthesized cholesterol exported to the plasma 

was also increased in the copper-deficient rat. 

MA TERIALS AND METHODS 

Materials 

Reagents were obtained from the following sources: Cholesterol enzymatic 

assay kit from Boehringer Mannheim, Indianapolis, IN; digitonin from Sigma, 

St.Louis, MO; [4_ 14C]cholesterol (50 mCi/mmol), [3Hlwater (5.0 Ci/g), liquifluor 

and aquasol from New England Nuclear, Boston, MA; pyridine, EM Science, Cherry 

Hill, NJ. 

Animals 

Three week old weanling male Sprague-Dawley rats weighing approximately 55 g 

were obtained from Harlan Sprague-Dawley, Inc., Indianapolis, IN. Animals were housed 

individually in stainless steel cages in a light cycle room with 7:00 AM-7:00 PM light. 

Diets 

Animals were randomly divided into 2 dietary treatment groups, either copper

adequate or copper-deficient, and maintained on these diets for 6 weeks (Table I). Animals 

were also provided with deionized, demineralized water during the dietary treatment period. 

Dietary copper levels were detennined by flame atomic absorption spectrophotometry 

(model 170, Hitachi, Tokyo, Japan) after a nitric acid digestion. 

Assays 

Plasma Cholesterol, Triglyceride and Hematocrit: Blood was obtained by cardiac puncture 

using Na2EDTA (I mg/ml) as an anticoagulent. Whole blood was centrifuged at 1000 x g 

for 20 minutes at 4 °C to isolate plasma. Total plasma cholesterol and triglyceride levels 
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were detennined by enzymatic assay (Allain et al. 1974; Bucolo and David 1973). 

Hematocrit was determined by centrifugation to obtain the percent packed cell volume in 

capillary tubes. Plasma volume was determined from hematocrit using the equation y = 

8.41 - 0.0905x (where x = %hematocrit and y = plasma volume in ml/1OO g body weight) 

as described by Carr and Lei for copper-deficient and adequate rats (Carr and Lei 1990). 

Hepatic Copper Levels: Liver samples (approximately 1 g) used for copper analysis 

were dried at 56°C for 48 hours and digested with nitric acid for 3 hours at 95 DC. 

Hepatic copper levels were then determined by flame atomic absorption 

spectrophotometry as described above. 

Determination of In vivo Sterol Synthesis 

At 10:00 h animals were lightly anesthetized with ether and injected with 50 mCi 

[3H]water via the femoral vein. During the 1 h labeling period animals did not have access 

to food or water. Animals were reanesthetized and sacrificed by cardiac puncture 1 h post

injection. Plasma was obtained for determination of water specific activity. Tissues were 

removed immediately, weighed and saponified in 30% methanolic KOH at 70 DC for 10 h. 

Those tissues which were not removed for individual analysis excepting muscle constitute 

the carcass, which was also saponified. [l4C]cholesterol. 1.0 mCi/L methanolic KOH, 

was added to individual samples as an internal recovery standard. Digitonin precipitation 

of sterols was performed as described by Jeske and Dietschy (1980). In brief, aliquots of 

saponified sample were adjusted to 50% H20 and sterols were extracted with petroleum 

ether. The sterol extract was backwashed with an equal volume of 50% EtOH. 3f3-

hydroxysterols were precipitated as digitonides (2% digitonin in 80% EtOH) and washed 

sequentially with acetone, acetone:diethyl ether (1: 1). and ether. Digitonin precipitable 

sterols (DPS) were heated for 1 h, cleaved with 300 ml pyridine and extracted with 4 
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aliquots of diethyl ether. The DPS were dried, assayed for total cholesterol and counted in 

a liquid scintillation counter. 

Determination of Total Cholesterol Levels 

Tissue cholesterol levels were detennined by dissolving the dried extracted DPS in 

1.0 ml of EtOH, just prior to addition of the scintillation fluor. Aliquots were removed for 

cholesterol determination by enzymatic assay (Allain et al. 1974). The DPS-EtOH-solution 

was then evaporated to dryness under N2 and scintillation fluor was added. 

[l4C]cholesterol recoveries were used to correct for recovery and the mg cholesterol/g 

tissue was determined. 

Calculations 

In these studies 50 mCi of tritiated water were injected intravenously into male 

rats and sterol synthesis was allowed to proceed for 1 h. The specific activity of body 

water, expressed as dpm/nmol water, was calculated as follows. 

Water Specific Activity (dpm/nmol) = 

(dpm/ml plasma)(1.09) 

(nmol H20/ml H20)(0.92 ml H20/ml plasma) 

Because we injected the tritiated water tracer intravenously and used male Sprague 

Dawley rats with a 1 h incubation period we used the correction factor of Jeske and 

Dietschy (1980) to estimate the mean specific activity of plasma [3H] water based on a 

measurement taken at sacrifice. This correction factor, which has previously been 

shown to be 1.09 under identical experimental conditions, adjusts the final plasma 

[3H] water specific activity to a value which represents the average [3H] water specific 

activity over the 1 h time course. 



[3H] incorporation into DPS was calculated by using the specific activity for 

plasma water in the following equations to give nmol [3H] incorporated per h per g of 

tissue and per 100 g body weight. 

[3H] Incorporation Into Sterols per Gram (nmoVh-g) = 

dpm [3H] DPS 

(1 h) (tissue weight, g) (dpm/nmol[3H20)) 

[3H] Incorporation Into Sterols per Organ (nmoVh-l00g) = 

[(hepatic nmoVh-g) (liver wt. g) + (carcass nmoVh-g) (carcass wt. g)] x (100) 

(body wt.) 

Statistics 
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A !-tailed Student's t-test was used to assess differences between treatment groups 

since the direction of change for the parameters under investigation were predicted (Lei 

1977; Lei 1983; Shao and Lei 1980; Yount et al. 1990; Lei 1978). All data are presented as 

mean ± SD (Dowdy and Wearden 1983). 

RESULTS 

An examination of some of the common indicators of copper deficiency showed 

that the animals fed the copper-deficient diet were indeed copper-deficient (Table 11). 

Animals on the copper-deficient diet had elevated heart weights, decreased body and spleen 

weights, decreased hematocrits and reduced hepatic copper levels. Plasma cholesterol 

levels were also significantly increased in copper deficient rats. 
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When rates of tritiated water incorporation into sterols were expressed per gram 

tissue, which reflects the net rate of sterol synthesis within a specific tissue, the intestine 

was the most active in sterol synthesis for both copper-adequate and deficient animals 

(Figure 1). Other organs which were relatively active in sterol synthesis were the skin and 

liver; while muscle, kidney and plasma were much less active on a per gram basis. 

When tritiated water incorporation into DPS was expressed per gram, nearly all 

tissues from copper deficient animals had slightly higher levels of cholesterol synthesis; 

however, only newly synthesized sterol appearing in the plasma was significantly increased 

(Figure 1). The skin responded to copper deficiency in a manner opposite to the other 

organs examined in that sterol synthesis in this organ was significantly decreased in 

copper-deficient animals. 

When the same data were expressed per organ and nonnalized per 100 grams body 

weight, carcass sterol synthesis was significantly elevated 1.9-fold in copper-deficient 

animals (Figure 2). Carcass values include muscle but not the other organs sampled. 

Hepatic sterol synthesis was elevated 1.3-fold although this increase was not statistically 

significant; however, it is probably due to elevated hepatic sterol synthesis that newly 

synthesized sterol in the plasma was significantly elevated 2. I-fold. This finding 

demonstrates that the mass of newly synthesized sterol transported to the plasma was 

increased in copper-deficient animals. Both the kidney and intestine showed no difference 

in sterol synthesis rates between treatment groups. 

Since the entire carcass and organs were saponified it was possible to express sterol 

synthesis rates of each organ as a percentage of total sterol synthesis (Figure 3). In the 

copper-adequate rat, skin contributed the largest percentage to total synthesis (46%), 

followed by the carcass (34%). It should be noted that the animals in this study were fed 

purified diets containing casein and were sacrificed near the nadir of the HMG-CoA 
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reductase diurnal rhythm; therefore it is not surprizing that the liver contributes a much 

lower percentage (7%) to the total sterol synthesis rate than would be observed if animals 

had been fed a commercial, non-purified (plant protein) diet and sacrificed near the peak of 

the diurnal cycle for reductase (McNamara et aI. 1982). The intestine, which is very activc 

synthetically, contributes 10% to total sterol synthesis. 

Copper deficiency results in an apparent shift in the relative contribution of stcl'ol 

synthesis from the skin which is decreased from 46% in adequate rats to 27% in COPPCI'

deficient rats (Figure 3). Therefore, in copper-deficient rats the carcass contributes the 

majority of newly synthesized sterol (52%). In the other organs sampled there was a much 

smaller effect of copper deficiency on sterol synthesis rates. One item of note is that 

although the contribution from liver in both copper-adequate and copper-deficient ruts is 

7%, newly synthesized DPS in the plasma is significantly increased from 2.5% to 5.0% 

with copper deficiency. 

Tissue cholesterol levels were detennined by dissolving the isolated DPS in ethanol 

followed by enzymatic assay. Results of this analysis indicated that copper-deficient 

animals had significantly elevated carcass and kidney cholesterol levels (l.2-fold and 1.3-

fold) (Table III). Hepatic cholesterol levels were significantly reduced, while other organs 

assayed appeared not to be affected by copper deficiency. 



Table I. Diet Composition 

Component 

Casein 

DL-Methionine 

Glucose Monohydrate 

Cellulose 

Com Oil 

AIN Mineral Mix 

AIN Vitamin Mix 

Choline Bitartrate 

Cupric Carbonate 

Copper Level (ppm) 

Cu-Adequate 

20.0 

0.3 

64.0 

5.0 

5.0 

3.5 

1.0 

0.2 

1.0 

7.13 
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Percent (w/w) 

Cu-Deficient 

20.0 

0.3 

65.0 

5.0 

5.0 

3.5 

1.0 

0.2 

0.0 

0.621 

Diets were prepared according to specifications provided by the American Institute of 
Nutrition (Bieri et al. 1977), with the exception that copper was not included in the mineral 
mix. Copper levels in each diet were determined by analysis on an atomic absorption 
spectrophotometer. [AIN Mineral mix (Bieri et al. 1977) contains standard contents 
excepting copper.] 
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Table II. Physiological Effects of Copper Deficiency 

Parameter Cu-Adeguate Cu-Deficient P-value 

Body Weight (g) 295.±.15 245 ± 18 <0.005 

Liver Wt,(g) 12.9 ± 0.6 10.6 ± 1.0 <0.01 

Heart Wt,(g) 1.16 ± 0.09 1.27 ± 0.09 n.s. 

Spleen Wt.(g) 0.77 ± 0.04 0.57 ± 0.08 <0.01 

LiverWt. (g/l00g BW) 4.37 ± 0.18 4.32 ± 0.35 n.s. 

Heart Wt,(g/lOOg BW) 0.39 ± 0.02 0.52 ± 0.04 <0.001 

Spleen Wt.(g/lOOg BW) 0.27 ± 0.01 0.22 ± 0.04 <0.05 

Plasma Cholesterol (mg/dl) 103 ±1O 118± 17 <0.05 

Hematocrit (% PCV) 50.0 ± 1.0 35.2 ± 3.8 <0.001 

Plasma Vol. (mV100g) 3.88 ± 0.09 5.14 ± 0.87 <0.05 

Liver Cu (mg/g wet wt.) 2.63 ± 0.14 0.60 ± 0.11 <0.001 

Male weanling rats (6 animals per group) were fed diets containing either adequate or 
deficient levels of copper for a period of 6 weeks. At sacrifice several parameters of copper 
status were determined. Plasma cholesterol levels were determined by enzymatic assay 
(13). Hematocrit was determined by measuring packed cell volume (PCV) in a capillary 
microfuge system. Plasma volume was estimated from the equation y = 8.41 - 0.0905x 
(where x = %hematocrit and y = plasma volume in mVlOO g body weight). Hepatic copper 
concentrations were determined after nitric acid digestion by flame atomic absorption 
spectrophotometry. Data are presented as mean ± S.D. (n.s. = not significantly different). 
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Figure 1: Effect of Copper Deficiency on Sterol Synthesis per Gram Tissue. 
Animals were injected with 50 mCi [3H]water via the femoral vein. During the 1 h labeling 
period animals did not have access to food or water. Animals were reanesthetized and 
sacrificed by cardiac puncture 1 h post-injection. Tissues were immediately removed, 
weighed and saponified in 30% methanolic KOH at 70 DC for 10 h. Digitonin precipitable 
sterols were extracted, dried, assayed for total cholesterol and counted in a liquid 
scintillation counter. Skin and muscle represent small samplings (approximately 5 g each) 
taken at the time of sacrifice. n = 6 animals per group and data are presented as mean ± 
S.D. *P<0.05, **P<0.025. 
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Figure 2: Effect of Copper Deficiency on Sterol Synthesis per Organ. 
Absolute mtes of sterol synthesis were detennined per gram tissue as described for Figure 
1. These values were used to calculate total organ synthesis mtes by multiplying nmol 
DPS/hr-g by individual organ weights. Data were then nonnalized per 100 g body weight. 
Carcass values represent all tissues not indicated sepamtely. n=6 animals per group and 
data are presented as mean ± S.D. *P<O.025, **P<O.Ol. 
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Figure 3: Tissue [3H]DPS Content (% Total Body Contribution). These values 
represent the data presented in Figure 2 ([3H]DPS nmol/hr-l00g body wt.) expressed as a 
percentage of total body [3H]DPS content (22.1± 5.0 J..Lmol/h copper-adequate; 24.1 ± 4.1 
J..Lmol/h copper-deficient). Carcass values represent all tissues not indicated separately. 
n=6 animals per group and data represent the mean for each group. 



Table III. Tissue Cholesterol Levels 

Tissue Cholesterol (mg/g) 

Tissue Cu-Adequate Cu-Deficient P-value 

Liver 1.57 ± 0.07 1.46 ± 0.07 <0.05 

Kidney 4.01 ± 0.21 5.09 ± 0.26 <0.005 

Intestine 2.37 ± 0.37 2.65 ±0.17 n.s. 

Skin 2.70 ± 0.40 2.31 ± 0.38 n.s. 

Muscle 0.66 ± 0.03 0.71 ± 0.09 n.s. 

Carcass 1.49 ± 0.16 1.78 ± 0.17 <0.01 

Tissue cholesterol levels were determined by dissolving dried extracted DPS in 1.0 ml 
of EtOH. Aliquots were removed for cholesterol determination by enzymatic assay 
(Allain et al. 1974). The DPS-EtOH-solution was then evaporated to dryness under 
N2 and scintillation fluor was added. [I4C]cholesterol recoveries were used to correct 
for recovery and the mg cholesteroVg tissue was determined. The data are presented 
as mean ± S.D. for n=6 (n.s. = not significantly different). 
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DISCUSSION 

Copper deficiency frequently induces hypercholesterolemia (Klevay 1973; Allen 

and Klevay 1978; Lefevere et al. 1985; Lei 1977; Lei 1983), cardiac hypertrophy 

(Goodman et al. 1970; Kelly et al. 1974), decreased hematocrit, increased plasma volume 

(Lei 1983; Carr and Lei 1990) and a reduced liver copper concentration (Allen and Klevay 

1978; Lei 1977). We observed an increased plasma cholesterol level, plasma volume and 

heart weight, a decreased hematocrit, and reduced hepatic copper levels in copper-deficient 

animals. Based on these parameters it was evident that the animals in this study exhibited 

the characteristics of copper deficiency. 

Tritiated water was used to measure absolute rates of cholesterol synthesis in the rat 

for several reasons. Firstly, tritiated water is currently regarded as one of the most accurate 

measures of cholesterol synthesis, in that it avoids problems associated with variable 

substrate uptake and dilution associated with using labeled octanoate, acetate or pyruvate 

(Spady and Dietschy 1983). Secondly, tritiated water directly measures the quantity of 

DPS synthesized within a given time period within specific organs; whereas other in vivo 

measures such as sterol balance only summarize sterol synthesis for the entire organism 

and do not provide data relative to specific organ synthesis rates. 

When tritiated water incorporation rates into sterols were calculated on a per gram 

tissue basis, the intestine was the most active synthetic organ of the tissues sampled (Figure 

O. Previous studies conducted in the rat fed commercial non-purified diets reported similar 

findings, with intestinal synthesis per gram second only to adrenal and hepatic sterol 

synthesis rates (Spady and Dietschy 1983). Hepatic sterol synthesis rates, whether 

measured per gram or per organ, were markedly lower than in other reported studies of rats 

fed non-purified diets and sacrificed during the mid-dark portion of the light cycle (Jeske 

and Dietschy 1980; Spady and Dietschy 1983). HMG-CoA reductase has previously been 
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shown to be maximal at the mid-dark portion of the diurnal cycle (Shapiro and Rodwell 

1969; Shefer et al. 1972) and varies approximately 2 to 3-fold between the peak and nadir 

of this cycle (Jeske and Dietschy 1980; Shefer et al. 1972). If these studies had been 

conducted at the peak of the diurnal expression of HMG-CoA reductase it is probable that 

the liver would have had higher rates of sterol synthesis relative to the other organs studied. 

Probably a more important factor which contributes to low rates of hepatic sterol synthesis 

is that casein was the protein source in the semi-purified diet used. Previous studies have 

demonstrated that intake of a casein based diet reduces HMG-CoA reductase activity from 

60-75% when compared to plant protein based diets (McNamara et al. 1982). Thus, under 

the experimental conditions used here, the measured values for hepatic sterol synthesis 

probably accurately represent the in vivo rates. 

Sterol synthesis rates in other tissues are generally less affected by diurnal rhythm 

and dietary factors. For example, the sterol synthetic rate for skin was 104 nmoVh-g as 

compared to 196 nmol/h-g reported in a previous study, in which animals fed non-purified 

diets were sacrificed at the peak of the diurnal rhythm (Spady and Dietschy 1983). 

Similarly, sterol synthetic rates for muscle were 25 nmol/h-g versus 12 nmoVh-g from the 

same previous study. 

Copper deficiency produced a trend towards increased rates of sterol synthesis in 

most of the tissues examined; however, on a per gram tissue basis, only newly synthesized 

sterol appearing in the plasma was significant. In contrast, sterol synthesis rates in the skin 

of copper-deficient rats were much lower than that observed in copper-adequate animals. A 

recent study conducted by Carr and Lei (1990) provides evidence that skin takes up HDL 

particles, as measured by HDL protein, at a rate 2.4-fold greater in copper-deficient than 

copper-adequate rats. Therefore, it is possible that the skin of copper-deficient rats is 

obtaining increased amounts of cholesterol from the plasma pool and thus has a reduced 



need for de novo cholesterol synthesis. This would result in decreased rates of sterol 

synthesis in this tissue as seen in these studies. 

13 1 

Because previous studies have indicated that hepatic HMG-CoA reductase activity 

is elevated in copper-deficient rats it was surprising to find that, although hepatic sterol 

synthesis was elevated with copper deficiency, it was not increased significantly. One 

explanation for this finding is the observation that newly synthesized sterol exported to the 

plasma was increased in copper-deficient animals. When expressed as nmol/h per g or 

nmollh per 100 g body weight, radiolabeled DPS in the plasma was elevated 1.6 and 2.1-

fold respectively in copper-deficient rats. Thus, although hepatic steml synthesis rates may 

not be significantly elevated when expressed either per gram or per organ, hepatic sterol 

synthesis may be markedly elevated as reflected by the appearance of increased levels of 

newly synthesized sterol in the plasma. It is probable that radiolabeled sterol appearing in 

the plasma is primarily of hepatic origin for several reasons. Previous studies have shown 

a strong correlation between [3H]DPS levels in the liver and blood of rats and other species 

(Spady and Dietschy 1983; Belknap and Dietschy 1988). When animals are fed increasing 

amounts of cholesterol, which reduces hepatic cholesterol synthesis to a minimal level, 

there was a reciprocal decline in the [3H]DPS found in the blood. Although this 

relationship exists for the liver, other organs tested (intestine, skin and carcass) showed 

little correlation between organ and blood [3H]DPS content (Spady and Dietschy 1983). 

Further support for the probability that plasma [3H]DPS are derived from the liver stems 

from studies which have shown that copper deficiency results in an increased rate of export 

of newly synthesized cholesterol from the liver to the plasma (Shao and Lei 1980). 

Previous studies have demonstrated that many organs in the copper-deficient rat 

take up labeled HDL protein and cholesteryl ester at a significantly increased rate over 

copper-adequate rats (Carr and Lei 1990). The kidney, however, does not follow this 
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generalized pattern, and actually takes up less cholesteryl ester with copper deficiency. 

This finding may be related to the observation that in the present studies the kidney was one 

of the few organs in which the net cholesterol content was increased with copper 

deficiency. In the kidney, cholesterol is primarily synthesized from circulating mevalonate 

(Edmond et al. 1976); however, with copper deficiency kidney uptake of mevalonate, as 

well as cholesteryl ester derived from HDL, is reduced. It has also been demonstrated that 

the kidney has a delayr.d release of newly synthesized cholesterol with copper deficiency 

(Shao and Lei 1980). Therefore, it may be that with copper deficiency the kidney has an 

increased need to retain cholesterol, which may account for the elevated levels of 

cholesterol found in the kidney. 

One other item of note is that hepatic tissue cholesterol levels were reduced in the 

copper-deficient rat as has been demonstrated previously (Appendix A). This reduction in 

hepatic cholesterol with copper deticiency may elevate HMG-CoA reductase activity and 

thus contribute to the observed increase in newly synthesized sterol appearing in the 

plasma. 

In this study absolute rates of sterol synthesis were determined in copper-deficient 

and adequate rats. Results demonstrate that copper deficiency leads to increased levels of 

sterol synthesis in the carcass, indicating that there is a net increase in carcass cholesterol 

synthesis in the rat induced by copper deficiency. Newly synthesized sterol appearing in 

the plasma was also increased with copper deficiency. Taken together these data support 

the hypothesis that copper deficiency results in an increased flux of sterol from the liver to 

the plasma. These findings may account in part for the hypercholesterolemia observed in 

copper deficient rats. 
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