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SUMMARY 

The mechanism of the hypocholesterolaemic action 

of nicotinic acid was investigated in normal rhesus 

monkeys. 

In monkeys, injections of nicotinic acid repeated 

daily for 4-5 weeks led to a substantial fall in serum 

cholesterol concentration, comparable with that obtained 

:in humans given therapeutic doses of nicotinic acid by 

mouth. The fall in serum cholesterol concentration was 

accompanied by a decrease in hepatic synthesis of 

cholesterol but there was no change in the faecal excretion 

of endogenous steroids. The rate of synthesis of choles-

terol, estimated from the faecal excretion of endogenous 

steroids and from the specific radioactivity curves, we 

such that a moderate degree of inhibition would have 

accounted for the observed decrease in the amount of 

circulating cholesterol during nicotinic acid treatment. 

The decrease in serum cholesterol induced by Yiiconlc 

acid was associated with a reduction in the amour, of 

circulating VLDL and LDL molecules without detectable 

changes in their composition. During treatment with nico-

tinic acid the incorporation of (C14) threonine into V -,DL 

and LDL total protein and major apoproteins was markedly 

reduced. No detectable changes were observed in the 

synthesis of albumin and HD1 apolipoprotein during the 

nicotinic acid period. The results suggested that part 



of the effects of nicotinic acid on serum cholesterol was 

due to inhibition in the rate of synthesis of the carrier 

apolipoproteins in VLDL and LDL. 

Nicotinic acid administration to monkeys resulted in 

a marked reduction in cholesterol content of skeletal muscle 

and skin biopsiesysuggesting increased mobilisation of 

cholesterol from these structures. The decrease in choles-

terol content was not associated with a comparable reduction 

in the total protein and DNA content or in the enzyme 

activities in mitochondria and microsomes,suggesting that 

the cholesterol mobilised was part of the cholesterol 

stores in these tissues. 

In conclusion,the hypocholesterolaemic effect of 

nicotinic acid is the result of inhibition of cholesterol 

synthesis and its carrier apolipoproteins either due to a 

direct effect of nicotinic acid on the synthetic pathways 

of these molecules or secondary to the reduction in 

circulating free fatty acids induced by this drug. The 

increased mobilisation of tissue cholesterol observed 

during treatment with nicotinic acid might be the con-

sequence of the reduction in serum cholesterol concentration. 



CHAPTER I 

GENERAL INTRODUCTION 

Since coronary heart disease is a major cause of 

death among middle—aged men, programmes designed to prevent 

or modify this disease are of extreme importance. In recent 

years a variety of effective diets and drugs has been intro-

duced to lower the serum cholesterol concentration as a 

means of preventing or arresting the progress of this 

disease. The major stimulus for their use is the acceptance 

by many investigators of a causal relationship between 

hypercholesterolaemia and the development of atherosclerotic 

lesions, and the possible prevention or amelioration of this 

disease following successful reduction in the serum choles-

terol concentration. 

The association between hypercholesterolaemia and 

increased coronary heart disease risk has been documented 

in several well designed epidemiological studies, perhaps 

the most impressive study being the prospective survey in 

Framingham (Kannel et al. 1971). In this study, the risk 

of coronary disease was found to be directly related to 

serum cholesterol concentration. Both women and men aged 

35 to 44 years with cholesterol levels above 265 mg/100 ml 

have about five times the risk of those with levels under 

200 mg/100 ml. 

While the above studies and others seem to incriminate 

hypercholesterolaemia as a major risk factor for coronary 

heart disease, clinical trials to evaluate the effects of 
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lipid-lowering in the prevention of ischaemic heart disease 

have not been conclusive. In 1969, Cornfield and Mitchell 

summarised and evaluated all major completed primary or 

secondary prevention trials of lipid lowering drugs or 

diets. They pointed out that all the trials so far reported 

were open to one or more criticism. Among their criticisms 

were:- inadequate numbers of subjects in the trial, failure 

to maintain double blindness throughout the trial, failure 

to randomise subjects between treated and control groups, 

and disagreement as to the results obtained in different 

trials. In view of these objections, Cornfield and Mitchell 

concluded that there was "no clear-cut generally accepted 

answer to the question whether cholesterol-lowering measures 

can affect coronary disease." Several studies, however, have 

since been reported with more encouraging results. For 

example Dayton et al (1969) found a reduction in the incidence 

of coronary heart disease in persons who maintained a low 

cholesterol level with fat controlled diets for 5 years or 

more. Moreover, during the past three years three reports 

of trials designed to assess the therapeutic value of hypo-

cholesterolaernic drugs have shown a reduction in mortality 

in patients entering the trial with symptoms of coronary 

heart disease, and a decreased incidence of myocardial 

infarction in patients who entered the trial without such 

symptoms (Arthur et al. 1971; Oliver et al. 1971; Krasno 

and Kidera, 1972). 

Patients suffering from familial hypercholesterolaemia 

in the homozygous form almost always develop ischaemic heart 



disease in childhood and seldom live.beyond adolescence or 

adult life. Slack (1969) in a series of 42 males with 

familial hypercholesterolaemia in the heterozygous form 

calculated the chance of a first attack of coronary disease 

to be 24% by age 40 and 52% by age 50. The corresponding 

figures from 11 familial hypercholesterolaemic kindreds by 

Jensen (1964) were 19% and 45%. In a recent study of 757 

living and 295 deceased relatives of 116 familial hyper-

cholesterolaemic propositi, life table analysis in males 

showed the comulative probability of initial non—fatal 

coronary heart disease before age 40 to be 10.2% and before 

age 50 to be 29%, compared with corresponding figures of 

0.5% and 4.4% for their normal relatives (Stone et al. 1973). 

Although a combination of dietary and drug treatment 

usually results in a substantial and sustained fall of serum 

cholesterol concentration in patients with the heterozygous 

trait, it has proved difficult to achieve a significant 

reduction of the plasma level in the homozygous patients. 

Recent studies, however, have suggested that nicotinic acid 

either alone or in combination with other drugs can be 

effective in reducing the serum cholesterol concentration 

in these resistant cases (Moutafis et al. 1971; Levy et al. 

1972). 

The mechanism by which nicotinic acid exerts its 

effect on serum cholesterol has never been clearly established. 

Thus Miettinen (1968) and Sodhi, et al.  (1969) have 

suggested that nicotinic acid increases the faecal excretion 

of endogenous steroids, while others (Moutafis et al. 1971) 



have failed to confirm this finding. Parsons (1961) and 

Moutafis and Myant (1971) have claimed that nicotinic acid 

inhibits cholesterol synthesis in man. Miettinen (1971) 

on the other hand, observed a stimulation of cholesterol 

synthesis in hypercholesterolaemic subjects given nicotinic 

acid in doses sufficient to lower serum cholesterol concen-

tration. 

Observations on laboratory animals have not resolved 

these contradictions. According to some reports, nicotinic 

acid inhibits cholesterol synthesis (Garattini et al. 1961; 

Gamble and Wright, 1961), according to others (Merrill 1958; 

Hardy et al. 1960), it has a stimulating effect. 

In view of these species differences in cholesterol 

metabolism, it seemed that information concerning the mode 

of action of nicotinic acid in man could only be obtained from 

experiments performed either in human subjects or in closely 

related primates. The aim of this study was to evaluate 

the mechanism of action of nicotinic acid on cholesterol 

metabolism in Rhesus monkeys. 

GENERAL OUTLINE OF CHOLESTEROL METABOLISM IN MAN 

AND OTHER PRIMATES 

Most of the body tissues including liver, intestinal 

wall, skin, skeletal muscle and brain contain cholesterol in 

their composition. Part of this cholesterol is continuously 

renewed through exchanges with the cholesterol present in the • 

plasma. The remaining cholesterol, however, remains more or 



less unchanged throughout the adult life of the animal and 

constitutes part of the structure of tissue membranes and 

intracellular organelles. Figure 1 shows the main-path-

ways through which the exchangeable cholesterol is meta-

bolised in the body. 

The cholesterol ingested with food mixes with cholesterol 

excreted "internally" with the bile. The mixture then passes 

to the jejunum from which it is partially absorbed in the 

form of chylomicra. The absorbed chylomicra enter the 

circulation and eventually reach : the liver, where their 

cholesterol is detached and released into the plasma. 

Cholesterol is also synthesised endogenously from acetate. 

Nearly every tissue in the body is capable of synthesising 

cholesterol thoughin man the main bulk of the cholesterol 

of endogenous origin is derived from the liver and intestine. 

Cholesterol is removed from the body by excretion in 

the bile either as cholesterol itself or as bile salts 

formed from cholesterol in the liver. As shown in Figure 1 

cholesterol and bile salts each participate in an incomplete 

enterohepatic circulation. First, cholesterol is a necessary 

precursor of bile salts, second, bile salts are necessary 

for the absorption of cholesterol. In both circulations 

there is a net loss at each turn of the cycle owing to 

incomplete reabsorption. This loss is compensated for by 

entry of new cholesterol molecules into the exchangeable 

pool, either by absorption from the diet or by endogenous 

synthesis. It is this loss and replacement of body choles-

terol that results in the continuous turnover of the whole 

exchangeable pool. 
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Figure 1: Diagram showing the main pathways through which 

cholesterol is metabolised. The outer shell 

represents cholesterol that is not exchangeable 

with the plasma cholesterol while the inner part 

of the diagram is concerned with the exchangeable 

cholesterol fraction. The absorption, entero-

hepatic circulation and excretion of cholesterol 

is shown as a continuous line. The enterohepatic 

circulation and excretion of bile salts is shown 

as a broken line. (After Myant 1970). 



A. 	Turnover of cholesterol pools 

. Radio—labelled cholesterol has been used by several 

investigators to examine some of the quantitative aspects 

of cholesterol metabolism in man and other primates. After 

a single intravenous tracer dose of radio—cholesterol, the 

specific activity of serum cholesterol falls initially at a 

rapid rate and then decays, in an exponential manner (Chobanian 

et al. 1962). From this exponential phase, the fractional 

turnover rate of the body miscible pool can be calculated on 

the assumption that the doses mixes within a single 

exchangeable pool. An estimate of the size of the cholesterol 

exchangeable pool can be obtained by dividing the total 

administered radioactive dose by an estimate of the specific 

radioactivity at the time of injection, obtained by 

extrapolating the exponential portion of the decay curve 

to zero time. The absolute rate of turnover (in ti/day) can 

then be calculated from the size of the pool and the 

fractional rate of turnover. An improvement in this technique 

has been recently introduced by Goodman and Noble (1968) in 

which the plasma cholesterol specific radioactivity curve was 

resolved into two exponential components, a rapidly 

exchangeable and a slowly turning—over component. The 

values obtained from these analyses agreed quite closely 

with those obtained by carcass analysis of baboons (Wilson, 

1970) or mass analysis of faecal excretion in human subjects 

(Grundy and Ahrens, 1966). Another estimate of the turnover 

rate can be obtained by dividing the rate of excretion of 



TABLE 1: 	Body Exchangeable Cholesterol Pool, Fractional Turnover 

and Turnover Rate in the Human and Monkey Species  

Size of body 
miscible pool 

gram/Kg body weight 
Mean 	Range 

Fractional turnover 
rate 

% of pool/day 
Mean 	Range 

Turnover rate 
mg/day/Kg 
body weight 

Mean 	Range 

Method Reference 

2.4 (1.8-2.8) 1.0 (0.9-1.2) 25 (21-28) S Chobanian et al (1962) 

Human 1.5 (1.2-1.8) 1.3 (1.2-1.4) 19 (14-25) S Lewis and Myant (1967) 

0%7 (0.5-0.9) - - 10 ( 	7-13) F Lewis and Myant (1967) 

- - - - 18 (13-22) F Wilson and Lindsey. (1965) 

Monkey 

Rhesus - - 1.8 (1.4-2.2) 10 ( 	7-12) S+F Eggen (1974) 

Baboon 1.6 (1.4-2.1) 1.3 (1.0-1.7) 22 (15-36) S Eggen et al (1967) 

1.9 (1.6-2.2) 1.d (1.6-2.0) 34 (27-39) S Eggen et al (1967) 

1.1 (0.5-1.5) 1.2 (0.9-1.5) 13 ( 	8-16) F Eggen et al (1967) 
-_______ 	 

S = by extrapolation of serum specific radioacti7ity; F = by analysis of faecal excretion of labelled sterod- 



radioactivity in faecal steroids by the serum cholesterol 

specific activity one or two days prior to the faecal 

collection (Lewis and Myant, 1967). This method gives 

results that are essentially the same as those obtained by 

mass analysis of faecal excretion (Grundy and Ahrens, 1966). 

Some of the results of such measurements that have 

been reported for man and the monkey are shown in Tablet 

The values shown have been recalculated from published data. 

Although the wide range of values observed limits the 

usefulness of any comparison, it appears that the total body 

turnover rate, expressed in terms of body weight, in the 

monkey is in the same range as that in the human. Moreover, 

there does not appear to be much difference between the 

monkey and man concerning the relative sizes of the body 

exchangeable cholesterol pool. In the monkey, however, the 

fractional turnover rate seems to be somewhat higher than 

that in the human. This difference can be attributed to 

differences in the dietary intake of cholesterol in the 

humans as compared to that in the monkey. 

B. 	Cholesterol  ALsor tim 

The daily ingestion of cholesterol in Western society 

varies from 0.5-2 grams (Keys, 1965). This is mixed in the 

small intestine with cholesterol excreted in the bile, which 

can supply up to 1 	litre (Phillips, 1960). A substantial 

fraction of the cholesterol synthesized in the ileum is 

discharged into the lumen (Wilson and Reinke, 1968), but 

since this occurs in the terminal ileum, which is beyond 

the site of maximal cholesterol absorption (Borgstrbm, 1960), 
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this is probably not a major source of reabsorbed cholesterol. 

Within the lumen the esterified cholesterol is hydrolysed by 

the pancreatic cholesterol esterase prior to its absorption 

(Shiratori and Goodman, 1965). Bile salts enhance this 

process through stimulation of pancreatic cholesterol esterase 

activity (Swell et al. 1953). 

Cholesterol absorption in the jejunum is facilitated 

by the presence of glycerides and free fatty acids which, 

together with bile salts, form a micellar solution capable 

of dissolving the water—insoluble cholesterol within the 

hydrocarbon core of the micelles (Sylven and Borgstr8m, 1968). 

In man, absorption of dietary cholesterol is incomplete,  

even when the amount taken in the food is very small, and 

the rate of absorption reaches a maximum at quite low levele 

of intake. A normal adult is apparently unable to absorb more 

than 300-500 mg of dietary cholesterol per day, whatever the 

cholesterol intake. Simmonds et al. (1967), using mice'ljx 

solutions containing labelled cholesterol, suggested thaL the 

faster rate of absorption of glycerides form the micel]e 

leads to its disruption and thus to precipitation of ellui.e!;— 

teroll  which limits its absorption. 

The contribution of dietary cholesterol to the to 

body exchangeable pool has been determined in man and 

monkey by feeding diets containing cholesterol at a COrilwt 

specific radioactivity until an isotopic steady state 4'1 

reached. At isotopic equilibrium the ratio of the speci.fic 

activity of the plasma cholesterol to that of the fed 

cholesterol is nearly equal to the fraction of exchangeable 

cholesterol derived from diet. In man and rhesus monkey 
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not more than 40% of the circulating'cholesterol can be 

derived from dietary cholesterol (Wilson and Lindsey 1965; 

Mann 1966). This value is much lower than that obtained 

in the rat, a species in which over 85% of the exchangeable 

cholesterol can be obtained from diets rich in cholesterol 

(Morris and Chaikoff 1959). 

C. 	Cholesterol Synthesis  

Although most tissues have the capacity to synthesise' 

cholesterol (Srere et al. 1950), experiments in dogs 

(Taylor et al. 1960) and rats (Morris et al. 1957) have 

suggested that the liver is the main source of endogenous 

cholesterol. This suggestion is based on the observation 

that a high dietary intake of cholesterol produces almost 

completesuppression of endogenous synthesis. Since choles-

terol synthesis appears to be readilysuppressible only in 

the liver of these animals (Gould et al. 1955) it was 

concluded that this organ contributes the bulk of the 

cholesterol synthesised. 

A major source of endogenous cholesterol in man and 

the monkey, however, is the small intestine which can 

contribute up to 60% of the exchangeable cholesterol during 

rich cholesterol feeding (Wilson and Lindsey 1965; Dietschy 

and Wilson 1968). When cholesterol synthesis in monkey 

liver is suppressed by exogenous cholesterol and intestinal 

lymph is diverted, virtually no labelled cholesterol appears 

in the blood circulation following an injection of labelled 

acetate (Wilson 1968). In these conditions, however, 
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labelled cholesterol can be recovered from the intestinal 

lymph in sufficient amounts to suggest that a significant 

biosynthetic site of cholesterol synthesis is the intestinal 

wall. This conclusion is in agreement with the observations 

of Dietschy and Wilson (1968) that, of 15 tissues studied 

in monkeys, the rate of synthesis of cholesterol in slices 

of intestine in—vitro is second only to that in slices of 

liver. 

The synthesis of cholesterol in the liver is regulated 

by the amount of cholesterol absorbed from the intestine. 

Whereas cholesterol synthesis issuppressed in the liver by 

increasing the dietary cholesterol (Wilson, 1968), inter-

ference with cholesterol absorption after ileal by—pass 

stimulates the in—vitro synthesis of cholesterol in liver 

biopsies (Moutafis and Myant, 1968) and increases the in—vivo 

turnover of cholesterol (Moutafis et al. 1968). Synthesis 

of cholesterol in the small intestine, on the other hand, 

appears to be regulated by the bile acids in the intestinal 

lumen, which inhibit the formation of Cholesterol in cells of 

the intestinal crypts (Dietschy and Siperstein, 1965). Thus, 

in rats biliary diversion or sequestration of bile salts 

with cholestyramine leads to enhanced intestinal cholesterol-

ogenesis. 

Though it appears that synthesis of cholesterol in liver 

and intestine is regulated by different factors, these are 

closely related in that a high cholesterol diet, which 

suppressed synthesis in liver, stimulates the production of 

bile acids, which in turn reduces the synthesis of cholesterol 
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in the intestine. Conversely, biliary diversion leads 

to a direct enhancement of intestinal cholesterologenesis 

and, by reducing cholesterol absorption, also stimulates 

cholesterol synthesis in the liver. The interplay of these 

factors would therefore simultaneously regulate cholesterol 

formation in the two tissues that contribute most to 

endogenous cholesterol turnover. 

Cholesterol is synthesised from acetate by a process 

which involves more than twenty enzymically catalysed steps 

which have been summarised by Myant (1968). There is, 

however, one step which deserves mention since its rate 

seems to determine the overall synthesis of cholesterol 

in the liver and probably in other tissues as well. In this 

step, hydroxy methyl gluteryl Coenzyme A (HMG—CoA) is 

converted into mevalonic acid by the action of the enzyme 

HMG—CoA reductase. Gould and Popjak (1957) were the first 

to suggest that hepatic cholesterol synthesis is regulated 

through changes in the rate of conversion of acetate to 

mevalonate. This was subsequently confirmed by Siperstein 

and Guest (1960), who provided evidence that the activity 

of HMG—CoA reductase is reduced by starvation or a high 

cholesterol diet. There is still evidence, however, to 

suggest the presence of additional sites beyond mevalonate 

which could also be inhibited by starvation or high choles-

terol diets. Thus, Gould and Swyryd (1966) have observed 

that prolonged feeding of cholesterol leads to complete 

suppression of cholesterologenesis from mevalonate in rat 

liver hemogenates. 
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In contrast to these findings, the intestinal synthesis 

of cholesterol is sensitive to changes in bile salts con-

centration. Dietschy (1968) has argued that bile salts act 

directly upon cholesterol synthesis within the intestinal 

cells, probably by inhibiting HMG—CoA reductase. If, as 

Dietschy's findings suggest the rate—limiting step in 

cholesterol synthesis is controlled by bile salts in the 

intestine but by cholesterol in the liver then the HMG—CoA 

reductase in the intestinal wall must differ from that in 

the liver. 

D. 	Cholesterol Transport 

The cholesterol synthesised in the liver is secreted 

into the plasma in combination with protein and with other 

lipids as plasma lipoproteins. In this combination the non—

polar cholesterol molecules are held in a water soluble 

complex which facilitates their transport in plasma and 

extracellular fluid. In man, most of the plasma cholesterol 

is present in the low density (p) lipoprotein fraction, 

while the remainder is transported in the very low density 

(pre—p) and high density (a) lipoproteins (Havel et al, 1955). 

The complex inter—relationship between the metabolism of 

these lipoproteins and cholesterol transport will be reviewed 

in detail in chapteriH of this thesis. 

In the plasma, about two thirds of the total cholesterol 

are esterified with long chain fatty acids, while the 

remaining third is free. The free and esterified cholesterol 

molecules in the plasma, however, are exchangeable with one 

another (Myant 1970). Thus after administration of (140) 

acetate to a normal subject the specific activity of the 

plasma free cholesterol rises rapidly to reach a maximum 
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in about four hours. The specific activity then falls, 

while the specific activity of the plasma cholesterol 

esters risen to become equal to that of the free cholesterol. 

This relationship is consistant with the suggestion 

that the plasma esterified cholesterol is derived mainly 

from plasma free cholesterol. 

The esterification of cholesterol is facilitated by 

an enzyme known as lecithin : cholesterol acyltransferase 

(LCAT). This enzyme catalyses the transfer of a fatty acid 

residue from lethicin to free cholesterol, forming lyso— . 

lethicin and cholesteryl esters. In man, LCAT is synthesised 

in the liver, since liver disease reduces the esterifying 

capacity of the plasma (Glomset, 1968). The enzyme activity 

present in normal plasma, however, is sufficient to account 

for the observed rate of turnover of the plasma cholesteryl 

esters. This suggests that all the plasma cholesteryl esters 

are formed within the plasma itself. LCAT is also present 

in the lymph and might also facilitate the esterification of 

newly absorbed cholesterol (Glomset 1968). 

Since a hydrolytic enzyme does not appear to exist 

in plasmaybreakdown of cholesteryl esters probably occurs 

in the liver. Deykin and Goodman (1962) were able to 

identify such an enzyme in rat liver. 

Though the physiological function of this inter—

conversion between free and esterified cholesterol is not 

completely understood, there are some indications that it may 

play a significant role in the transport and storage of 

cholesterol. Since cholesterol in HDL is the preferred 
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substrate for LCAT, and since cholesteryl esters can be 

transferred from HDL to lower density lipoproteins;  

Glomset (1968) has suggested that LCAT plays a role in the 

mobilisation of tissue cholesterol. According to Glomset's 

hypothesis, free cholesterol is transferred from tissue cells 

to HDL, where it is esterified by the LCAT reaction. The 

cholesteryl esters so formed are then transferred to lower ' 

density lipoproteins for transport to the liver, thus 

enabling HDL to take on more free cholesterol from the 

tissues. 

E. 
	Cholesterol Catabolism 

The major route for removal of cholesterol from the 

body is by excretion in the bile, either as cholesterol 

itself or as bile salts formed in the liver. Small amounts 

of cholesterol are'also removed by secretion across the 

intestinal wall, by conversion into steroid hormones and, 

possibly, by secretion in sebum. 

The daily output of neutral steroids seems to show 

large variation among different individuals. Grundy alio. 

Ahrens (1969) found that the excretion of neutral steroids 

derived from endogenous sources accounts for about half the 

total cholesterol by—products in faeces. On the other hand, 

Moore et al. (1968) have reported values which are higher 

than those of Grundy and Ahrens (1969), while Lewis and 

Myant (1967) have reported much lower values. Some of 

this variability, however, can be attributed to the dietary 

intake of sterols, since the consumption of large amounts 

of cholesterol or plant sterols is known to stimulate the 

excretion of endogenous neutral sterols (Grundy et al. 1969)• 
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The amount of bile acids derived from cholesterol 

breakdown has been estimated in man using tracer techniques. 

In healthy subjects eating normal diets the daily production 

of cholic acid averages 0.36 gm, while that of chenodeoxy 

cholic acid rangesbetween 0.29-0.39 gm (Linstedt, 1962). 

These values correspond to a daily degradation.  of between 

0.5-0.7 gm of cholesterol to bile acids. This amount, 

however, is not completely excreted in faeces since part 

of the bile acids is reabsorbed in the small intestine. 

In most mammals, the primary bile acids excreted by 

the liver are cholic and chenodeoxycholic acids. The 

conversion of cholesterol into bile acids entails several 

enzymically catalysed steps to produce saturation of the 

A 5 double bond, epimerisation of the 3p—hydroxyl group, 

introduction of hydroxyl group at 7a—position or 7a— and 

12a— positions and the oxidative removal of the isopropyl 

unit of the side chain (see review by Myant 1968). The 

sequence of nuclear hydroxylation, dehydrogenations and 

reductions is generally associated with enzymes in the 

microsomal and supernatant fractions of liver hemogenates, 

whereas the oxidation steps.in the side chain are catalysed 

by mitochondria. The first steps in this sequence involve 

the atereospecific introduction of a hydroxyl group at 

position 0-7, yielding 7a— hydroxylcholesterol (BergstrOm 

et al. 1958). In 	rats, the enzyme 7a— hydroxylase, 

which catalyses this step,show diurnal rhythmicity with 

a maximum during the night and a minimum during the day. 

These variations are parallelled by diurnal variations in 
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thebile output of bile fistula rats. The enzyme is also 

stimulated by cholesterol feeding and administration of 

thyroxine (Balasubramaniam, 1973). These results suggest 

that the activity of 7a— hycroxylase is an important factor 

in determining the rate of bile acid synthesis. 

Bile acid production is regulated by the quantity 

of bile acids and cholesterol reaching the liver via the 

enterohepatic circulation. The sequestration of bile acids 

following cannulation of the bile duct or administration of 

cholestyramine produces a several—fold increase in bile 

acid secretion (Thompson and Vars, 1954; Tennent et al. 1960). 

On the other hand, the administration of bile acids by 

duodenal infusion or oral ingestionsuppresses endogenous 

production (Lee et al. 1965; Grundy et al. 1966). Beher 

et al. (1962) suggested that bile salts control their own 

synthesis by means of a double feedback. According to this 

view, bile acids inhibit the conversion of cholesterol to 

bile acids and the accumulated cholesterol, in turn, 

inhibits cholesterol synthesis by end—product inhibition. 

Although cholesterol feeding inhibits the endogenous 

synthesis of cholesterol, it accelerates the rate of bile 

acids production (Wilson 1964). Moreover, Myant and Lewis 

(1970) have shown that intravenous administration of 

cholesterol—rich low density lipoprotein increases the 

faecal excretion of bile acids in monkeys. This compensatory 

mechanism is important since it protects the body from 

sudden exposure to an excess of cholesterol. 
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CHOLESTEROL METABOLISM IN HYPERCHOLESTEROLAEMIA 

Hypercholesterolaemia is often secondary to a 

recognised disease such as hypothroidism, nephrotic 

syndrome, obstructive jaundice, multiple myeloma or 

acute porphyria. In these conditions the plasma lipid 

abnormality is a secondary manifestation of the disease 

process and can be improved or eliminated if the disease 

is treated successfully. In some cases, however, the 

increased plasma cholesterol level is the result of a 

primary, often geneticallydetermined, disorder in the 

metabolism of plasma lipoproteins and cannot be attributed 

to another disease. This latter condition is commonly 

referred to as primary hyperlipoproteinaemia. 

Five types of this syndrome are now recognised, 

each type being characterised by a specific abnormality 

in the plasma lipoprotein pattern (Fredrickson et al. 1967). 

Although some rise in plasma cholesterol concentration 

occurs in about all patients with primary hyperlipo-

proteinaemia, the most marked hypercholesterolaemia is 

found in patients with familial type II hyperlipoprotein-

aemia (familial hyperbetalipoproteinaemia). In these 

patients the elevation in serum cholesterol is due to an 

excess of circulating LDL molecules. 

This disease usually becomes manifest through visible 

lipid deposits such as tendinous xanthomata, xanthelasma or 

corneal arcus, or through the more sinister symptoms of 

premature coronary heart disease. The mode of inheritance 

suggests that this disease is due to a partially dominant 



-20— 

mutation at a single gene locus. In the homozygous state 

the symptoms appear in the first few years of life, the 

patient usually dying from heart disease in childhood or 

early adult life. 

The molecular defect responsible for thisidisease 

has not been identified, nor is it certain that a single 

one exists. Because cholesterol is the main lipid com-

ponent of the low density lipoproteins the cause of 

hypercholesterolaemia has been thought of in terms of 

abnormal cholesterol synthesis and excretion. Miettinen 

et al. (1967) have described a hypercholesterolaemic 

family in whom the excretion of bile acids was lower than 

that in a group of control subjects, and have suggested 

that in this family the cause of the disease was an inability 

to convert cholesterol into bile acids at the normal rate. 

In contrast, Lewis and Myant (1967) could find no evidence 

of defective bile acid production in their hypercholestero-

laemic patients, as judged by the faecal excretion of 

radioactive steroids after ( 14C) cholesterol was given 

intravenously. The ratio of (140) bile acids to total 

steroids excreted by these patients was within the normal 

range. Moreover, in their most seriously affected patient, 

who was homozygous for the disease, the half life of (14C) 

cholesterol was shorter than in any of the control subjects 

with normal plasma cholesterol levels. Chobanian et al. 

(1962) have observed in one patient with familial hyper-

cholesterolaemia that the half life of (140) cholesterol 

was also within the normal limits. These observations make 

it unlikely that there is, in fact, a defect in cholesterol 
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removal in this disease and that over synthesis of 

cholesterol might be the causative abnormality. 

Gee et al. (1959) found that the incorporation of 

(14C) acetate into plasma cholesterol• was greater in a 

patient with familial hypercholesterolaemia than in 

normal subjects. Similarly, Moutafis and Myant (1969) 

observed that the maximal percentage of a dose of (14C) 

acetate incorporated into cholesterol in the whole plasma 

was greater in six patients with familial hypercholestero-

laemia than in control subjects with normal cholesterol 

metabolism. In one of these patients, Myant 

(1970) found that the in vitro hepatic cholesterol synthesis 

from acetate was greater than that in any of the "normal" 

liver biopsies. Since in man cholesterol synthesis is 

controlled by feed back inhibition, one would expect to 

find diminished, rather than increased, synthesis if the 

accumulating cholesterol in these patients was due to 

defective removal. It was therefore suggested that the 

excessive synthesis in patients with familial hyper-

cholesterolaemia might be due to a defect in.-the feeabak-, 

control of hepatic cholesterol synthesis. The exact 

location of this defect, however, remains to be clarified. 

MODE OF ACTION OF HYPOCHOLESTEROLAEMIC AGENTS  

A variety of effective diets and drugs are now 

available for the correction of hypercholesterolaemia 

in man. Although some agents might be equally effective 

in reducing the serum cholesterol concentration,this by 

no means implies that their effects on tissue cholesterol, 
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including that in the arterial wall, will be the same. 

With the increasing use of these agents in man it is 

becoming necessary to obtain a careful insight into the 

mechanism by which they produce their effects. The 

following section will summarise our current understanding 

concerning the mechanism of action of these agents. Studies 

concerned with the mode of action of nicotinic acid will be 

reviewed in Chapter II of this thesis. 

Diet 

Diet is a basic element in therapy of hypercholes-

terolaemia and in combination with drug therapy is often 

more effective than either alone. The intake of a diet 

rich in polyunsaturated fat and low in cholesterol content 

produces a reduction in serum cholesterol concentration 

in most cases of hypercholesterolaemia. 

Although Kinsell et al. described the cholesterol-

lowering effect of polyunsaturated fatty acids in 1952, 

there is as yet no agreement on the question of their 

effects on cholesterol metabolism. Grundy and Ahrens (1966) 

found an increase in the faecal excretion of neutral sterols 

and bile acids in a single patient fed corn oil instead of 

butter. Similar findings were also observed in 11 hyper-

cholesterolaemic subjects eating synthetic diets containing 

trilinolein and 6 normal subjects fed corn oil in liquid 

formula, (Wood et al. 1966). These results suggested that 

the beneficial effect of unsaturated fat is in part due 

to increased formation and excretion of bile acids. 
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In contrast to the reports cited above, a number of 

other recent studies have failed to demonstrate an increase 

in steroid excretion or turnover with diets containing 

polyunsaturated fatty acids (Avigan and Steinberg, 1965; 

Spritz et al. 1965; Lindstedt et al. 1965; Hellstr8m 

and Lindstedt, 1966). The absence of a change in cholesterol 

excretion when the plasma cholesterol was lowered has been 

interpreted in these studies as reflecting a movement of 

cholesterol from plasma into tissues, a process which has 

been confirmed in rabbits fed polyunsaturated fat (Bieberdorf 

and Wilson, 1965). 

A cholesterol—lowering action of plant sterols has 

been demonstrated in man by Pollak (1953). Preparations 

of pure p—sitosterol were also found to reduce the serum 

cholesterol concentration in hypercholesterolaemic 

subjects by Best et al. (1954). Since p—sitosterol is a 

substituted cholesterol analogue, it was postulated that 

plant sterols inhibit the absorption of cholesterol and 

thereby decrease the serum cholesterol level. In agreement 

with this, Grundy et al. (1969) have shown that the absorption 

of dietary cholesterol, as well as that of endogenous 

neutral steroids derived from liver and intestine, is 

reduced in patients treated with p—sitosterol and other 

plant sterols. The increased loss of endogenous steroids 

appeared to persist for as long as the plant sterols were 

fed. 

B. Drugs  

Several drugs are known to reduce the serum choles-

terol concentration in man. Among these agents, however, 
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clofibrate, cholestyramine and D—thyroxine are the ones 

most commonly used in clinical practice. Although these 

drugs effectively lower the serum cholesterol concentration 

in most human subjects, their effect on the synthesis, 

absorption, excretion and distribution of cholesterol is 

not fully understood. 

(1) Clofibrate (Atromid—S). 	Clofibrate is probably the 

most widely used hypolipidaemic drug in man. Its thera-

peutic value is due to its ability to reduce the serum 

levels of both cholesterol and triglycerides, and to its 

low toxicity. Clofibrate therapy is always effective in 

reducing the serum cholesterol level in type III hyper-

lipoproteinaemia. Studies in patients with type II 

hyperlipoproteinaemia, however, have shown a disappointing 

response in most cases. Levy et al. (1972), in a double—

blind study in a group of type II patients, reported a fall of 

only 11% in plasma cholesterol concentration, a fall which is 

less than that obtained by cholestyramine in these patients. 

Though the mechanism of action of clofibrate is not 

clear, available information in man indicates a substantial 

effect on endogenous cholesterol synthesis. Nestel et al. 

(1965) and Horlick et al. (1971) studied the effects of 

clofibrate on the turnover of cholesterol in man. From 

the changes in the slope of the decay curves for plasma 

cholesterol after intravenous injection of labelled 

cholesterol, they concluded that clofribrate inhibits 

cholesterol synthesis. More direct evidence for this has 

been presented by Sodhi et al (1971), who observed a 
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decrease of about 30% in the incorporation of labelled 

acetate into plasma cholesterol during clofibrate therapy. 

These authors suggested that clofibrate diminishes 

cholesterol synthesis by inhibiting HMG-CoA reductase, 

since the incorporation of mevalonate into serum cholesterol 

was unchanged in patients treated with this drug. 

Evidence obtained from other sources, however, 

indicates that clofibrate also increases the faecal 

excretion of cholesterol and its metabolites. Thus, 

in hypercholesterolaemic subjects treated with clofibrate 

the faecal excretion of bile acids and neutral steroids is 

increased. The increase in faecal excretion persists for 

many weeks and may account for the removal of substantial 

quantities of cholesterol from the body (Grundy et al. 

1972). 

(2) Cholestyramine (Cuemid). Cholestyramine, an anionic 

exchange resin, was first used in the treatment of hyper-

cholesterolaemia by Bergen et al. (1959) and has been used 

subsequently by other workers (Hashim and Van Itallie, 1965; 

Khachadurian, 1968; Moutafis and Myant, 1969). The effects 

of this resin are related directly or indirectly to 

sequestration of bile acids in the gut, leading to their 

removal from the enterohepatic circulation. Since bile 

acids returning to the liver inhibit the microsomal 7a-

hydroxylase enzyme system, sequestration of bile acids 

would be expected to increase the 7a-hydroxylation of 

cholesterol and, hence, to increase bile-acid formation. 

In keeping with this, the most striking metabolic effect 
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of cholestyramine in experimental animals and in man is 

a marked increase in faecal excretion of bile acids. In 

the rat, increases of several times the normal rate of 

excretion have been observed (Huff et al. 1963). In man, 

increased faecal excretion of bile acids in response to 

cholestyramine has been demonstrated in normal subjects 

(Hashim and Van Itallie, 1965) and in patients with 

familial hypercholesterolaemia (Moore et al. 1968). 

The plasma cholesterol level usually falls rapidly 

during the first two weeks of therapy, though the values 

may continue to decrease for at least one year (Bressler 

et al. 1966). The total daily faecal loss of cholesterol 

metabolites in subjects receiving cholestyramine may 

increase to more than 4 g. Since this clearly exceeds 

the normal daily elimination, body stores of cholesterol 

should decline in the absence of an increase in biosynthesis 

or absorption. Several lines of evidence in man, however, 

have suggested that a compensatory increase in cholesterol 

biosynthesis limits or abolishes the effect on plasma 

cholesterol concentration. First, the cumulative excretion 

of bile acids over extended periods may exceed the known 

content of cholesterol in the body pools (Moutafis and 

Myant, 1969). Second, the size of the rapidly exchangeable 

pool of cholesterol is not significantly altered during 

therapy with 12 g of cholestyramine/day despite large 

increments in faecal bile—acid excretion (Goodman and 

Noble, 1968). In this latter study the rate of entry 

into the rapidly exchangeable cholesterol pool was shown 

to increase from 0.98 to 1.98 g/day. It is therefore 
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evident that the increased loss of cholesterol as bile 

acid stimulates cholesterol biosynthesis, as a'result 

of decreased absorption of cholesterol and possibly, 

of bile acids. 

(3) D-Thyroxine.  Thyroid hormone has long been known 

to lower the serum cholesterol concentration, not only 

in hypothyroid individuals, but also in those whose 

thyroid function is normal. Thyroid hormone itself is 

not a suitable therapeutic agent for treating hyper-

cholesterolaemia owing to its potential toxicity when 

given in doses large enough to cause a significant fall 

in plasma cholesterol concentration. However, certain 

thyroid analogues, such as D-thyroxine, retain their 

cholesterol-lowering action but are less toxic than the 

natural hormones. D-Thyroxine has been used extensively 

and may cause a significant fall in plasma cholesterol 

concentration in patients who fail to respond to other 

drugs. 

In man, therapeutic doses of thyroid hormone 

stimulate the faecal excretion of cholesterol metabolites 

without a concomitant increase in cholesterol biosynthesis. 

Miettinen (1968) studied the effects of thyroxine on 

cholesterol metabolism in two patients with myxoedema. 

In both patients the fall in plasma cholesterol concentration 

in response to treatment was accompanied by an increase 

in the faecal excretion of total endogenous steroids. 
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In neither patient did the slope of the plasma specific 

radioactivity curve after intravenous (3H) cholesterol 

indicate increased cholesterol synthesis in response to 

thyroid therapy. Similar results were obtained by Simons 

and Myant (1974) in three type II hypercholesterolaemic 

patients treated with D-thyroxine. In one patient, the 

neutral steroid excretion was increased while in another 

the main effect of D-thyroxine was on bile acid excretion. 

This latter result suggested that D-thyroxine acts at 

some step before divergence of the two pathways by which 

cholesterol is removed from the body, the one leading to 

excretion as neutral steroids and the other to the 

formation of bile acids. 

The mechanism by which thyroid hormones stimulate 

cholesterol catabolism has been studied in the rat. 

Mitropoulos and Myant (1965) reported that liver mito-

chondria and thyroxine-treated rats form 14002 from 

(26-140) cholesterol at about four times the rate observed 

with mitochondria from normal rats. The ability of liver 

mitochondria to oxidize propionate on the other hand, was 

not affected by thyroxine treatment. These results 

suggested that thyroxine stimulates a rate-limiting step 

in the oxidation of the cholesterol side-chain by mito-

chondria. In agreement with this, Bers6us (1965) has 

shown that liver mitochondria from thyroxine-treated rats 

oxidize 3a, 7a, 12a-trihydroxycoprostane to cholic acid 

more rapidly than do normal liver mitochondria. More 

recently, Balasubramaniam (1973) has demonstrated an 

increase in the activity of the rate-limiting enzyme, 
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7a—hydroxylase, in the livers of rats treated with thyroid 

hormone. 

Despite its therapeutic value, the administration of 

thyroxine to hypercholesterolaemic patients is limited by 

the fact that the drug may cause symptoms of cardiac 

ischaemia, especially if heart disease is already present. 

To avoid such a distressing side—effect, Krikler et al. (1971) 

have suggested that D—thyroxine should be combined with 

propranolol, a p—blocker, in order to suppress the side 

effects of D--thyroxine. 

(4) 	Other Drugs  

Colestipol is a new bile acid sequestrant. Though 

experience with this drug is still limited, preliminary 

studies suggest a mode of action similar to that of choles-

tyramine. 

Neomycin, an unabsorbed antibiotic, was found to reduce 

the serum cholesterol in men when used in doses between 1.5 

and 2 g/day for the treatment of enteritis. Subjects with 

type II hyperlipoproteinaemia show a 15-25% fall in serum 

cholesterol concentration when given neomycin (Samuel et al. 

1970). The therapeutic value of this drug is limited by 

its tendency to cause irreversible damage to the auditory 

nerves and the kidneys. 
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CHAPTER II 

EFFECT OF NICOTINIC ACID 

ON CHOLESTEROL TURNOVER, SYNTHESIS AND CATABOLISM 

INTRODUCTION  

Nicotinic acid has been shown to lower serum 

cholesterol concentration in both man and animals. 

In the search for a substance which would increase the 

oxidation of cholesterol in the body, Altschul et al. 

(1955) thought of nicotinic acid. This compound was 

found to be converted in the body to NAD (Kohn and 

Klein, 1939), which is a major constituent of the 

respiratory enzyme system that influences cholesterol 

catabolism. Altschul et al. (1955) tested the effect:71 

of nicotinic acid in 11 normal men and 22 schizophrenic 

subjects, and observed a significant reduction in serum 

cholesterol concentration. In these subjects the extent 

of the fall in serum cholesterol concentration was 

directly related to the pre-treatment level. O'Reilly 

et al. (1957) observed that the effect of nicotinic acid 

on serum cholesterol concentration in normal volunteers 

becomes more marked the longer the duration of its 

administration. After three months of nicotinic acid 

therapy, a 22% reduction was observed by these authors. 

Similar results were also reported by Hoffer and Callback 

(1957) and by Altschul and Hoffer (1960). 

Nicotinic acid is also effective in lowering serum 

cholesterol concentration in hyperlipidaemic patients. 

Thus, Parsons and Flinn (1959) gave nicotinic acid to 
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26 patients with a mean initial serum cholesterol level 

of 325 mg/100 ml and observed a 20% reduction 12 weeks 

after starting therapy. The magnitude of reduction in 

serum cholesterol concentration was similar to that reported 

by Berge et al. (1961). The long-term effects of nicotinic 

acid on serum cholesterol have been carefully evaluated by 

Parsons and Madison (1961). In 50 hypercholesterolaemic 

patients treated with large doses of nicotinic acid for 

periods of 12-44 months, serum cholesterol and p-lipo-

protein cholesterol concentrations were restored to the 

normal level in 80% of subjects. Of the remaining 20% of 

patients, nearly all showed some degree of reduction in 

serum cholesterol, though not to normal levels. Only in 

2% of cases was there no significant reduction in serum 

cholesterol concentration in spite of therapy. The reduction 

in: serum cholesterol concentration during nicotinic acid 

administration was found to affect both the free and the 

esterified fractions (Gurian and Aldersberg, 1959). 

Studies designed to show the effects of nicotinic acid 

on serum cholesterol in animals have shown conflicting results, 

depending on the species and on the initial blood cholesterol 

level. Thus, in rabbits made hypercholesterolaemic by 

cholesterol feeding, nicotinic acid led to a reduction of 

serum cholesterol level (Altschul, 1956; Merrill and Lemley-

Stone, 1957; Cava et al. 1959). Similar effects were also 

reported in dogs by Comesana et al. (1958). However, Narcia 

et al. (1959) did not find any significant reduction in serum 

cholesterol level in normal dogs treated with nicotinic acid. 

Kottke et al. (1962) found that nicotinic acid did not affect 

the hypercholesterolaemia induced by cholesterol feeding 
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in dogs, but did reduce cholesterol levels elevated by 

thyroidectomy. Investigations on the effect of nicotinic 

acid on serum cholesterol in cockerels and pigeons have 

yielded negative results (Hunter and Wong, 1961). In these 

species nicotinic acid did not affect the serum cholesterol 

level. In rats, nicotinic acid lowered the serum 

cholesterol concentration in fasting normal animals (Jacobs 

et al. 1965), though it had no effect in fed rats (Brus, 1967). 

In a steady—state situation the concentration of serum 

cholesterol is maintained by equal rates of input and output 

from the plasma. The reduction of serum cholesterol con-

centration by nicotinic acid could therefore be the result 

either of inhibition of cholesterol synthesis, or of 

decreased absorption or of enhancement of its breakdown or 

excretion. Understanding of the mechanism of action of 

nicotinic acid is important in evaluating the long—term 

beneficial effects of this drug. 

A. Effects of nicotinic acid on cholesterol synthesis 

The effect of nicotinic acid on cholesterol synthesis 

has been studied primarily in the rat. Unfortunately, the 

results of these studies were not conclusive. Thus, Perry 

(1960), Bizzi and Grossi (1961) and Gamble and Wright (1961) 

observed a decrease in the incorporation of ( 140) acetate 

into cholesterol by liver slices incubated with nicotinic 

acid in vitro. Similar results were reported by Gamble 

and Wright (1961) using rat—liver homogenates. When ( 14C) 

mevalonate was used as a substrate for cholesterol synthesis, 

these authors observed that nicotinic acid did not affect 
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the incorporation of this substance into cholesterol, 

suggesting that nicotinic acid interferes with *a 

reaction that involves the conversion of acetate to 

mevalonate. 

In contrast to the previous results, Merrill (1958) 

and Hardy et al. (1960) failed to demonstrate any inhib-

itory effects of nicotinic acid added to rat—liver slices 

in vitro. Hardy et al. (1960) reported that the effect 

of nicotinic acid on cholesterol synthesis in rats was 

most evident if the nicotinic acid was added to the food. 

Liver slices from rats fed nicotinic acid showed reduced 

rates of incorporation of acetate into cholesterol as 

compared with those from control rats. 

The effects of nicotinic acid on the incorporation 

of acetate into cholesterol in vivo have also been studied 

primarily in rats. Garattini et al. (1961), Kritchevsky 

and Tepper (1964) and Nakamura et al. (1967) observed a 

reduction in the incorporation of 14C from acetate into 

serum cholesterol of intact animals fed nicotinic acid. 

Scht!n et al. (1958) have also demonstrated that the hepatic 

synthesis of cholesterol from acetate in vivo was depressed 

in proportion to the amount of nicotinic acid fed to rats. 

These results still contradict the observation of Merrill 

(1958), who found that rats fed nicotinic acid had higher 

rates of cholesterol synthesis from acetate than control 

rats. 

A similar contradiction was observed when nicotinic 

acid was given to other animals. Schade and Saltman (1959) 

observed inhibition of in vivo synthesis of cholesterol in 
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rabbits fed nicotinic acid. They suggested that nicotinic 

acid could act by effectively competing with the cholesterol-

synthesizing system for a limited pool of free CoA. Stein-

berg and Fredrickson (1956), however, failed to correlate 

the inhibition of cholesterol synthesis from acetate with 

competition for CoA. 

Studies on cholesterol synthesis in man during 

nicotinic acid therapy have been performed mainly in hyper-

cholesterolaemic patients. In these studies, cholesterol 

synthesis was determined either from the rate of incorpora-

tion of (14C) acetate into plasma cholesterol or from the 

shape of the disappearance curve of injected (14C) 

cholesterol. Nunn et al. (1961) studied the incorporation 

of (14C) acetate into the plasma cholesterol in 9 non-
diabetic hypercholesterolaemic subjects before and after 

two weeks of nicotinic acid therapy. The maximum specific 

radioactivity of the (14C) cholesterol appearing in the 

plasma after intravenous injection of (14C) acetate was 

reduced during nicotinic acid treatment to a value less 

than 50% of the pre-treatment concentration. 

Parsons and Madison (1961) administered (14C) acetate 

orally to hypercholesterolaemic patients during a control 

period and during a period when they were receiving 

nicotinic acid. The incorporation of 14C into serum free 

and esterified cholesterol was measured. The results 

indicated a decrease in cholesterol synthesis during the 

nicotinic acid period. Miettinen (1968) labelled the 

serum cholesterol in 13 hypercholesterolaemic subjects with 

(140)  cholesterol and obtained qualitative information on 
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cholesterol synthesis from the slope of the serum 

cholesterol specific—radioactivity curves. During 

nicotinic acid therapy the slope of the curve decreased 

or remained unchanged, suggesting that reduced cholesterol 

synthesis occurred during the nicotinic acid administration. 

However, sterol balance studies performed on these patients 

showed that the decrease in synthesis could not account 

completely for the reduction in serum cholesterol. 

Miettinen therefore concluded that enhanced cholesterol 

and bile acid excretion was the main determining factor 

in lowering the serum cholesterol level. 

In four patients with familial hypercholesterolaemia 

in the homozygous form, Moutafis and Myant (1971) inves-

tigated the effect of nicotinic acid therapy after labelling 

the exchangeable pools of cholesterol with (14C) cholesterol. 

Their results indicated that nicotinic acid inhibited the 

endogenous synthesis of cholesterol but had no direct effect 

on the excretion of cholesterol via the faeces. In one 

of their patients Moutafis and Myant observed a reduction 

in the synthesis of cholesterol from acetate in vitro, 

using liver biopsies obtained before and during the nico-

tinic acid period. 

B. Effect of nicotinic acid on cholesterol absorption 

In rats, Duncan and Best (1959) reported that the 

intestinal absorption of (140) cholesterol was not sig-

nificantly affected by administration of nicotinic acid. 

Hynn et al. (1963) studied the effects of nicotinic acid 

on intestinal absorption of (140)  cholesterol in lymph 

fistula rats. Nicotinic acid did not produce any 
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significant change in the total lymph cholesterol level. 

Also, analysis of lymph 14C cholesterol showed no 

significant depression of labelled cholesterol absorption 

due to administration of nicotinic acid. 

Miettinen (1968) labelled the cholesterol pool in 

hypercholesterolaemic patients and performed cholesterol 

balance studies in these subjects during nicotinic acid 

therapy. The faecal output of unlabelled cholesterol, 

which he assumed to originate from the diet, was not 

significantly altered during the nicotinic acid period, 

suggesting that cholesterol absorption was not affected 

by nicotinic acid. 

C. Effect of nicotinic acid on the catabolism and excretion 

of cholesterol. 

Kritchevsky et al. (1960) showed that nicotinic acid 

enhances the oxidation of cholesterol in vitro. Liver mito-

chondria from rats pre—fed with nicotinic acid showed higher 

rates of oxidation of the cholesterol side—chain than those 

obtained from control rats. Similar results were observed 

when nicotinic acid was added to the mitochondrial prepara-

tion in vitro. This stimulatory effect of nicotinic acid 

was not limited to cholesterol oxidation, as it also 

increased pyruvate oxidation by liver mitochondria. These 

results tend to support the original hypothesis of Altshul 

et al. (1955) that the availability of the oxidative cofactor, 

NAD, derived from nicotinic acid was responsible for the 

hypocholesterolaemic effects of this drug. 
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This hypothesis, however, was not confirmed in the 

studies of Goldsmith et al. (1959) and Miller et al. 

(1960, 1962), who reported, in careful balance studies, 

that the excretion of faecal bile acids and neutral 

sterols was not affected by nicotinic acid administration 

to normal and hypercholesterolaemic subjects. Miettinen 

(1968), on the other hand, studied the effects of 

nicotinic acid on faecal excretion of bile acids and sterols 

and observed enhancement of excretion products of cholesterol 

in subjects treated with this drug. 

Sodhi et al. (1971, 1973), studied the effects of 

nicotinic acid therapy in 11 hypercholesterolaemic 

subjects after labelling the plasma cholesterol with (14C) 

cholesterol. When the decline in plasma cholesterol 

specific activity became exponential, cholesterol balance 

studies were performed during the steady—state condition 

of the control period. The subjects were then given 

nicotinic acid and the changes in various parameters of 

cholesterol metabolism were noted. The results indicated 

enhancement of faecal excretion of bile acids and neutral 

sterols during the treatment period. Moutafis and Myant 

(1971) reported in a similar study that nicotinic acid 

therapy did not affect the excretion of cholesterol by-

products via the faeces. 

From the preceeding review it appears that the effects 

of nicotinic acid on cholesterol metabolism were variable, 

depending on the species of the animal studied. It seemed, 

therefore, that clinically relevant information might be 

obtained from experiments on monkeys. The observations 
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presented in chapter III of this thesis showed a close 

similarity in the components of plasma lipoproteins of 

this animal and those of man. In this section a study 

was performed to determine the effect of large doses of 

nicotinic acid on cholesterol metabolism in two Rhesus 

monkeys. 

MATERIALS AND METHODS. 

A. Animals  

These experiments were performed on two Rhesus 

monkeys. The animals were obtained from Shamrock Farms 

(Upper Horton Farm, Small Dole, Nr. Henfield, Sussex). 

They were kept in special cages with enough space to 

allow free movement. The base of the cage was formed of 

wire mesh to let faeces fall through. Under the mesh 

there was a tray covered with sawdust to receive the 

monkeys' faeces. The temperature of the room was kept 

fairly constant at 23oC. At the time of this study the 

weight of the first monkey (monkey No. 10) was 2.4 Kg and 

that of the second monkey (monkey No. 11) was 2.3 Kg. 

The animals were fed ad libitum with a special diet 

specified to be low in cholesterol and rich in proteins. 

The diet was supplied in the form of dried pellets of 

M.R.C. diet No. 41 (Bruce and Parkes 1946) supplemented 

with cabbages, carrots and apples. The average daily 

intake of cholesterol, estimated from the average intake 

of pellets and the cholesterol content/g of pellet, was 
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10 — 20 mg.. Both monkeys had been eating this diet 

for more than 6 months before the present study. 

Drinking water was supplied in 500 ml bottles hung out-

side the cage with a nozzle projecting inwards. 

B. Experimental procedures. 

(1) Measurement of cholesterol turnover 

Each animal received an injection of (4-14C) 

cholesterol equivalent to 5011Ci. The injection was 

prepared according to the method of Whereat and Staple 

(1960). (4-14C) Cholesterol (50 mCi/mmol) was obtained 

from The Radiochemical Centre, Amersham, Bucks, in 

benzene. The benzene was dried under a streanof nitrogen 

at 40°C. To the dried cholesterol 0.75 ml of 4% Tween 20 

solution in methanol was added and the methanol was then 

evaporated under nitrogen. The cholesterol was then 

emulsified in 0.5 ml of 'saline by agitating the tube in 

a water—bath at 60°C. 

The dose of radioactivity given to each monkey was 

calculated by counting a weighed aliquot of the labelled 

cholesterol emulsion from each syringe before injection. 

Since the weight of cholesterol emulsion in the syringe was 

also determined, the total dose of (140) cholesterol 

injected into each monkey could be calculated. 

The injections were given into the saphenous vein, 

followed by 10 ml of physiological saline. Samples of 

blood were withdrawn from the saphenous vein on the other 

side one hour after injection, and then daily for one week. 
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Thereafter, samples were withdrawn once weekly during 

the whole period of the study. Blood was allowed to clot 

and the serum was separated for determination of cholesterol 

specific radioactivity. 

The faeces were collected carefulIrfrom each cage 

weekly and stored in polythene bags at —15°C until analysed. 

(2) Measurement of cholesterol synthesis in vitro 

Liver biopsies were obtained from the monkeys under 

general anaesthesia and the rate of incorporation of (14C) 

acetate into cholesterol and fatty acids by the slices was 

determined in vitro. Each monkey received an intravenous 

injection of concentrated glucose solution, containing 3 g 

of glucose, one hour before induction of anaesthesia. This 

preparatory step was essential to minimize variations in 

the glycogen content of liver biopsies. The monkeys were 

anaesthetized with pentothal sodium (20 mg/Kg body weigh l. 

The abdomen was opened under complete sterile coy ditions 

and the liver identified. A triangular area of the liver 

was removed and immediately immersed in ice—chilicd Krebs 

bicarbonate buffer used for the incubation. Pieces c: 

tissue were transferred to aEheet of polythene. Blood clots 

and fibrin were removed with a fine glass rod. The tissue 

was then transferred to a pre—weighed tube containing 0.4 ml 

of the incubation buffer. The weight of the tissue was 

calculated from the weight of the tube containing the 

incubation medium and the tissue. Incubations were always 

performed in quadruplicate. The sizes of the liver pieces 

were kept as uniform as possible to avoid variations in 

activity. The abdomen was closed and the animal received an 

intramuscular injection of penicillin (500,000 units). 



Similar procedures were performed after 4 — 6 weeks of 

nicotinic acid administration to the animals (250 mg/Kg 

body weight). Treatment with nicotinic acid was then 

discontinued and cholesterol synthesis was again measured 

in vitro 2 — 4 weeks later. 

C. Methods  

(1) Assay of compounds in the plasma 

(a) Serum nicotinic acid level. The serum level of 

nicotinic acid was determined according to the method of 

Carlson (1966). In this method nicotinic acid is extracted 

from the plasma and is then determined colorimetrically with 

the K5nig reaction as modified by Hever (1961). 

The blanks and the standards were prepared by the 

addition of 0.1 ml of either distilled water or the standards 

to 0.9 ml of pooled plasma. One ml of the plasma was de-

proteinized using 6 ml of acetone in a glass—stoppered tube. 

The tube was shaken and centrifuged at 2500 g. for 5 minutes. 

The supernatant was then decanted quantitatively into a glass—

stoppered tube containing 7 ml of chloroform. After shaking 

for one minute, the tube was centrifuged for 10 minutes at 

10,000 g. An aliquot of the upper aqueous phase containing 

the nicotinic acid was then pipetted off into the tube in which 

subsequently the colour reaction was developed. 

The colour reagent was prepared by dissolving 0.5 g of 

potassium cyanide in distilled water and 12.5 ml of 1M Tris 

(hydroxymethyl) methylamine. One N HCl (8.75 ml) was then 

added and the volume adjusted to 50 ml with distilled water. 
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The volume of the aqueous phase containing nicotinic acid 

was adjusted to 1.5 ml with distilled water. 0.5 ml of 5% 

chloramine T solution was then added, followed one minute 

later by the addition of 0.5 ml of the colour reagent. 

The contents were then mixed and the intensity of the colour 

was read at 410 mp, using a Unicam Spectrophotometer Model 

SP-500. 

Preliminary experiments showed that the intensity of 

the colour gradually increases to reach a plateau 10 minutes 

after the addition of the colour reagent (Fig.2 ). The 

colour remains constant for another 10 minutes and then 

starts to decline. Samples were arranged to be read at 

10 - 20 minutes after addition of the colour reagent. 

The standard curve for nicotinic acid added to the 

plasma was linear for amounts up to 25 lig per ml of plasma 

(Fig.3 ) Plasma samples containing higher concentrations 

of nicotinic acid were therefore diluted so as to fall within 

this range. Samples of plasma containing nicotinic acid 

were assayed before and after 6 weeks at -15oC and indicated 

that the recovery percentage is more than 95%. 

(b) Serum cholesterol concentration. This was done 

fluorimetrically using a modification of the method of 

Carpenter et al. (1957). In this method samples of serum 

(0.2 ml) were extracted with 20 vol. of chloroform:methanol 

(2 : 1, v/v). The extraction was facilitated by allowing 

it to stand for three hours on a hot plate at 40°C followed 

by brief boiling. The extract was then filtered through 

Whatman No. 1 filter paper and the filtrate was collected in 

a 25 ml. volumetric flask with several washings. The volume 
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Figure 2: Stability of the colour reaction for estimation 

of nicotinic acid with time. The colour reagent 

was added to nicotinic acid standards and the 

optical density was determined at intervals. 

Each point represents the mean of triplicate 

measurements. 
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Figure 3: Standard curve for nicotinic acid measurement. 

Increasing amounts of nicotinic acid were added 

to samples of pooled plasma and then extracted. 

The colour reagent was added to aliquots of the 

extract and the optical density was measured to 

determine the recovery of nicotinic acid in the 

plasma. 
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was then adjusted and aliquots containing approximately 

40 4g cholesterol were pipetted in duplicate into 10-m1. 

graduated stoppered tubes for estimation of total cholesterol. 

In addition, aliquots of cholesterol standard containing 20, 

40, 60, and 80 4g cholesterol from stock alcoholic solutions 

were pipetted into similar tubes. The tubes containing 

samples and cholesterol standards were evaporated to dryness 

in a rotary evaporator, and the dried lipids were dissolved 

in 6 ml of fluorescence reagent and shaken immediately. 

The samples were covered with aluminium foil and allowed to 

stand for 45 minutes at room temperature. During this time 

the fluorescence reaches a peak value in 5-10 minutes, then 

falls off rapidly to a steady value after 45 minutes. The 

fluorescent reagent was prepared fresh on the day of assay 

by mixing 5 parts of 1,1,2-trichloroethane redistilled with 

activated charcoal and 1 part of acetic anhydride. The 

mixture was allowed to cool for 30 minutes at -1500, followed 

by the addition of 4 ml concentrated sulphuric acid for 

each 100 ml of the mixture. The sulphuric acid was specified 

to be low in lead. The final mixture was shaken and then 

allowed to stand for 15 minutes at room temperature. The 

fluorimetric readings of the samples and cholesterol standard 

tubes were then determined in a Type 27A model fluorimeter. 

The needle of the instrument was adjusted to the zero 

reading before each sample, using several washings with 

fluorescent reagent. The number of tubes in each experiment 

was restricted so as to avoid the decrease in fluorescence 

which begins 2 hours after the addition of the reagent. 

After the last sample had been read, the standard containing 

40 4g of cholesterol was re—read to ensure the stability of 

the fluorimetric reading. 
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(c) Serum phospholipids. Phospholipids were extracted 

from the serum with chloroform:methanol as previously 

described. The extract was then dried and the residue ashed 

in the presence of perchloric acid and carborundum. The 

phosphorus content of the samples was measured using the 

method of Lowry et al. (1954)  as modified by Chen et al. 

(1956)1. In this method the phosphomolybdate complex is 

reduced with strong ascorbic acid solution and the colour 

produced is measured spectrophotometrically. Standards 

containing up to 5 lig of phosphorus were pipetted together 

with the samples into clean graduated glass tubes. This was 

followed by the addition of 0.4 ml of 72% perchloric acid, 

0.5 ml of ammonium molybdate solution (2.5%) and 0.5 ml of 

10% ascorbic acid solution. The volume was —then adjusted 

to 4 ml with distilled water and the colour was developed 

at 600C for 30 minutes. The intensity of the colour was 

measured at 820 mil in a Unicam spectrophotometer Model SP-500. 

Lipid phosphorus was converted to phospholipid by multiplying 

by 25 (Havel et al. 1955). 

(d) Plasma FFA. Plasma FFA concentration was determined 

using the colorimetric method described by Novak (1965). 

In this method cobalt forms soaps with FFA and produces a 

colour with a—nitroso—(3—naphthol. 

(±) 
	

Reagents  

Solution A: Cobalt nitrate — acetic acid -

potassium sulphate. This solution was prepared 

by adding 6 g of Co(NO3).6H20 and 0.8 ml of 

glacial acetic acid to a saturated solution of 

K2SO4  in a total volume of 100 ml. 



-47— 

Solution B: Saturated sodium sulphate was 

prepared by adding Na2SO4  to boiling water until 

saturated. The solution was then filtered before 

use. 

Solution C: Cobalt reagent: This solution was 

prepared fresh for every series of analysis. 

1.35 volumes of triethanolamine solution were 

made to 10 volumes with Solution A and 7 volumes 

of Solution B were added and the mixture was then 

shaken for a few minutes. 

Solution D: Indicator: A stock solution containing 

0.4% a—nitroso—f3—naphthol in 96% ethanol was 

prepared. This was diluted withethan.ol by a factor 

of 12.5 before use. 

(ii) 	Procedure. 100 ill of serum were extracted with 

500 1.11 of Dole's extraction mixture (heptane : isopropyl 

alcohol : 0.1 N H2SO4 (10 : 40 : 1, Vv) and shaken on a rota 

mixer. The extraction tubes were then cooled on ice for 

10 minutes and the phases were separated using 600 µl of 

heptane and 1 ml of water. 600[11 were drawn from the heptane 

upper phase and :transferred to clean tubes. 800 [11 of 

chloroform : heptane mixture (5 : 1, v/v) were addedito be 

followed by 1 ml of the cobalt reagent (Solution C), and the 

mixture was thoroughly agitated for 3 minutes. The mixture 
was centrifuged for at least 15 minutes at 2500 r.p.m. and 

1.2 ml of the upper chloroform : heptane phase were transferred 

to a test tube containing 1.5 ml of the indicator (Solution D). 
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The colour reached a steady state 30 minutes later 

and remained stable for several hours. The intensity of 

the colour was measured in a Unicam Spectrophotometer at 

500 intl. A blank and two standards containing 0.2 and 0.4 

mEq/i of palmitic acid in Dole's extraction mixture carried 

through the whole operation, using 100 µl of water instead 

of serum. 

(e) Serum triglycerides. Serum samples were extracted 

with chloroform : methanol as described above and aliquots 

of the chloroform layer were chromatographed to separate 

the triglycerides. Chromatography was performed on thin—

layer plates of Kieselgel H slurried in water using the 

two—stage method of Skipski et al. (1965). The triglyceride 

band was located, scraped from the plate and eluted with 

chloroform. The eluate was then evaporated and the residue 

was saponified by adding 2 ml of ethanol containing 0.25 ml 

of 2.5% (w/v) KOH and heating for 1 hour at 60°C. The 

hydrolysate was neutralized with a few drops of 6% acetic 

acid and dried. The glycerol was solubilized quantitatively 

in water and assayed enzymatically using the method of 

Garland and Randle (1962). In this method glycerol is 

converted to L—glycerophosphate in a reaction mixture 

containing ATP and the enzyme glycerokinase. During this 

reaction ATP is converted to ADP which is coupled to 

phosphoenol pyruvate by the enzyme pyruvate kinase. The 

resulting pyruvate is converted to lactate by lactic de-

hydrogenase and NADH. The change in the extinction of NADH 

during the reaction is proportional to the concentration of 

glycerol in the reaction mixture. 
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Stock solutions containing 75 mM ATP and 3 mM NADH 

were prepared and stored at -15°C. Triethanolamine-HCL 

buffer (0.1 M and pH 7.6) was prepared to contain MgSo4   
(6 mM), KCl (2 mM) and phosphoenol pyruvate (0.7 mM). 

On the day of the assay the reaction mixture was prepared 

by mixing 0.25 ml of ATP solution, 500 µg of pyruvate 

kinase, 200 lig of lactic dehydrogenase, 10 ml of buffer 

and 1 ml of NADH solution. One ml of the assay mixture 

was mixed with a 1 ml sample and the optical density 

measured at 340 mil. Ten fag of glycerokinase were then 

added and the change in optical density measured after 

10 minutes. The concentration of glycerol was calculated 

from the change in optical density and the molar extinction 

coefficient of NADH. Standards containing known amounts of 

tripalmitin were carried through the whole procedure to 

determine the efficiency of recovery of serum triglyceride 

measurements. 

(2) Measurement of cholesterol turnover 

(a) Serum  cholesterol specific radioactivity. The 

chloroform-methanol extract remaining after cholesterol 

assay was transferred quantitatively into counting vials 

and evaporated to dryness under a fan dryer. Two ml of 

absolute alcohol were added to each vial followed by 10 ml 

of scintillation fluid. The scintillation fluid contained 

3 g PPO and 100 mg POPOP per litre of toluene. Counting 

was performed in a Beckman Liquid scintillation counter 

adjusted to allow for the background and quenching corrections. 
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An external standard was counted together with the samples, 

so that counting rates could be converted to disintegrations 

per minute. 

(b) Faecal excretion of cholesterol derived from the  

exchangeable pool. Seven days collection of faeces 

was homogenised with a known volume of water in an electric 

blender. A known proportion of the homogenate weighing 

about 25-30 g was taken for the analysis of 14 steroids 

using a modification of the method of Lewis and Myant (1965). 

The weighed aliquots of faecal homogenates were transferred 

to a 250 ml round—bottomed flask and extracted under reflux 

with 150 ml acetone for four hours in a water—bath at 9000. 

The solvent was then filtered and the extraction was repeated 

twice with acetone and three times with chloroform. The 

extract was then passed through a 15 gram Dowex (50 W — X2 

and 50-100 mesh) which had been slurried in glass—distilled 

water till the effluent became neutral. The column was then 

washed with acetone:chloroform, (50 : 50; v/v). The extract 

was passed through the column and was collected in round—

bottomed flasks. This elution step was necessary to get rid 

of the pigment that was retained in the faecal extract. 

The whole eluate was taken to dryness in a rotary evaporator 

and the dried extract was redissolved in a known volume of 

chloroform:methanol (1 : 1; v/v) and two fifths of this 

volume were then saponified under reflux with 3 ml of 

half saturated sodium hydroxide plus 12 ml of dioxane in 

a boiling—water bath for 5 minutes. A further 15 ml of 

water was added and the saponification was continued for 

another 90 minutes. The cooled solution was acidified to 
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pH 1 with concentrated HC1 and extracted three times with 

50 ml ether. The ether extracts were pooled together and 

dried in a rotary evaporator. The dried saponified faecal 

lipids were dissolved in a small volume of chloroform and 

bile acids were separated from neutral sterols using silicic 

acid chromatography. In this method 15 g of coated silicic 

acid were slurried with ether and packed into a column 1.2 

cm internal diameter and washed with 100 ml acetone followed 

by 100 ml of ether and finally 100 ml of 70% ether in hexane, 

v/v. Neutral sterols were eluted with 600 ml of 70% ether 

in hexane, v/v. The bile acids were eluted with another 

600 ml of 4% formic acid in methanol. The bile acid fraction 

was dried and extracted in 100 ml of chloroform and 30 ml of 

0.02 N HC1. Both fractions were dried in a rotary evaporator. 

The dried steroids were dissolved in 2 ml of chloroform and a 

known weight of araldite solution in chloroform was added to 

each fraction and pipetted in successive portions onto pre-

weighed metal planchettes (7.1 cm2). The amount of araldite 

added was adjusted so that each planchette would contain a 

dried weight between 200 and 300 mg. Two planchettes were 

used for each fraction. The planchettes were then allowed to 

dry in the hot room at 37°C and the mixture was set to a 
hard homogeneous mass of uniform thickness. The planchettes 

were counted in a Nuclear Chicago automatic gas flow counter. 

The specific activity (11Ci/g) of the material on each 

planchette was determined by comparing the counting rate of 

the sample with that of an infinitely thick 7.1 cm2  disc of 

poly(methy1-14C) methacrylate containing 1.07 p.Ci/g and 

giving about 8000 counts/minute in the gas flow counter. 
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The amount of 14C on each planchette-  was calculated from 

the radioactivity/g and the total weight of dry material. 

The daily faecal excretion of 14C was calculated from the 

total readioactivity on the planchettes and the proportion 

of the whole faecal homogenate taken for analysis. 

(c) Analysis of results. The specific radioactivity 

of serum cholesterol was plotted semilogarithmically versus 

time and the curves were analysed according to the two—pool 

model as suggested by Goodman and Noble (1968). In this 

model the exchangeable cholesterol pool is subdivided into 

two distinct pools with different turnover rates. Pool A, 

which represents cholesterol in the liver, plasma, red blood 

cells and part of the intestine, is a rapidly—turning—over 

pool, while' pool B is a slowly—turning—over pool and includes 

cholesterol in the skin, skeletal muscle and part of the 

viscera. Fig.4 is a schematic presentation of this model. 

The arrows indicate the input, the output, and the interchange 

between the two pools. The theoretical basis for the 

calculation of the various parameters of cholesterol met-

abolism using this model has been discussed by Gurpide 

et al. (1964). 

The general equation which characterizes cholesterol 

specific activity in pool A *is:— 

—ace 	—fit a = CAe 	CBe 

Where a = specific activity in pool A 

e = base of natural logarithim 

t . time 
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Figure 4: Schematic presentation of the'two-pool model 

for cholesterol transport. 

COmpartment A = rapidly exchangeable pool. 

Compartment B = slowly exchangeable pool. 

The arrows indicate the input (SA and SB), the 

output (KA  and KB) and the .interchange between 
the two pools (IC ,__AB  and KBA). 
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CB = the Y intercept of a line extrapolating the terminal 

linear portion of cholesterol specific activity to 

zero time. 

CA = the Y intercept of a line joining the points resulting 

from subtraction of the CB line from the experimental 

points (Fig. 8 and 9). From these two exponentials 
cholesterol turnover in pool A and B was calculated as 

follows: 

Rate contants for cholesterol turnover in pool A 

= 0.69212 (a) = In 2,/ti
-2- 	

of the first exponential. fi 
2 

0.69315 (p) = In 2/ti = -ti  of the second exponential. 
2 

The size of pool A (MA) was also calculated using the 

following equation:- 

RA 
MA = 	CB 

A 

where RA  = amount of isotope injected in pool A as DPY. 

In addition, the production rate of cholesterol in pool A 

(PRA), excluding recycling, was also calculated from the 

equation:- 

PRA  = 7(73—+ RCA  

Finally, the various rate constants for the transfer and 

removal of cholesterol from pool A and B were calculated 

as follows:- 

(rate constant for the total removal of cholesterol KAA--  ( 
from pool A) 

aM C - pm c A A 	A B = 
RA 

aPRA  
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KBB (rate constant for total removal of cholesterol 

from pool B) 

= (a  P KAA)  

KBA  = (rate constant for transfer of cholesterol from pool 

B to pool A). 

This can only be determined from the curve obtained if 

KB approximates to zero. Evidence to support this assumption 

in monkeys has been established by Wilson (1970). In this 

particular instance KBA  = KBB. 

= (rate constant for transfer of cholesterol from pool KAB 

A to pool B) 

= KAA KA 

And finally, the size of pool B (MB) where the basic 

assumption was made that both SB  and KB  approximate to zero 

K 
MA 	1-1-1J\ 

"A ‘17.-1  BA 

The daily faecal excretion of bile acids and choles-

terol was calculated from the daily excretion of 14c in 

each faecal collection and the specific activity of the 

plasma cholesterol on the day before the mid—point of the 

collection period. The faecal clearance rate of serum 

cholesterol was calculated from the total excretion of 

endogenous steroids/day and the concentration of plasma 

cholesterol during this period. 

(3) In vitro cholesterol synthesis  

(a) 'Incubation conditions. Liver slices with an average 

weight of 8 - 10 mg were incubated in a total volume of 0.5 ml 
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Of the incubation mixture. The incubation medium was 

a modification of that described by Bhattathiry and 

Siperstein (1963). Theconstituents of the buffer were 

similar to the Krebs Ringer bicarbonate buffer, pH 7.4, 

modified by equalizing the concentration of sodium and 

potassium ions. Potassium acetate was present in the 

mixture in a concentration of 8.0 mM. In addition, 

sodium (1-14C) acetate was added to the medium in a 

concentration of 5LCi/incubation flask. The flasks were 

gassed for 1 minute with 95% oxygen and 5% 002, stoppered 

and incubated at 37°C in,a metabolic shaker for 3 hours. 

All incubations were performed in quadruplicate. The 

time between shaking the biopsies and starting the 

incubation was not longer than 15 minutes. All operations 

were performed on animals at nearly the same time of the 

day, to avoid diurnal variations in cholesterol synthesis. 

(b) Extraction of cholesterol and fatty acids. 

The incubation was terminated by the addition of 

0.4 ml of saturated sodium hydroxide to each incubation 

flask. This was followed by the addition of 2 ml of 

ethanol containing 2 mg of unlabelled cholesterol to serve 

as a carrier and to correct for recovery. The mixture was 

digested in a boiling—water bath for 6 hours to hydrolyse 

the glycerides and cholesteryl esters:. The extraction of 

cholesterol was then conducted as described by Moutafis 

and Myant (1968). Cholesterol was extracted with light 

petroleum ether (B.P. 40-60°C) and the extract was washed 

with 1% acetic acid to remove all the acetate. The dried 

extract was dissolved in acetone and cholesterol was 
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precipitated as the digitonide. The isolated precipitate 

was washed once with acetone and then with diethyl ether. 

All traces of ether were removed under a fan dryer and the 

precipitate was dissolved in hot methanol. Aliquots were 

then taken for measurement of cholesterol and the remainder 

evaporated and counted, using a Beckman Model LS-250 liquid 

scintillation counter. A known aliquot of the (140)—acetate 

used was counted for radioactivity under the same conditions. 

The results were expressed as pmoles of acetate incorporated 

into digitonin—precipitable sterols and the final values 

were corrected for the recovery of unlabelled cholesterol 

added to the incubation mixture. In all experiments 

performed, the percentage recovery was higher than 95%. 

The aqueous phase remaining after extraction of 

cholesterol and containing the saponified fatty acids was 

acidified. A standard solution of the sodium soap of 

palmitic acid was added to each sample and the pH brought 

to about 1.0. The free fatty acids were then extracted in 

petroleum ether and washed with 1% acetic acid. The extract 

was then dried and the radioactivity determined. The 

results were similarly expressed as pmoles of acetate 

incorporated into fatty acids/3 hours. 

(4) Chemical reagents and solvents  

(4-14C) Cholesterol was obtained from the Radiochemical 

Centre, Amersham, Bucks, in benzene solution. The purity 

of this compound was checked by preparative thin layer 

chromatography on silica gel using a solvent system composed 

of benzene:ethyl acetate (5 : 1 v/v). (1-140)  Acetate was 
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obtained from the same source and was used for the in vitro 

incorporation studies. 

Whenever possible, reagents were of Analar grade. 

They were obtained from B.D.H. Chemicals Limited, Poole, 

Dorest, or from Hopkin and Williams Limited, Chadwell 

Heath, Essex. The chloroform and acetone used for nicotinic 

acid assay were redistilled in glass before use. Commercial 

isopropyl alcohol was refluxed with 2,4-dinitrophenylhydrazine 

and concentrated HCL for 2 hours and then redistilled. 

1,1 1 2-Trichloroethane was obtained from Imperial Chemical 

Industries and was redistilled with activated charcoal. 

Acetyl acetone was purchased from Eastman Kodak and redistilled 

before use. The sodium salt of nicotinic acid, chloramine-T 

and Tween 20 were obtained from Sigma Chemical Company, 

St. Louis, Missouri, U.S.A. Dowex 50 W-X2 and 50-100 

mesh was obtained from Bio-Rad Laboratories, Richmond, 

California, U.S.A. The silicic acid for chromatography was 

supplied by Mallinckrodt Chemical Works, St. Louis, Missouri, 

U.S.A. Before use the silicic acid was slurried with 10 

volumes of glass distilled water and allowed to settle down 

for 30 minutes. The floating fine particles were then 

removed by decantation and this process was repeated 5 times. 

The sedimenting particles were transferred to a Buchner 

funnel with 10 volumes of acetone and ether successively. 

The dried silicic acid was then transferred to a round-

bottom flask and mixed with methanolic potassium hydroxide 

(2% potassium hydroxide in methanol). To each 50 g of 

silicic acid, 150 ml of the methanolic potassium hydroxide 
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were added and the methanol was removed by evaporation. 

The coated dry silicic acid was kept in a glass—stoppered 

bottle. The silica gel plates used for thin layer chroma-

tography were obtained from Eastman, Kodak, Rochester, 

N.Y., U.S.A. 

RESULTS  

A. Effects of nicotinic acid on serum lipids 

(1) Single dose of nicotinic acid  

Subcutaneous injection of nicotinic acid resulted 

in a progressive increase in the plasma level of this 

compound with a maximum concentration at 30 min. This was 

followed by a gradual and slow decline reaching undetectable 

values 24 hours after the injection (Fig.5 ). The peak 

plasma concentration of nicotinic acid was proportional to 

the injected dose (Fig.6). When 250mg/kg body weight 

of nicotinic acid was injected subcutaneously, the peak 

plasma level was about 160 11g/ml. 

Fig.7 shows the relation between the plasma levels 

of nicotinic acid, FFA, triglyceride, phospholipid, and 

cholesterol in the two monkeys following single subcutaneous 

injection of nicotinic acid (250 mg/kg body weight). 

Nicotinic acid was given to each monkey at 10.00 a.m. and 

blood samples were withdrawn before the injection and at 

hr, 3 hr, 6 hr, and 24 hr after the injection. The plasma 

level of FFA was markedly reduced as early as 2  hr after 
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Figure 5: Plasma nicotinic acid level following nicotinic 

acid administration to monkeys. Nicotinic acid 

(250 mg/Kg) was injected subcutaneously to each 

monkey and plasma samples were obtained after 

6 and 24 hours from injection. Points represent 

the means of values obtained from two monkeys. 
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Figure 6: Relationship between the injected dose of nicotinic 

acid and the plasma level of nicotinic acid. Nico-

tinic acid was injected subcutaneously at 10.00 

hours each morning and plasma was withdrawn half'  
an hour later for nicotinic acid measurement. Each 

point is the mean of values obtained from two 

monkeys. 



60- 

IJ 

u_ 
600- 

500- 

400- 

300- 

200- 

100- 

50- 

40- 

30- 

20- 

10- 

150- 

140 

130 

120- 

I 10- 

• 

— 62— 

• 

........... .. . ......... .......... • 

46- X- X-X -- X -X -X- X X-X -X • 

0 3 6 
	 24 

Time in hours  

E 
E 0 
8 : rn  

E 

-o 
150 2 - 

L 
 .a 300 

 

15 0 

-100 -200 

-50 100 

Figure 7: Effect of single subcutaneous injection of nicotinic 

acid (250mg/Kg) on serum nicotinic acid, free 

fatty acid, triglycerides, cholesterol and phos-

pholipid concentrations. Each point is the mean 

of values obtained from the two monkeys injected 

at 10.00 hours on the same day. 
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injection. At that time its concentration in the plasma 

was well below 50% of the pre-injection level. The plasma 

level of FFA then gradually increased as the plasma level 

of nicotinic acid declined. The drop in serum triglycerides 

was delayed and showed a maximum effect at 6 hr after the 

injection. At that time there was a reduction in serum 

triglycerides to between 30 and 40% of the initial value 

(Fig.7 ). The concentration then returned to the pre-

injection level during the next 18 hours. 

Serum triglyceride concentration was measured serially 

during a 24 hour period in 3 monkeys not given an injection 

of nicotinic acid but kept under the same conditions of 

feeding and housing as those used for the experiment shown 

in Fig. 7. Blood samples were taken at 10.00 a.m. and then 

3 hr, 6 hr and 24 hr later. There was no significant 

difference between the mean serum triglyceride concentration 

at 10.00 a.m. (30.6 ± 1.2 (SD) mg/100 ml) and the mean 

concentration at 3, 6 and 24 hrs (33.6 ± 1.2, 28.1 ± 1.7 

and 34.1 ± 1.2 mg/100 ml respectively). 

Serum cholesterol and phospholipid concentrations 

showed slight but consistent decrease 6 hr after the 

injection rising towards the pre-injection values during 

the next 18 hrs. 

(2) Chronic administration of nicotinic acid  

Figs.10an.d. 11 show the effects of repeated admin-

istration of nicotinic acid subcutaneously for periods up 

to 6 weeks in normal monkeys. The daily dose of nicotinic 



TABLE 2: 	Effect of repeated  administreation  of nicotinic acid on the serum levels  of 

----cholesterca . triglycerides. 

All values are expressed in mg/100 ml of plasma. 

Experiment Monkey 

Before Treatment 

10 

After Treatment 

Monkey 

Before Treatment 

11 

After Treatment 

No. Ch. PL. TG. Ch. PL. TG. Ch. PL. TG. Ch. PL. TG. 

I 153 302 42 123 201 32 149 266 38 110 176 28 

II 159 380 38 115 182 28 160 300 40 113 172 30 

III 165 306 48 110 176 22 166 310 44 97 166 26 

IV 167 316 49 102 168 23 151 286 42 96 164 26 

Mean 162 301 44 112 182 27 157 290 41 104 170 28 

+ — SEM ± 4 --L- 	9 ±3 4-1 	5 t 8 ±3 ±4 ±9 ±2 t 2 ± 3 ±1 

Ratio 32 59 9 34 58 8 34 57 9 34 56 '10 

Serum cholesterol, phospholipid and triglycerides are represented by Ch., PL. and TG. respectively. 

Nicotinic acid 250mg/Kg body weight was administered subcutaneously twice daily. 

Samples of blood were taken at 10.00 a.m. before and after 5 weeks therapy. 
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acid in this study was 250 mg/Kg body weight twice daily. 

The peak plasma level of nicotinic acid measured at 2  hr 

after each injection did not change during the course of 

injections. 

In contrast to the results obtained after injecting 

a single dose of nicotinic acid, repeated daily adminis-

tration of 'the drug was associated with marked reduction 

in serum cholesterol, triglycerides and phospholipids. 

A reduction of about 40% in serum cholesterol was observed 

after 4 - 6 weeks of continuous therapy. Even after 
cessation of injection the serum cholesterol did not 

return to the pre-injection level for 2 - 3 weeks. Table 2 

shows that the percentage reductions in the concentrations 

of triglyceride, phospholipids and cholesterol in the plasma 

were similar, so that the ratio between these classes of 

lipids was maintained during nicotinic acid therapy. 

B. 	Effect of nicotinic acid on the kinetics of cholesterol 

metabolism.  

(1) 	Cholesterol turnover 

The changes in serum cholesterol specific radio-

activity measured during the period of the study are shown 

in Figs. 8 and 9. In both monkeys the specific activity 
curves showed an early decline, with a cholesterol specific 

radioactivity at the end of four weeks of less than 40% 

of the peak specific radioactivity. From that time onwards, 

the decay rate of cholesterol specific radioactivity fell 

at a slower rate which remained exponential. When the 
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exponential portion of the curve was extrapolated back 

to Zero time and subtracted from the experimental values 

for the first four weeks, the values so obtained lay on 

a straight line when plotted semi—logarithmically. Hence, 

the behaviour of the injected (14C) cholesterol justified 

analysis of the specific radioactivity curve in terms of 

a model consisting of two connected pools of exchangeable 

cholesterol (Gurpide et al. 1964, Goodman and Noble 1968), 

one with rapid turnover (pool A of Goodman and Noble) and 

the other with slow turnover (pool B of Goodman and Noble). 

Using the two—compartment model the various para-

meters that characterize cholesterol metabolism in the 

normal monkey were calculated as shown in Table 	. The 

results of this analysis indicated that pool B is much 

larger than pool A. In this study pool A was found to 

contain 418 mg cholesterol/Kg body weight in monkey No. 10. 

The corresponding value in monkey No. 11 was 354 mg/Kg body 

weight. Pool B, on the other hand, was found to contain 942 

mg/Kg body weight in monkey No. 10 and 662 mg/Kg body weight 

in monkey No. 11. The production rate of cholesterol b pool 

A, which equals the total removal rate of cholesterol frohl 

pool A to outside the system, averaged 126.5 mg/Kg body 

weight in both monkeys. 

Twelve weeks after the injection of labelled cholesterol 

(i.e. on day 82) nicotinic acid (250 mg/Kg body weight) was 

given twice daily for 4 weeks. When nicotinic acid was given 

the plasma cholesterol decreased significantly. The serum 

cholesterol specific radioactivity, however, showed a temp-

orary decrease in the slope of the curve in both monkeys 
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Figure 8: Specific radioactivity of serum cholesterol after 

a single intravenous injection of (14C) cholesterol 
to monkey 10. Nicotinic acid (250 mg/Kg-1  twice 
daily) was given subcutaneously during the period 

shown by the rectangle. The exponential portion 

of the curve was extrapolated back to cut the 

vertical axis at C13' The broken line intersecting 

with the vertical axis at CA  were obtained by 

subtracting the extrapolated line from the values 

observed during the first 4 weeks. 
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Figure 9: Specific radioactivity of serum cholesterol after 

a single intravenous injection of (C14) cholesterol 
to monkey 11. Experimental details are as shown 

in figure 8. 



TABLE 3: 	Kinetic parameters of cholesterol metabolism 

in rhesus monkey. 

Animal 

Monkey 10 Monkey 11 

(a) Duration of study following injection, weeks 
(b) RA (amount injected), DPM x 10-6  
(c) CA, dpm/mg (Figure 8) 
(d) CB, dpm/mg (Figure 8) 
(e) Ti of first exponential, days 
(f) Ti of second exponential, days 
(g) Size of pool A (mg/total body weight) 

(mg/Kg body weight) 
(h) Kj (rate constant for the total removal of 

cholesterol from pool A). 
(i) Kin  (rate constant for total removal of 

' cholesterol from pool B). 
(j) K (rate constant for transfer of 

cholesterol from pool A to pool B). 
(k) Size of Pool B (mg/total body weight) 

(mg/Kg body weight) 
(1) Total body exchangeable pool, 

(mg/total body weight) 
(mg/Kg body weight) 

23 

95.7 
83394 
12,000 

2.0 
23 

1003 
418 

—0.307 

—0.0697 

0.157 

2261 

942 

3264 
1360 

23 

97 
102268 
16,000 

2.5 
25 
820 

354 

—0.244 

—0.061 

0.114 

1522 

662 

2342 
1016 

Values were calculated from the serum cholesterol specific radioactivity curves using the two 
 model (Goodman and 7Aoble 1968). 



(Figs. 8 and 9). When nicotinic acid was discontinued, 

the specific radioactivity resumed its exponential decline 

with the same half—life as that observed before nicotinic 

acid treatment. 

(2) Faecal steroid excretion 

Figs.10 and 11 show the effects of nicotinic acid 

administration on the faecal excretion of bile acids and 

endogenous neutral steroids. After a control period lasting 

12 weeks from day 0, the animals were given subcutaneous 

injections of nicotinic acid (250 mg/Kg, twice daily). 

Treatment was continued for a period of four weeks, after 

which nicotinic acid was withheld and the study continued 

for a further 10 weeks. 

In both animals the faecal excretion of bile acids 

and neutral steroids derived from the circulation was 

measured continuously over the period of study. During the 

control period, before and after nicotinic acid treatment the 

average daily faecal excretion of total steroids derived 

from the exchangeable cholesterol was 82.3 mg (35 mg/day/ 

Kg), of which 63 — 64% was in the bile acid fraction. When 

treatment with nicotinic acid was begun, the faecal excretion 

of total steroids did not change significantly inspite of 

the marked decrease in serum cholesterol. Furthermore, the 

bile acid to neutral sterol ratio was not altered during 

nicotinic acid treatment (Table 4). 

In each monkey, bile acids were measured by gas—liquid-

chromatography (Grundy et al. 1965), in three samples of 

faeces from monkey 10 and in two from monkey 11. The values 

obtained by the chromatography method differed from those 
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Figure 10: Effect of subcutaneous injections of nicotinic 

acid (250mg/Kg-1 twice daily) on serum cholesterol 

concentration„hepatic synthesis of cholesterol, 

serum enzymes, faecal excretion of steroids of 

endogenous origin and faecal clearance rate of 

plasma cholesterol in monkey 10. Nicotinic acid 

was given during the periods shown by the rec-

tangles in the 3rd panel. 
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Figure 11: Effect of subcutaneous injections of nicotinic 

acid (250 mg/Kg-1 twice daily) on serum cholesterol 

concentration, hepatic synthesis of cholesterol, 

serum enzymes, faecal excretion of steroids of 

endogenous origin and faecal clearance rate of 

plasma cholesterol in monkey 11. Nicotinic acid 

was given during the periods shown by rectangles 

in the 3rd panel. 



TABLE 4: 	Faecal excretion of bile  and endogenous neutral steroids in 

control periods and  durin treatment with nicotinic acid 

Animal 

Total endogenous steroids 

(mg day 1 Kg  1) 

Bile Acids 

(mg day-1  Kg-1) 

Neutral Steroids 

(mg day-1  Kg 1) 

Faecal Clearance 
(ml day 1  K6 1) 

Control (1) Treated Control (1) Treated Control (1) Treated Control (2) Treated 

::Ionkey 10 

Monkey 11 

38.1 	± 2.1 

31.5 ± 2.0 

36.4 ± 0.3 

32.4 ± 2.0 

24.2 ± 1.5 

20.0 ± 	1.4 

23.9 ± 0.5 

21.6 ± 	1.7 

13.8 ± 	1.0 

11.5 ± 0.3 

12.5 ± 0.3 

10.8 ± 0.1 

	

23.5 ± 	1.3 

	

19.3 	± 	1.1 

34.5 ± 3. 

29.5 ± 3.1 

(1) Control values for steroid excretion are means ± SEM for the periods before and after treatment with 
nicotinic acid. 

(2) Control values for faecal clearance rate of plasma cholesterol are means ± SEM for the period before 

nicotinic acid treatment. 
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obtained by the isotopic balance method by less than 12%. 

The faecal clearance rate of the plasma cholesterol 

averaged 23.5 ml/day/Kg in monkey 10 and 19.3 ml/day/Kg in 

monkey 11 during the control period before nicotinic acid 

treatment. When nicotinic acid was given, there was a 

significant increase in faecal clearance rate in both 

monkeys (Figs.10 and11). 

C. 	In vitro incorporation of acetate into cholesterol. 

Effects of nicotinic acid aministration 

Initial experiments have shown that the concentration 

of 8 mM of potassium acetate was well above that required 

for maximal cholesterol synthesis (Table 5). Furthermore, 

the time-curve for the incorporation of (14C) acetate into 

cholesterol indicated that the synthesis rate was linear 

up to 4 hours (Fig. 12). Incubations were therefore per-

formed using acetate concentrations of 8 mM potassium 

acetate for 3-hour periods. 

In all the experiments performed, the rate of 

incoporation of acetate into fatty acids was more than 20 

times that into cholesterol. In both monkeys, synthesis of 

cholesterol and fatty acids was measured in liver biopsies 

taken before, during and after each of three courses of 

nicotinic acid treatment (250 mg/Kg twice daily). The 

first course of nicotinic acid treatment lasted from day 

82 to 110, the second course from day 200 to day 214 and 

the third from day 413 to day 441. In all treatment 

periods the biopsy was taken 2 hrs after the last injection 

of nicotinic acid. The results are shown in Figs.10and11 

and Table6 . 



TABLE: 5 
	

Effect of acetate concentration in the incubation medium on 

the rate of cholesterol synthesis by Liver Slices  

C14Acetate incorporation into cholesterol 
(p. —moles/mg fresh liver) 

Experiment No. Acetate concentration in the medium. 

4 mM 8 inIVI 12 mM 

(1)  59 104 69 

(2)  36 99 109 

(3)  42 190 — 

Mean -± SEM 47 ± 8 
+ 

131 ± 30 80 ± 20 

The number in parenthesis represents the experiment number. Each experiment was carried 

out in quadruplicate. 
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Figure 12: Time curve for the incorporation of (014) acetate 

into cholesterol. Points represent the mean 

values of quadruplicate estimations. 
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TABLE:6 Cholesterol and Fatty acid synthesis in serial biopsies of liver  

before and during nicotinic acid treatment  

 

(014) Acetate incorporated into liver cholesterol and fatty acids 
(P-moles/mg fresh liver/3hours) 

Experimental • 

Condition. Monkey 10 Monkey 11 

Cholesterol Fatty acids Cholesterol Fatty acids 

Control 

(1)  161 3444 90 1378 

(2)  60 880 48 621 

(3)  116 2832 86 1311 

(4)  95 1876 81 1226 
. 	+ Mean - SEM 108 ± 21 2259 ± 561 +  77 - 9 1134 ± 174 

During NA 

(1)  29 674 17 250 

(2)  19 611 13 724 

(3)  32 833 16 778 

Mean ± SEM * 27 ± 4 707 ± - 65 15 ± 1 4. 	584 ± 167 

. 	_ 

The numbers in paranthesis represent the number of experiment. For each experiment incubations 

were carried out in quadruplicate. 

* Values for treated significantly lower than for untreated (P<0.05 by Student's t test). 

4- Values for treated not significantly different from untreated (P>0.05 by Student's t test). 
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Figure 13A: Histological section of liver biopsy obtained 

from monkey 10 before nicotinic acid therapy. 
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Figure 13B: Histological section of liver biopsy obtained 

from monkey 10 after nicotinic acid therapy. 



Figure 14A: Histological section of liver biopsy obtained 

from monkey 11 before nicotinic acid therapy. 
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Figure 14B: Histological section of liver biopsy obtained 

from monkey 11 after nicotinic acid therapy. 
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At the end of each course of treatment, cholesterol 

synthesis was lower than during the control period before 

treatment and in both monkeys the mean rate of synthesis 

during treatment was significantly lower than the mean 

rate during the control periods without treatment (P<0.05). 

There was also a decrease in fatty acid synthesis during 

treatment but the decrease was not statistically significant 

(P))0.05). 

D. 	Liver function during nicotinic acid therapy 

The effects of chronic administration of nicotinic 

acid on hepatic function and structure are shown in Figs.10,11 

13A+B, 14A+B • The serum alkaline phosphatase was originally 

high before starting and was decreased during nicotinic acid 

therapy. However, the serum glutamic oxalo—acetate trans-

aminase was moderately increased during therapy. There was 

no histological evidence of liver damage in the monkeys 

treated with nicotinic acid during this period of study. 

DISCUSSION  

These results show that nicotinic acid produces a 

significant reduction in serum cholesterol level in monkeys. 

This hypocholesterolaemic effect has been shown to occur 

in normal human subjects (Altschul and Hoffer, 1958, 1960; 

O'Reilly et al. 1957) as well as in hypercholesterolaemic 

subjects (Parsons and Flinn, 1957; Galbraith et al. 1959; 

Berge et al. 1961; Carlson, 1968). In fact, the nicotinic 

acid effect was not confined to serum cholesterol alone but 

also produced similar changes in serum FFA, triglycerides 
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and phospholipids. 

The effect of nicotinic acid on plasma FFA was 

demonstrated as early as 1962 (Carlson and Ort3, 1962). 

Nicotinic acid administration to dogs completely blocked 

the stimulation of FFA mobilization induced by norepinephrine. 

With the aid of isotopes Carlson et al. (1963) showed that the 

lowering of plasma FFA level after nicotinic acid was in fact 

due to a reduction in FFA turnover. These results were 

supported by the finding that nicotinic acid added in vitro 

inhibited fatty acid mobilization from adipose tissue 

(Carlson, 1963). 

The primary mode of action of nicotinic acid on 

lipolysis, however, had to await the discovery of Butcher 

et al. (1968) that nicotinic acid prevents the accumulation 

in rat adipose tissue of 3',5' cyclic_AMP. Whether this 

effect is the net result of inhibition of adenyl cyclase 

(Skidmore et al. 1970) or stimulation of phosphodiastrase 

(Krishna et al. 1966) is still disputed. These two enzymes 

determine the intracellular level of cyclic_AMP, and thus 

regulate lipolysis (Butcher et al. 1965). 

In the work described in this thesis the plasma 

levels of FFA and free nicotinic acid were followed 

simultaneously in monkeys after administering nicotinic 

acid subcutaneously. The free nicotinic acid level in the 

plasma rapidly increased to around maximum values 30 minutes 

after the injection. At that time the plasma level of FFA 

was markedly reduced and remained so for the next 150 



minutes. Carlson and Nye (1966) studied the relationship 

between plasma FFA levels and the concentration of the 

free nicotinic acid in the plasma and tissues of animals 

injected with nicotinic acid. There was a simultaneous 

increase in the concentration of the.free nicotinic acid 

in the plasma and adipose tissue. In spite of the decline 

in the plasma level of nicotinic acid, its level in adipose 

tissue remained elevated foralonger period. These results 

explain the persistence of a nicotinic acid effect in spite 

of the decline in its concentration in the plasma. 

Soon after the discovery of the effects of nicotinic 

acid in hypercholesterolaemia, it was found that the 

substance does not only lower the plasma cholesterol level, 

but also the level of triglycerides (Carlson et al. 1968). 

Indeed, some authors, notably Carlson, considered the effect 

on triglycerides to be more important than the effect on 

cholesterol. 

In this study the serum triglyceride concentration 

of normal monkeys was significantly reduced during nicotinic 

acid administration. The serum concentration 3 hours after 

subcutaneous injection was between 60 and 70% of the pre—

injection level. Carlson et al. (1968) have shown that the 

triglyceride levels in human subjects start to fall about 

2 hours after oral administration of 1 g of nicotinic acid 

and continue to do so up to the 4th hour. They have also 

demonstrated that this fall is related to the initial 

triglyceride concentration. The lag between the FFA fall 

and the reduction in serum triglycerides suggested to these 

authors that the reduction in serum triglycerides is the 
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consequence of inhibition of FFA release. The hypo-

triglyceridaemic effect of nicotinic acid in man has 

been confirmed by other workers (Marks, 1971; Milner, 

1971). 

As regards the mechanism of action of nicotinic 

acid in lowering serum triglycerides, conflicting views 

are evident in the literature. Carlson et al. (1968) 

suggested that the decrease in serum triglycerides is 

the result of a decreased fatty acid flux into the liver. 

In contrast, Gey et al. (1971) administered nicotinic 

acid to rats and found that the plasma triglycerides 

remain normal in spite of the reduction of plasma FFA. 

They concluded that the level of plasma triglycerides 

does not exclusively depend on the flux of FFA into the 

liver but may also depend on other factors. 

One such mode of action that has been recently 

suggested by Nikkilft (1970) is that nicotinic acid decreases 

the fractional transfer of plasma FFA into plasma trigly-

cerides in intact rats and in the isolated perfused rat 

liver. The in vivo incorporation of (14C) acetate and 

(140  ) glucose into liver triglyceride fatty acid and 

glycerol is reduced in intact animals while the plasma 

radioactivity is not significantly changed. Thus the 

absolute amount of triglycerides derived from precursor 

plasma FFA is decreased even more than predicted from the 

fall of plasma FFA concentration. This is probably 

attributable to the reduced availability of glycerol 

phosphate, since it seems less probable that the drug 

inhibits the esterification directly. This concept is 



supported by the findings of Nikkila (1971) that labelled 

glycerol is incorporated into plasma triglycerides of 

nicotinic-acid-treated animals to the same extent as in 

untreated animals. Further evidence to support this 

hypothesis in man has been put forward by Sailer and 

Bolzano (1971). 

Nikkla and Pykalisto (1968) have suggested another 

possible mechanism to explain the effects of nicotinic 

acid on serum triglycerides, namely, the induction or activa-

tion of adipose tissue lipoprotein lipase. These authors 

have demonstrated an increase in lipoprotein lipase activity 

of adipose tissue in normal and diabetic rats treated with 

nicotinic acid. A similar observation has been reported 

by Otway et al. (1971) and by Shafrir and Biale (1971). 

Since it is believed that the lipoprotein lipase of adipose 

tissue plays an important role in the removal of both 

exogenous and endogenous triglycerdies (Salaman and Robinson, 

1966), it has been suggested that nicotinic acid lowers 

serum triglycerides through enhancement of its clearance. 

Nikkila (1971) found that the endogenous plasma triglyceride 

clearance is stimulated during nicotinic acid therapy. 

Since it is well known that 3', 5', cyclic-AMP 

influences both the lipoprotein lipase and the fat-mobilizing 

lipase in reciprocal fashion (Wing and Robinson, 1968), 

it is possible that the inhibition of FFA mobilization and the 

enhancement of triglyceride clearance are the direct effects 

of nicotinic acid on the intracellular level of adipose 

tissue 3', 5', cyclic AMP. 
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Though the changes in plasma FFA and triglycerides 

after a single injection of nicotinic acid were dramatic 

and very rapid, the changes in serum cholesterol and phos-

pholipids were less marked and were delayed. These results 

are in agreement with those reported by Carlson et al. (1968) 

in man. However, chronic administration of nicotinic acid 

for periods over 4 weeks resulted in marked reduction of 

all the plasma lipid classes. This lowering effect remained 

for a further period of two weeks after cessation of 

injection. 

Milner and Gudenzi (1966, 1967) started a therapeutic 

trial with 78 hypercholesterolaemic patients using nicotinic 

acid and found a distinct fall and even normalization of 

serum cholesterol in most patients. These results were 

confirmed by others (Gaut and Taylor, 1968; Heyden—Stucky, 

1967; Zeller et al. 1966). Similar results were obtained 

in normocholesterolaemic people (Altschul and Hoffer, 1958, 

1960; O'Reilly et al. 1957; Hoffer and Callbeck, 1957) 

and in rats ( Gey et al. 1970). The concordant changes in 

serum triglycerides, phospholipids, and cholesterol with 

preservation of the ratios between them suggests that the 

composition of lipoprotein classes in the plasma was not 

altered during nicotinic acid therapy. 

As regards the mechanism of this hypocholesterolaemic 

effect, these results exclude the possibility that enhance-

ment of faecal excretion of steroids is responsible for this 

effect. This is in contradiction to the results of 

Miettinen (1968). This author gave evidence that the 



-88- 

faecal elimination of cholesterol from the circulation 

is enhanced in hypercholesterolaemic patients treated 

with nicotinic acid. However, in some of his patients 

Miettinen reported that the changes in faecal steroids 

could not account sufficiently for the decrease in serum 

cholesterol. This suggested to him that cholesterol 

synthesis might also be inhibited in these cases. That 

the faecal excretion of cholesterol is not affected by 

nicotinic acid therapy has been shown by Wollenweber 

(1967) and Moutafis and Myant (1971). This discrepancy 

might be the results of differences in the primary ab-

normality of cholesterol metabolism in these patients. 

Analysis of the serum cholesterol specific activity 

curves using the two-pool model made possible a calculation 

of a number of parameters that characterise cholesterol 

metabolism in the monkey. Goodman and Noble (1968) studied 

the turnover curves of the plasma cholesterol specific 

activity after the administration of a single dose of 

radioactive cholesterol to man. These authors demonstrated 

that in every study cholesterol turnover conformed to a 

two-pool model of a type described by Gurpide et al. 

(1963, 1964). Evidence in support of the general validity 

of this model has been advanced by three additional studies. 

Samuel et al. (1968) and Nestel et al. (1969) have also 

observed that the disappearance curve can be subjected to two-

compartmental analysis, and Grundy and Ahrens (1969) have 

demonstrated that turnover rates calculated on the basis of 

a two-compartment system conform closely to the values 
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obtained from sterol balance. Further support for this 

approach has recently been provided by Wilson (1970) in 

baboons. In this study the specific activity curves of 

serum cholesterol in the two monkeys conformed to the two—

pool model previously described. Using this model it was 

possible to calculate the sizes of Pool A and Pool B. 

The latter was found to contain more than double the 

cholesterol content of Pool A. These results are in 

agreement with those reported by Wilson (1970). 

Information available in the literature permits some 

speculation about the tissue location of cholesterol 

molecules which comprise these pools (A and B). It is 

well established that plasma cholesterol, plasma esteri-

fied cholesterol, red blood cell cholesterol and liver 

cholesterol all equilibrate with each other quite rapidly 

(Field et al. 1960; Chobanian et al. 1962; Goodman, 1965; 

Cox et al. 1963). It seems fairly certain, therefore, that 

the plasma, red blood cell and liver cholesterol together 

are all part of the rapidly—turning—over pool (Pool A). 

In addition, it is likely that some of the cholesterol in 

several other viscera, including intestine, spleen, kidney 

and lung, also equilibrates with plasmacholesterol suffi-

ciently quickly to comprise part of Pool A (Chobanian et al. 

1962). The remainder of the cholesterol in peripheral 

tissues, .particularly skeletal muscle, equilibrates more 

slowly with plasma cholesterol and comprises the more 

slowly turning—over Pool B (Field et al. 1960; Chobanian 

et al. 1962). The size of Pool B was calculated on the 

assumption that the rate of endogenous synthesis in that 
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pool is negligible. At least three lines of evidence from 

the literature suggest that independent entry of choles-

terol into Pool B is very small indeed. First, when 

measured in vitro, the liver and gastrointestinal tract 

account for 97% of the total cholesterol synthesized in 

monkeys (Dietschy et al.,1968). Secondly, when hepatic 

cholesterol synthesis is suppressed and the intestinal 

contribution is diverted from the circulation, no radio-

active cholesterol appears in the bloodstream of the 

monkey for as long as 48 hours after the administration 

of ( 1 
 
4C) acetate (Wilson, 1968). Thirdly, measurement 

of the total exchangeable cholesterol in baboons by 

direct carcass analysis has been shown to agree closely 

with the sum of A and B estimated in the animals by 

analysis of the die-away curves (Wilson, 1970). The 

production rate of cholesterol in Pool A which represents 

the total output of cholesterol from the system, has also 

been calculated and found to average 126.5 mg/day. This 

value is higher than the turnover rate calculated from 

the faecal excretion of steroids. Since in a steady-state 

condition the output from Pool A must be equal to the input 

or production rate in the same pool, the faecal excretion 

of the cholesterol products was considered by some workers 

as a measure of cholesterol turnover rate (Lewis and Myant, 

1965). In this study the turnover rate as calculated from 

the faecal excretion of the steroids was far less than the 

values obtained from the analysis of the plasma specific 

activity curves in the same animal. This discrepancy 
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could be the result of degradation of cholesterol to 

undetermined compounds by the normal intestinal flora. 

In fact, Miettinen (1968) and Grundy and Ahrens (1969) 

have shown that up to 30% of cholesterol products could 

be degraded by the intestinal bacteria in man. Another 

alternative which has to be considered is the possibility 

of cholesterol being lost through routes other than 

faecal excretion. 

When nicotinic acid was given to the monkeys after 

isotopic eqUilibrium, the plasma cholesterol concentration 

was reduced. However, the serum cholesterol specific 

radioactivity did not show a corresponding change. Since 

the removal of cholesterol from the plasma into the faeces 

was not affected, the loss of cholesterol from the plasma 

could be the result of inhibition of endogenous synthesis, 

decreased absorption or redistribution from plasma to 

tissue. 

Though cholesterol absorption was not assessed in 

this study, the second possibility is unlikely, since 

these animals were kept on a very low cholesterol diet. 

In addition, Duncan and Best (1959), Hyun et al. (1963) 

and Miettinen (1968) failed to demonstrate any significant 

effect of nicotinic acid on cholesterol absorption in man 

and animals. 

During nicotinic acid treatment there was a decrease 

in the synthesis of cholesterol from (1-140) acetate by 

liver biopsies. These in vitro studies of acetate 

incorporation with liver biopsies were performed under 
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optimal concentration of substrate, in order to avoid 

the diurnal fluctuation of the internal acetate pool. 

Similar results have been reported in the literature 

supporting the evidence that nicotinic—acid treated 

animals have diminished rates of incorporation of (140 

acetate into cholesterol in vitro (Perry, 1960; Bizzi 

and Grossi, 1961; Gamble and Wright, 1961). The results 

of studies of the in vivo incorporation of acetate into 

cholesterol are difficult to interpret. While Schade 

and Saltman (1959), Garattini et al. (1961), Kritchevsky 

and Tepper (1964) and Nakamura et al. (1967) observed 

inhibition of cholesterol synthesis in nicotinic—acid 

fed animals, Merril (1958) and Hardy et al. (1960) reported 

enhanced incorporation of acetate into cholesterol. This 

contradiction could be the result of differences in the 

pools of acetate in the liver in these experiments. 

Because of the great significance of the time of day for 

hepatic cholesterol synthesis in the rat (Beck et al., 

1969; Hamprecht et al., 1969), it is very difficult to 

compare reports on acetate incorporation unless these 

reports are accompanied by information on the time of 

killing in relation to the diurnal phases of darkness 

and light. 

The ihibition of cholesterol synthesis induced by 

nicotinic acid would be expected to lead to a flattening 

of the decay curve for specific radioactivity of serum 

cholesterol, since the fall in the specific radioactivity 

after intravenous (14C) cholesterol is due partly to 

replacement of circulating radioactive cholesterol by 
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non-radioactive molecules synthesized in the liver and 

other tissues. However, if nicotinic acid caused a shift 

of cholesterol from the tissues into the plasma this also 

could diminish the slope of the curve, since tissue 

cholesterol acquires a higher specific radioactivity than 

serum cholesterol within two or three months of an intra-

venous injection of (140) cholesterol in monkeys (Myant, 

1971). 

During the first course of nicotinic acid shown in 

Figs.10  and 11 the serum cholesterol concentration fell by 

an average of 60 mg/100m1 within the last 10 days of the 

injection period. This is equivalent to an average decrease 

of 90 mg in the amount of cholesterol present in the whole 

plasma volume (assumed to be 5.% of the total body weight). 

The minimum rate of synthesis estimated above is such that 

partial inhibition of synthesis by nicotinic acid could 

easily account for a decrease of 9 mg/day in the amount of 

circulating cholesterol, in the absence of any increase in 

faecal excretion of steroids. This would still be true if 

some cholesterol enters the plasma from the tissues, a 

possibility that cannot be excluded by the present 

observations. Since the liver is a major source of 

exchangeable cholesterol of endogenous origin in monkeys 

(Dietschy and Wilson, 1968), the inhibition of hepatic 

synthesis demonstrated in vitro may have been responsible 

for much of the effect of nicotinic acid on serum choles-

terol concentration observed in the present work. 

In this study no attempt was made to investigate the 

biochemical basis for inhibition of cholesterol synthesis 
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induced by nicotinic acid. Studies in other animals, 

however, suggest that nicotinic acid exerts its inhibitory 

effect early in the synthetic sequence, presumably at 

the stage of conversion of acetate into mevalonate, (Gamble 

and Wright, 1961). This step in the synthetic sequence 

has been shown to be the site of regulation of cholesterol 

synthesis. This reaction is mediated by the enzyme 

3—hydroxy-3—methyl—glutaryl—CoA reductase and the activity 

of this enzyme has been shown to be reduced in nicotinic-

acid—treated rats (Hamprecht et al, 1971). 
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CHAPTER 	III. 

EFFECT OF NICOTINIC ACID ON CHEMICAL COMPOSITION 

AND SYNTHESIS OF PLASMA LIPOPROTEINS. 

INTRODUCTION 

During the past ten years several reports have been 

published which suggest a close inter—relationship between 

the metabolism of cholesterol and that of plasma lipo-

protein fractions. Thus, under physiological conditions 

as well as in some pathological states, the synthesis, 

transport and catabolism of plasma cholesterol seems to 

be influenced by changes in the metabolism of plasma 

lipoproteins. This concept was introduced by Levy and 

Langer (1972), who found a close correlation between the 

hypocholesterolaemic effects of some drugs and their 

effect on plasma lipoprotein metabolism. In their studies 

Langer and Levy (1971) and Levy and Langer (1972) indicated 

that nicotinic acid lowers the serum cholesterol concen-

tration without significant alteration in the fractional 

catabolic rate of plasma lipoproteins. On the basis of 

these findings they suggested that nicotinic acid exerts 

its hypocholesterolaemic effects through inhibition of 

plasma lipoprotein synthesis. In this study an attempt 

is .made to evaluate this hypothesis through direct studies 

on the synthetic rate of plasma lipoproteins in Rhesus 

monkeys receiving nicotinic acid therapy. 
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A. Relation between cholesterol transport and plasma 

lipoproteins. 

Plasma lipoproteins may be classified according to 

their ultracentrifugal characteristics. The four classes 

obtained by ultracentrifugation are: chylomicrons, very 

low density (VLDL), low density (LDL) and high density 

lipoproteins (HDL). In man, after an overnight fast, 

about 60% of the total plasma cholesterol is transported 

in LDL, about 30% in HDL and the remaining 10% is in the 

VLDL fraction (Havel et al., 1955). This distribution, 

however, is not found in all animal species, since in 

some animals almost all the plasma cholesterol is trans-

ported in the HDL fraction (Havel et al., 1955). 

Chylomicrons,. These particles are defined as 

lipoproteins of Si, 400 and range in size from 750 to 

10,000 R, with a molecular weight of 103  - 104  million. 

The major lipidconstituent of this class of lipoproteins 

is triglycerides (80-95%), with a smaller amount of phos-

pholipid (3-5%), cholesterol (3-7%) and protein (0.5-2.5%) 

(Zilversmit, 1965; Lossow et al., 1969). The apoprotein 

peptides in human chylomicrons have not been fully 

characterised. Some observations, however, suggest the 

presence of peptides similar to those of LDL apoproteins 

in chylomicrons (Middleton, 1956; Rodbell and Fredrickson, 

1959; Levy et al., 1967). 

Chylomicrons represent the main transport vehicles 

for exogenous triglycerides and cholesterol. After a fat-

rich meal, chylomiorons synthesized in the intestinal cells 

are transported through the lymphatics to reach the plasma 
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(Dole and Hamlin, 1962; Zilversmit,1968). The apoprotein 

component appears to be essential for chylomicron formation. 

Thus, failure of the synthesis of apo LDL in familial 

abetalipoproteinaemia leads to accumulation of triglycerides 

in intestinal mucosa with deficiency in chylomicron synthesis 

(Fredrickson et al., 1971 ; Salt et al. 1960). Circulating 

'chylomicrons are cleared from the plasma through the enzyme 

lipoprotein lipase which catalyses the hydrolysis of 

chylomicron triglycerides and the subsequent uptake, by 

tissues, of the fatty acids so released (Salaman and 

Robinson, 1966). The activity of this enzyme has been 

shown to be highest in adipose tissue (Korn et al., 1955, 

1957), being most active during feeding (Hollenberg, 1965). 

There is little information, however, on the meta-

bolic fate of cholesterol in chylomicrons. Nestel et al., 

(1963) and Redgrave (1970) suggested that the cholesterol-

rich remnant formed by removal of triglycerides is 

metabolised primarily by the liver. This suggestion was 

further substantiated by the observation that cholesterol 

turnover rates calculated from changes in cholesterol 

specific activity slopes are similar, whether the radio-

active chcilesterol is given by intravenous injection or by 

oral feeding (Bhattacharyya et al., 1971). These results 

suggested that orally administered cholestesterol has to 

be incorporated into plasma lipoproteins before it is 

metabolised. 

azz2.2za2221-0-tei.s=). These represent 
a group of particles isolated from the plasma at density 

A. 
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0.95 - 1.006 g/ml. Their diameter ranges between 280 to 

800 R and they have a molecular weight of 5 x 106  to 
10 x 106. The predominant lipid of this fraction is 

triglyceride (50-70%) with smaller amounts of phospho-

lipids (15-25%) and cholesterol (15-20%) (Levy, Lees and 

Fredrickson, 1966). The protein content of VLDL comprises 

only 7-12% of its structure. The chemical composition of 

this protein was not identified until recently. Gustafson, 

Alaupovic and Furman (1965) were the earliest to report 

the presence of three apoproteins in human VLDL. Using 

the fingerprint technique, they identified a protein 

fraction similar to that present in LEI (apo B), another 

protein similar to that in HDL (apo A) and a third apo-

protein (apo C). These findings were later confirmed by 

Gotto et al. (1972) who found that the B protein found in 

VLDL is indistinguishable from that of LDL, whether 

identified by amino acid analysis or by immunological 

techniques. Attempts to identify the C protein have shown 

that this fraction contains at least three small peptides. 

The first peptide was identified by Brown, Levy and 

Fredrickson (1969) and by Shore and Shore(1969) and was 

found to contain carboxy terminal alanine (Apo-ala). 

A second peptide was reported by Brown et al. (1970 a,b) 

to contain carboxy terminal glutamic acid (Apo-glu). 

Herbert, Levy and Fredrickson (1971) discovered a third 

peptide with carboxy terminal serine (Apo-ser). 

Low density lipoproteins (LDL). These include the 

group of lipoprotein particles separated from the plasma 
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at density between 1.006 and 1.063 g/ml. Their molecular 

weight ranges between 2.3 x 106  and 2.8 x 106, with a mean 

diameter of 250 2. In man, cholesterol is the main lipid 

component of this class of lipoproteins, representing about 

47% of its composition. Phospholipids, triglycerides and 
protein conditutes 23%, 9% and 21% of human LDL respectively 

(Havel et al., 1955; Nichols, 1967). The apoproteins in 

LDL are the least understood at the moment owing to the 

relative insolubility of delipidated LDL in the absence of 

detergents. Scanu et al. (1968), using column chromatography 

identified two fractions in human LDL with similar amino 

acid composition and carboxy terminal serine. Pratt and 

Dangerfield (1969), using polyacrylamide gel electrophoresis, 

found more than two bands in human LDL. Electron microscopic 

studies performed by Pollard et al. (1969) and Pollard and 

Devi (1971) suggested that the LDL particle is composed 

of two protein subunits which are arranged on the surface 

together with phospholipids and free cholesterol. The 

triglycerides and cholesterol esters, on the other hand, 

are confined to the particle core. 

Endogenously synthesized cholesterol.is incorporated 

into plasma VLDL and LDL before it is secreted into the 

plasma. Liver perfusion studies have shown that all the 

cholesterol synthesized from acetate is secreted in the 

perfusate in the form of lipoproteins (Bricker, 1971). 

Also, the cholesterol synthesized in the small intestine 

is released into the perfusion medium bound to lipoproteins 

(Windmueller at al. (1973). furthermore, intravenously 

administered cholesterol is first incorporated into plasma 
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lipoproteins before being metabolised (Nilson and 

Zilversmit, 1972). The close correlation between the 

turnover rate of cholesterol and that of lipoproteins 

observed by several authors (Walton et al. 1965; 

Windmueller and Spaeth, 1967; Langer et al., 1969; 

Nazir et al. 1972) further confirms this concept. 

Highanrn oro-ap1221nsHDL). These particles 

are separated from the plasma at density range between 

1.063 and 1.21. Two major subclasses of HDL can be 

isolated by continuous density gradient, HDL2  floating 

at density 1.063 - 1.12 and HDL3  at 1.12 - 1.21 (Scanu, 

1969). Studies on the lipid composition of these sub-

classes indicate that they contain the same components, 

though they differ somewhat in their relative composition 

(Scanu, 1969). Phospholipids and cholesterol are the 

predominant lipid components of this class of lipoproteins 

(Havel et al., 1955). 

Shore and Shore in 1968 were the first'to purify and 

characterize the two principal apolipoprotein components 

of plasma HDL. They claimed that one of the peptides had 

C-terminal glutamine (Apo-gln) and the other had C-terminal 

threonine (Apo-thr). Kostner and Alaupovic (1971 )however, have 

recently reported that both peptides contain C-terminal 

glutamine. About 5-10% of the peptides in HDL is 

represented by the C peptides similar to those present 

in VLDL (Shore and Shore 1969). These apoproteins appear 

to be in equilibrium between VLDL and HDL (Bilheimer et al. 

1971). In man one of the peptide subunits present in VLDL 

(R-glu) promotes the interaction of VLDL with lipoprotein 

lipase and thus facilitates the clearance of plasma tri- 
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glycerides by the extrahepatic tissues (La Rosa et al. 

1970). 

The exact role of plasma HDL in cholesterol 

transport is not clear. However, in patients with Tangier 

disease, who have congenital deficiency of high density 

lipoproteins, cholesterol transport seems to be defective 

(Fredrickson and Lees 1966). In this disease cholesterol 

accumulates in reticuloendothelial cells. It is therefore, 

possible that the high density lipoproteins play a 

significant role in the transport of cholesterol from 

peripheral tissues to the liver. Glomset et al. (1970) have 

postulated that the enzyme licithin cholesterol acyl 

transferase (LOAT), by esterifying the free cholesterol 

on the surface of HDL particles, causes the mobilisation 

of cholesteryl esters to the interior of the HDL or to 

other lipoproteins of lower density. As a result, more 

free cholesterol is transported from the tissues to the 

surface of the HDL particles. The esterified cholesterol 

thus formed is then transported to the liver to enter the 

catabolic pool. 

B. Relationshi between the s nthesis of cholesterol and 

that of plasma lipoproteins. 

The synthesis of hepatic cholesterol and its release 

into the plasma appear to be related to the rate of 

lipoprotein synthesis. Thus, Heimberg et al. (1965) and 

Windmueller and Spaeth (1967) observed a close correlation 

between the hepatic synthesis of cholesterol and the 

release of VLDL into the circulation. Furthermore, the 
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enhancement of hepatic synthesis of 'lipoprotein induced 

by plasmapheresis in rats was found to increase the hepatic 

synthesis of cholesterol (Takouchi and Yamamura, 1972). 

In contrast, inhibition of hepatic lipoprotein sythesis, 

as by infusion of LDL—rich material to rats, reduces 

hepatic cholesterol synthesis (Siperstein and Fagan, 1964). 

Cooper and Margolis (1971) studied the regulation of 

cholesterol synthesis in isolated hepatocytes in vitro. 

Their results indicated that plasma lipoproteins exert 

inhibitory effects on cholesterol synthesis. This effect 

is not the result of the feedback inhibition induced by 

the cholesterol on lipoprotein synthesis since cholesterol 

emulsions did not produce similar effects. 

A major site for lipoprotein synthesis is the liver. 

Thus, in hepatectomized dogs the incorporation rate of 

(C14) lysine into plasma lipoproteins is reduced to about 

5% of that in control animals (Roheim et al. 1966). There 

is evidence, however, to suggest that the small intestine 

can also synthesize plasma lipoproteins, since inhibition 

of hepatic lipoprotein synthesis by orotic acid does not 

prevent the appearance of LDL—like molecules in the 

intestinal lymph (Windmueller and Levy, 1968). In vitro 

experiments have also shown that the intestine can synthesize 

lipoproteins (Kessler et al. 1970). 

Endogenous cholesterol is predominantly synthesised 

in the liver and probably also in the small intestine 

(Lindsey and Wilson, 1965; Wilson, 1968). Hamilton (1968) 

and Mahley et al. (1969) have isolated particles from the 
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Golgi apparatus of rat liver with immunological and chemical 

properties similar to plasma VLDL. The VLDL particles 

secreted from the liver, however, appear to contain fewer 

peptides than the VLDL present in the plasma. Hamilton 

(1972) suggested that some of the C peptides are transferred 

from HDL to the nascent VLDL particles during their 

secretion from the liver. 

Very little is known about the intracellular events 

that lead to the formation and subsequent secretion of plasma 

lipoproteins. It is known that the apoprotein peptides are 

synthesized by the ribosomes bound to the membranes of the 

endoplasmic reticulum. It is also important to recall that 

most of the enzymes concerned with the synthesis of 

cholesterol, triglycerides and phospholipids are present in 

the microsomes, which represent fragments of the endoplasmic 

reticulum (Schneider, 1963; Sjbstrand and BorgstrUm, 1967; 

Chesterton, 1968). 

The close proximity between these synthetic sites 

raises the possibility of a common mechanism regulating the 

synthesis of both the protein and lipid moieties. Stimulation 

of lipid synthesis, as during perfusion of the rat liver with 

Fn—rich media, increases the synthesis of VLDL apopi-oteins 

(Ruderman et al.,.1968). On the other hand, inhibition of 

apolipoprotein synthesis, as by orotic acid, abolishes the 

hepatic production of lipoprotein (Windmueller and Levy, 1968). 

The exact source of plasma LDL is still disputed. 

Though the apoproteins of LDL are well represented in particles 

isolated from the Golgi apparatus of liver cells, morpholo-

gical studies have failed to show that the liver can secrete 

low density lipoproteins as such (Hamilton, 1972). 
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Gitlin et al. (1958) and Bilheimer et al. (1972) labelled 

VIM with radioiodine and observed that the label disappears 

from VLDL to appear in LDL, in a manner consistent with a 

precursor—product relationship. When 1251—labelled LDL 

was injected, on the other hand, no label was demonstrated 

in the VLDL. These results suggested that plasma LDL, the 

main carrier of plasma cholesterol, is a metabolic product 

of plasma VLDL. Changes in plasma LDL concentration can 

therefore result from a change in either the synthesis of 

VLDL or its conversion to LDL. These studies, however, do 

not exclude the possibility that an independent pathway 

still exists for direct secretion of LDL into the plasma. 

Marsh and Whereat (1959), Radding and Steinberg (1960) and 

Marsh (1963) have shown that hepatocytes can synthesize 

immunologically identifiable LEI particles. 

C. Relation between the catabolism of cholesterol and 

that of plasma lipoproteins. 

The rate of catabolism of cholesterol seems also to 

be related to that of lipoproteins. Situations associated 

with enhanced cholesterol metabolism show increased rates 

of LDL catabolism. This relationship is best illustrated 

by the enhanced turnover rates of LDL observed in thyro- 

toxicosis (Walton et al., 1965; 	Scott et al. 1970) and 

in patients receiving cholestyramine therapy (Langer et al, 

1969; Nazir et al. 1972). 

Very little is known, however, about the sites or 

the processes involved in the removal of lipoproteins from 

the plasma. Experiments in rats suggest that the triglyceride 

moiety is removed from VLDL in extrahepatic tissues through 
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the activity of the enzyme lipoprotein lipase (Seaman 

and Robinson, 1966). The cholesterol—rich intermediate 

resulting from removal of triglcerides, appears in the 

plasma and is then converted to LDL (Bilheimer et al. 1972). 

The fate of LDL particles has been the subject of spec-

ulation recently. Lewis (1971) suggested that cholesterol 

in LDL recycles between the plasma and the exchangeable 

pools, while the apoproteins are rapidly catabolised and 

synthesized again. This suggestion is based on the 

differences in the half—life of the plasma LDL cholesterol 

(about 58 days) and that of protein—labelled LDL (3.5-7 days). 

It is not knowat however, whether or not the labelling 

techniques have some influence on the catabolism of these 

molecules. 

Studies of Eisenberg et al (1973) using 125I—labelled 

LDL have shown that, after intravenous administration of 

this material to rats, most of the radioactivity disappearing 

from the plasma can be recovered from the liver . These 

observations suggest that the degradation of plasma lipo-

protein occurs predominatly in the liver. In this 

connection, it is important to recall that most of the 

cholesterol leaving the body is also excreted by the liver 

(Siperstein et al. 1952). 

EXPERIMENTAL PROCEDURE AND METHODS, 

A. Effects of nicotinic acid on plasma lipoprotein 

composition. 

This study was performed in 4 normal monkeys with 

an average weight of 2.5 kilograms. The animals were kept 
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on a low cholesterol diet under the same metabolic 

conditions as those described in the previous chapter. 

Each animal received subcutaneous injections of 

nicotinic acid (250 mg/kg body weight) daily for periods 

of 4 - 5 weeks. Samples of blood were withdrawn from the 

saphenous vein before and during therapy. Blood was 

allowed to clot and the serum was separated at 4°C and 

immediately fractionated. 

Separation of plasma lipoproteins. 

The serum lipoprotein fractions were isolated using 

preparative ultracentrifugation in a graded density salt 

solution as described by Havel et al. (1955). Four ml. 

of the serum, obtained after removal of chylomicrons by 

centrifugation for one hour, were transferred quantitatively 

into cellulose nitrate tubes (0.5" x 2.5"). Two ml of the 

first salt solution (density 1.006 gm/ml) were layered 

carefully over the surface of the serum. The tubes were 

then capped and centrifuged for 16 hours at 40,000 rpm, 

using a 40.3 rotor. After centrifugation, the tube was cut 

with a tube slicer at the level of the clear layer separ-

ating the upper from the lower fractions. The upper fraction, 

containing the lipoproteins of Sf  20 — 400 was transferred 

to a 5 ml volumetric flask. The lower fraction was 

transferred to a clean tube with several washings and 

the volume was adjusted to 4 ml using the first salt 

solution. Two ml of the second salt solution 
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(density 1.182 gm/ml) were then added and the capped tubes 

were centrifuged for 20 hours at 40,000 rpm. The upper 

layer obtained after this centrifugation, containing the 

lipoprotein in the range of St. 0-20 (LDL), was transferred 

to a volumetric flask. The HDL fraction (density 1.063 -

1.21 gm/ml) was separated from 4 ml of the bottom layer 

obtained after the previous centrifugation. Two ml of 

the third solution (density 1.478 gm/ ml) were added and 

the tubes were centrifuged for 40 hours at 40,000 rpm. 

The tubes were sliced and the upper layer was transferred 

to a volumetric flask. The volume of each fraction was 

adjusted to 5 ml and aliquots were taken for determination 

of protein and lipid. All centrifugations were performed 

at 16°  - 18°C in a Spinco Model L centrifuge. 	Each of 

the three ultracentrifugal fractions was washed once by 

centrifugation in salt solution of the appropriate density. 

2. Measurements of 1.  d and rotein com•onents of lasma 

lipoprotein fractions. 

Two ml of each fraction were extracted in 16 ml of 

chloroform-methanol (2:1, v/v). The extraction mixture 

was then washed with 8 ml of 0.9% saline and the two-phase 

system was kept for 24 hours at 4°C. After centrifugation, 

the chloroform was transferred quantitatively to clean tubes 

and dried aliquots were used for determination of total 

cholesterol and phopholipids, as described in the previous 

chapter. Aliquots of the chloroform layer were chroma-

tographed to separate the triglycerides, which were determined 

as described before. The protein content of each lipoprotein 

fraction was measured by the method of Lowry et al  (1951). 
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3. Chromato ra hic separation of •lasma lito.rotein 

 

tides. • • 

 

In order to achieve complete separation of the major 

lipoprotein peptides, each lipoprotein fraction was 

chromatographed on Sephadex G-150. The VLDL, LDL and HDL 

fractions isolated by centrifugation were desalted by 

dialysis for 72 hours against 10 litres of a 1.0 mM solution 

of EDTA, pH 7.0. After dialysis, the lipoproteins were 

freeze—dried and delipidated using the method of Bersot et 

al. (1970). In this method, each sample was treated with 

ethanol : ether mixture (3 : 1,v/v) for a period of 16 hr 

at 4°C. This procedure was repeated twice and the final 

wash was done with ether alone. The last traces of ether 

were then evaporated under nitrogen and the dried protein 

dissolved in 1 ml of Tris buffer (130 mM, pH 8.2, containing 

100 mM sodium decyl sulphate and 30 mM EDTA). 

Column chromatography was performed on Sephadex G-150 

which was allowed to swell overnight in lauryLsulphate buffer 

(200 mM Tris, 2 mM sodium decyl sulphate and pH 8.2). The 

Sephadex was thaipacked in a glass column (50 cm x 1.5 cm). 

The flow rate was adjusted to 0.5 ml/minute. After loading 

the column with the lipoprotein sample, elution wasechieved 

using lauryl sulphate buffer. The protein content of the 

eluted fraction was monitored with an LKB Uvicord II 8030. 

Fig.16 A+B' show the elution patterns of the various 

peptides from VLDL and LDL fractions isolated from the plasma 

of normal Rhesus monkeys. Eluates from each peak were pooled 

and aliquots were taken for protein determination. 
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4. Polyacrylamide gel electrophoresis of plasma lipoproteins 

The peptide fractions of plasma VLDL obtained from 

normal monkeys were separated electrophoretically on 

polyacrylamide gel columns using the method of Kane (1973). 

(a) Preparation of polyacrylamide gel column 

Containers for the gel column were cut from cylin-

drical glass. The gel tubes were about 63 mm in length and 

5.0 mm internal diameter. During the filling of the gel tubes 

and the polymerization of the ingredients, the gel tubes 

were fixed in a tube stand. In order to prepare the lower 

gel four solutions were prepared as follows:— 

Solution A: Acrylamide 0.4 gm/ml, Bis (N—N'methylene 

bis acrylatnide) 0.011 gm/ml. 

Solution B: Trt;(2—amino-2 hydroxymethyl propane-1,3— 

diol) 2M, TEMED (N,N,N',N' tetramethylethyl ethylene diamine) 

0.003711/ml and Conc. HC1 to adjust the pH to 9.1. 

Solution C: Equal parts of solution A and B were 

mixed together with 0.64 gm of crystalline urea/ml and 

the mixture was then filtered through Whatman No. 5 filter 

paper. 

Solution D: Ammonium persulfate 6.25 x 10-3M. 

The lower gel was then prepared by mixing equal parts of 

solution C and ammonium persulfate solution containing 0.64gm 

urea/ml. The gel was poured immediately into tubes which had 

been washed with 1:100 aqueous dilution of a coating agent 

(photo—Flo). In order to eliminate a meniscus and to obtain 

a flat smooth surface, water was layered over the surface 
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of the gel column during its preparation. Polymerization 

require 45 minutes at 25°0. 

To form the upper gel four solutions were prepared 

as indicated below:— 

Solution A: Acrylamide 0.133 gm/ml, Bis 0.011 gm/ml. 

Solution B: Tris 0.24 M, TEMED 0.0013 ml/ml and 

phosphoric acid to adjust the pH to 6.7. 

Solution C: Riboflavin 0.027 mg/ml. 

Solution D: Ammonium persulfate 4.5 x 10-3  M. 

Equal parts of solution A and B were mixed and 0.64 gm 

crystalline urea dissolved in each ml of the mixture. 

Solution C and D were also mixed in equal quantities and 

the same amount of urea added. Equal parts of the two 

mixtures were combined and the upper gel was poured 

immediately to a depth of 15 mm, over—layered by distilled 

water. Polymerization of the upper gel was facilitated 

by exposure to an ultra—violet light source for 2-3 hours. 

(b). The technique of delipidation and electrophoresis. 

The dialysed lipoprotein preparation (200111) was 

mixed with 200111 of tetramethyl urea (TMU) in 4 x 50 mm 

test tubes. One tenth of a reducing solution (200 mg ESA, 

100µ1 of thiodiglycol and 2504 of mercaptoacetic acid in 

10 ml of the upper electrophoretic buffer) was then added, 

with mixing. The tubes were allowed to stand for 15 minutes 

at 25°C and then centrifuged at 10,000 rpm for another 15 mins. 

The supernatent lipid phase 'and the insoluble protein fraction 

were rapidly separated from the clear TMU—water 'phase which 

was applied to the gel. 
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One tenth of the volume of 80% sucrose solution was 

added with mixing and the mixture was layered on the upper 

surface of the gel. The columns were then fixed in 

vertical positions with the gel container attached to an 

upper reservoir and lower end submerged in the buffer sol-

ution of the lower reservoir (see the apparatus in Fig.15). 

The buffer in the upper reservoir was composed 	Tris 

(0.0425 M) and glycine (0.0465 M) and the pH was adjusted 

to 8.9. The lower reservoir buffer contained of Tris—HCl 

(0.12 M and pH 8.07). Theelectrodes were placed in each 

reservoir and a current of 150 alts was applied. The 

intensity of the current was initially adjusted to give 

1.25 mA/gel until the dye band entered the lower gel. The 

current was then increased to 2.5 mA/gel. After 3-4 hours 

the apparatus was switched off and the columns were removed. 

(c). Removal of the gel column. After electrophoresis the 

gel tubes were removed from the upper reservoir and the 

gels removed from the tubes under water (the water lubri-

cates the gel surface and prevents mechanical damage to 

the gel while it is separated from the glass tube). 

A needle was slowly introduced into the bottom of the gel 

tube between the gel and the tube wall for a distance of 

about 1-2 cm, while continuously rotating the gel tube. 

The needle was then withdrawn with a slight pressure 

against the gel, stretching the gel so that it protruded 

about 2 mm beyond the end of the tube. The gel was 

then extruded from the tube by slight pressure. 



Figure 15 : Apparatus for polyacrylamide gel 

electrophoresis. 



i i 	— 

(d). Fixation and Staining. Each gQ1 was immersed in 

fixative solution (20% w/v sulfosalicylic acid) for 16 

hours and then stained with brilliant blue R (0.25%) 

for another 8 hours. Destaining was performed with 7% 

acetic acid. 

B. Effects of nicotinic acid on plasma lipoprotein 

synthesis. 

The effect of nicotinic acid administration on the 

rate of incorporation of (14C) threonine into various 

plasma lipoprotein fractions was studied in three experi-

ments on two male Rhesus monkeys. 

At the time of this study the weight of monkey no.12 

was 2 kg and that of monkey no. 13 was 2.9 kg. In monkey 

no. 12 a repeat study was performed 9 months later. At 

that time its weight was 3.1 kg. The repeat study will 

be referred to as monkey no. 12(a) study. A control 

investigation was performed on each monkey before nicotinic 

acid therapy. Thereafter, each monkey received twice—daily 

subcutaneous injections of nicotinic acid in a total dose 

of 250mg/ kg body weight/day. After 4-5 weeks of therapy 

the test was repeated on each monkey. At least two months 

were allowed to elapse between the two studies to allow 

complete disappearance of residual radioactivity. (U-14C) 

Threonine (> 180 mCi/mmol) was obtained as a sterile 

solution from the Radiochemical Centre, Amersham, Bucks. 

Each animal received an injection of 50 p.Ci of (140) 

threonine in sterile physiological saline. The radioactive 

dose injected was determined by counting a known aliquot 
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of the injection mixture before its-administration. 

Samples of blood were withdrawn from the opposite 

saphenous vein before injection of the isotope and at 

45, 60, 90, 150, 240 and 360 minutes after the injection. 

Blood was collected in tubes containing disodium EDTA 

(1 mg/ml blood) and the plasma was immediately separated 

at 4°C. 

Determination of serum lipoprotein radioactivity 

The plasma lipoprotein fractions were separated 

using the method of Havel et al. (1955) described earlier 

in this chapter. To achieve further purification, each 

fraction was respun at the appropriate density. Aliquots 

of each fraction were used for determination of protein 

content using the method of Lowry et al. (1951). Another 

aliquot was precipitated by the addition of 10 ml of 20% 

trichloroacetic acid at 4°C. The precipitate recovered 

by centrifugation was washed three times with 5% tri-

chloroacetic acid. To facilitate complete removal of 

contaminating traces of albumin, the precipitate was 

further washed twice with 10 ml of a solution containing 

1% trichloroacetic acid in ethanol, followed by washing 

with acetone and then with ether. The final white pre-

cipitate was dissolved in 0.5 ml of hyamine and assayed 

for radioactivity in 10 ml of scintillation fluid. The 

counting efficiency was determined using an external 

standard which was assayed at the same time. The specific 

activity of the plasma lipoprotein fractions was determined 

from the dpm and the protein content of each fraction. 
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The total incorporation of ( 14C) threonine into 

plasma albumin was determined simultaneously with the 

measurement of the incorporation into lipoproteins. The 

plasma residue remaining after the isolation of lipo-

proteins was precipitated with 10% trichloroacetic acid. 

Albumin was extracted from the precipitate using 40 ml 

of a solution containing 1% trichloroacetic acid in 

ethanol. The extracted albumin was reprecipitated by 

adjusting the pH of the acid ethanol extract to pH 7.0 

with 1NNAOH. The precipitate was dried under a stream 

of air. Aliquots were removed, weighed and their 

radioactivity determined as above. 

RESULTS  

A. Effects of nicotinic acid on the chemical composition 

of plasma lipoproteins.  

Table 7 shows the main lipid components of monkey 

plasma lipoproteins isolated by preparative ultracentrifu-

gation. In the four monkeys studied the mean plasma 

cholesterol concentration was 156 ± 4(SEM) mg/100 ml, 

of which 55% was in LDL, 40% was in HDL and 5% was in VLDL. 

Phopholipids formed the major lipid component in plasma 

HDL, about 65% of the total plasma phospholipid being 

carried in this fraction. Triglycerides, on the other 

hand, were transported mainly in plasma VLDL, which con-

tained about 66% of the total present in the plasma. 

During treatment with nicotinic acid a significant reduction 

in VLDL and LDL concentrations, with only a small reduction 
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in.HDL concentration, was observed. After 4-5 weeks of 
nicotinic acid administration the total plasma cholesterol 

concentration was reduced to 71% of the pretreatment 

concentration. A similar reduction was observed in plasma 

phospholipids and triglycerides. 

Analysis of the various lipoprotein fractions showed 

that the ratio between the individual lipid components in 

plasma VLDL and LDL was not altered by nicotinic acid 

administration. The preservation of the normal, ratio 

between these lipid components suggested that nicotinic 

acid administration decreased the number of circulating 

VLDL and LDL particles without altering their composition. 

Minimal changes in lipid composition were observed in the 

HDL fraction. During treatment with nicotinic acid the 

total protein content of plasma VLDL and LDL was also 

reduced, so that the ratio between each of the lipid com-

ponents and the total protein remained more or less unchanged. 

In order to determine the possible effects of nicotinic 

acid on the qualitative nature of the plasma lipoprotein 

peptides, delipidated plasma lipoprotein fractions were 

chromatographed on Sephadex columns. As shown in Fig. 16A 

and B the apoproteins of plasma VLDL and LDL were separated 

by gel filtration into two main fractions. Fraction I was 

eluted immediately after the void volume,to be followed by 

fraction II . The mobilities of fraction. I and II obtained 

by Sephadex chromatography were similar to those described 

for B and C proteins, respectively, in human lipoproteins 

(Eisenberg et al. (1972). Fig 17shows the eletrophoretic 



TABLE: 7 
	Effect of nicotinic acid therapy on the chemical composition of 

plasma lipoprotein classes in Rhesus monkeys. 

All values are expressed in mg/100 ml of plasma. 
r- 

Nature of 

Experiment 

Animal 

no 

Total plasma 
concentration - 

VLDL 

(Density 
0.95-1.006g/ml) 

LDL 

(Density 
1.006-1.063g/ml) 

HDL 

(Density 
1.063-1.21g/ml) 

Ch PL TG Ch PL TG Protein Ch PL TG Protein Ch PL TG Proteir 

Before nico- 10 149 266 42 10 9 27 4.6 75 75 11 29 65 170 3 126 
tinic acid 11 160 290 40 12 11 29 7.2 80 80 7 38 60 180 4 149 
therapy. 12 166 275 44 11 10 32 3.8 83 86 8 35 62 184 4 178 

13 151 280 38 8 9 22 7.5 84 78 11 35 54 180 5 137 
Mean 156 278 41 10 10 28 5.8 81 79 9.2 34 60 179 4.1 148 
+ -SEM 

of total wt• 
± 4 

33 

± 5 

59 

±1 

8 
±0.5 

19 

±0.5 

19 

±2.1 

51 

±0.8 

11 

±3.5 

39 

±2.2 

39 

±0.8 

5 

±1.0 

17 

±2.3 

15 

± 3 

46 

±0.2 

1 

±10 

38 

During nico- 10 133 196 32 7 6 19 3.1 32 45 6.5 18 63 150 3.6 119 
tinic acid 11 124 227 28 7 7 17 4.2 43 49 4.8 13 62 176 4.2 146 
therapy. 12 102 208 26 4 5 14 1.0 37 36 4.5 27 56 162 3.5 170 

13 106 194 23 4 5 14 2.3 44 33 3.1 17.5 45 171 3.0 142 
Mean 111 206 27 6.0 6.0 16 2.7 39 41 5.0 19 57 165 3.7 144 
+ -SEM ± 5 ± 7 ±1.9 ±0.8 ±0.4 ±1.2 ±0.7 ±2.8 ±5.4 ±0.7 ±3.0 ±4.0 ±4.0 ±0.2 ± 	11 

0 of total wt 32 60 8 17 20 53 10 38 39 5 18 15 45 1 39 

VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; 
Ch, cholesterol; PL, phospholipids; and Try;triglycerides. 
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Elution pattern of plasma VLDL apolipoprotein 
on Sephadex G-I50 

Figure 16A: The VIM, fraction of monkey plasma was isolated 

by ultracentrifugation and delipidated with 

ethanol-ether. The delipidated lipoprotein 

(3.7 mg protein) was solubilised and chromato-

graphed on Sephadex G-150 column (50cm x 1.5cm). 



— 119 — 

Elution pattern of plasma LDL apolipoprotein 
on sephadex G-I50 
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Figure 16E3: Delipidated plasma LDL (4.2 mg protein) obtained 
from monkeys was chromatographed on Sephadex . 
G-150 column (50cm x 1.5cm). 



Figure 17: Folyacrylamide gel electrophoresis of human 

(A) and monkey (B) VLDL fractions to show C 

protein peptide bands. 



TABLE 8: 	Effect of nicotinic acid On the concentration of 

plasma lipoprotein peptides in Rhesus monkeys.  

Plasma apo VLDL 	 Plasma apo-LDL 

Animal 

no. 
Condition 

Total 

protein 
Fraction 	I 

(B protein) 
Fraction II 

(C protein) Ratio 
(II/I) 

Total 

protein 
Fraction 	I 

(B protein) 
Ratio  

Fraction II 

(C protein) 

(mg/100 ml) (mg/100 ml) (II/I)  

12 
Control 

+NA 

7.5 

2.3 

2.1 

0.6 

4.3 

1.4 

2.0 

2.3 

35.0 

17.5 

19.7 

10.3 

8.4 

4.1 

0.4 

0.4 

13 

Control 

+NA 

3.8 

1.0 

0.9 

0.2 

2.3 

0.6 

2.5 

2.8 

35.0 

24.3 

21.8 

15.3 

8.6 

5.7 

0.4 

0.4 

Each value is the mean of 3 estimations. 

The lipoprotein peptides were separated by Sephadex G-150 chromatography as described under Methods. 

+NA = during nicotinic acid treatment. 
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pattern of monkey's plasma VLDL peptides as compared to 

that of normal human subject. 	In both man and monkey 

the C protein was separated into 3 distinct bands at 

a position intermediate between the origin and front of 

the gel column. The electrophoretic mobility of these 

bands was similar to that described for the C protein 

obtained from human delipidated VLDL (Eisenberg et al. 

1972). Fraction I will therefore be referred to as B 

protein and fraction II will be referred to as C protein. 

In LDL, B protein was the major protein component. 

In this class of lipoprotein the mean ratio between the 

masses of C and B protein was 0.4. Plasma VLDL, on the 

other hand, contained more C than B protein, the mean 

ratio of C to B protein being 2.3 (Table 8). During 

treatment with nicotinic acid the reduction in the total 

protein content of each plasma lipoprotein fraction was 

not associated with any significant changes in the ratio 

between these fractions, indicating that both proteins 

were diminished to an equal extent. 

B. Effect of nicotinic acid on plasma apolipoprotein 

synthesis. 

1'. Time—course of (140) threonine incorporation into 

plasma apolipoproteins. 

Fig.18 shows the changes in plasma lipoprotein 

specific radioactivity after the intravenous administration 

of (14C) threonine to a normal monkey. Forty—five minutes 

after the administration of the label, radioactivity was 

detectable in plasma VLDL and reached a peak value at 1-1- 
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Time-course of ethreonine incorporation into plasma apolipoproteins 
100- 
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Figure 18: Specific radioactivity of plasma VLDL, LDL, 

HDL and albumin after a single intravenous 

injection of (014) threonine into the monkey. 
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hours. Thereafter, the plasma specific radioactivity 

started to decline progressively in the subsequent samples. 

Radioactivity was also detected in the LDL fraction 45 min 

after the administration of the label and reached a peak 

value in the 22 hour sample. Samples obtained 4 and 6 hours 

after the injection of (
14
0) threonine showed a progressive 

decrease in the plasma LDL specific radioactivity. The 

incorporation of (140) threonine into plasma HDL and albumin 

was much slower than in the other fractions and reached a 

peak in the four-hour sample, remaining at this level for 

another two hours. The specific radioactivity curves 

obtained in all other experiments were broadly similar 

(Fig.20), though some minor differences were observed. 

In particular, in three experiments the LDL curve inter-

sected the VLDL curve between 2 and 3 hours. The patterns 

of specific radioactivity shown in Fig.20 are consistent 

with the possibility that at least some of the protein in 

LDL is derived from VLDL. 

2. Distribution of the label among the major protein 

components of plasma lipoproteins. 

Preliminary experiments showed that less than 2% of 

the label is incorporated from (14C) threonine into the 

lipid fraction of plasma lipoproteins, most of the radio-

activity appearing in the protein fraction. The distri-

bution of the label in the main apoprotein fractions in 

plasma VLDL was markedly different from that in LDL. 

Fraction II in plasma VLDL contained almost twice the 

radioactivity in fraction I. In plasma LDL, on the other 
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Specific radioactivity o the major apolipoprotein peptides in VLDL and LDL following the ethreonine injection to monkey 12 (a) 

loo— A- G-150 Sephadex fraction I (B- protein) B- G-150 Sephadex fraction (C- protein) 

o VLDL 

x LDL 

2 	3 4 	5 	6 2 	3 	4 	5 	6 

Time in hours 

Figure 19: A single intravenous injection of (C14) threonine 

was administered to the animal and blood samples 

were withdrawn at intervals. Plasma VLDL and LDL 

fractions were isolated by ultracentrifugation. 

The fractions were then delipidated and chroma-

tographed on Sephadex G-150. The specific radio-

activity of the major apolipoprotein fractions 

eluted from the column (.B and C proteins) were 

determined. 
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hand, a greater proportion of the radioactivity was found 

in fraction I. When the radioactivity in each fraction 

was expressed in terms of the protein content, these 

differences were no longer seen. In both VLDL and LDL 

the specific radioactivity in fraction I was always greater 

than that in fraction II. 

Fig.19 shows the relationship between the specific 

radioactivities of the B and C proteins of VLDL and LDL 

after injection of (140) threonine into a monkey during a 

control period without nicotinic acid. 

The specific radioactivity of B protein in VLDL rose 

to a peak at li hours and then fell progressively during the 

remaining 42 hours of the experiment. The specific radio-

activity of B protein in LDL rose more slowly, crossing the 

descending limb of the VLDL curve at about 22 hours to reach 

a peak value and then declined at a slightly higher level 

than the VLDL curve. The specific radioactivity of C protein 

in VLDL rose to a maximum value at about 12 hours and then 

declined, but at a slower rate than the fall in specific 

radioactivity of B protein in VLDL. The specific radio-

activity of C protein in LDL rose to a maximum at 212- hours 

and then fell progressively. There was no intersection of 

the two curves for C protein and at all times during the 

experiment the specific radioactivity of C protein in VLDL 

was at least five times that of C protein in LDL. 

3. Effect of nicotinic acid on the incorporation of ( 140) 

threonine into plasma lipoproteins. 

Fig.20 shows the specific radioactivity curves of the 



-- 1277 

plasma lipoproteins in samples obtained from three 

experiments on two monkeys after an intravenous injection 

of ( 14C) threonine before and during the administration 

of nicotinic acid (250 mg/kg body weight) twice daily for 

4-5 weeks. The specific radioactivity was corrected to a 

fixed dose of injected radioactivity to allow easy com-

parison. Table 9 shows the specific radioactivity and 

the percentage of the injected dose incorporated in the 

three lipoproteins and in albumin at the time of the 

maximum incorporation into each plasma protein fraction. 

During the period of treatment with nicotinic acid, 

the plasma concentration of apoprotein in VLDL and LDL 

decreased in parallel with the fall in plasma lipid 

concentration. Incorporation of (14C) threonine in VLDL 

and LDL apoproteins also diminished. The decrease in the 

rate of incorporation of 14C was greater than the decrease 

in the protein content of each of these lipoprotein 

fractions. There was therefore a marked decrease in the 

peak specific radioactivity of VLDL and LDL during nico-

tinic acid treatment, the peak values for both lipoproteins 

observed during treatment being less than half those 

observed during the control period. Fig.20 shows that 

the incorporation of (14C) threonine into plasma HDL 

apolipoprotein was not affected by nicotinic acid therapy. 

The peak specific radioactivity and the protein content 

of the lipoprotein fraction were not altered during the 

treatment period. 

The incorporation rate of (140) threonine into 

plasma albumin was measured in all the samples to obtain 
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Figure 20: Specific radioactivity of plasma VLDL, LDL, HDL 

and albumin after a single intravenous injection 

of (014) threonine into three monkeys. The curves 

shown in the upper panel represent the results 

before nicotinic acid treatment while those in the 

lower panel show the results in the same animal 

4-5 weeks after receiving nicotinic acid injections 
(250 mg/Kg-1  twice daily). 



TABLE 9: 
	Effect of nicotinic acid on the incorporation of 14C from 

(14C) threonine into plasma lipoproteins and albumin in Rhesus monkeys  

Animal 

no. Condition 

Maximum specific radioactivity 
(dpm/mg protein) 

% Dose incorporated x 103  

VLDL LDL HDL Albumin VLDL LDL HDL Albumin 

12 	(a) Control 40,745 8030 681 591 228 450 167 2110 

+ Nicotinic Acid 19,192 2500 841 732 60 48 200 2818 

12 Control 25,340 8686 855 921 180 289 111 2559 

+ Nicotinic Acid 11,720 4815 1207 1103 25 80 163 3000 

13 Control 29,845 7635 1183 998 146 347 273 3276 

+ Nicotinic Acid 11,507 3080 811 978 15 96 179 3238 

Peak specific radioactivities were measured at 12 hours for VLDL, at 22 hours for LDL and at 4 hours 
for HDL and albumin. 

% Dose incorporated = the total incorporation in the whole plasma volume, assumed to be 5% of body weight. 
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Specific radioactivity in the B-protein of plasma VLDL and LDL following the C" threonine Injection 
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Figure 21: Specific radioactivity of plasma VLDL and LDL 

B protein following a single intravenous injection 
N of (014) threonine to monkey 12 during a control 

period (A) and after 5 weeks of nicotinic acid 

treatment (B). 
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Figure 22: . Specific radioactivity of plasma VLDL and LDL 

B protein following a single intravenous injection 
. of (014) threonine to monkey 13 during a control 

period (A) and after 5 weeks of nicotinic acid 

treatment (B). 



% Dose incorporated x 103 Maximum specific radioactivity 
(dpm/mg protein) 

Animal Condition VLDL LDL VLDL LDL 

Fraction I 
(B protein) 

Fraction II 
(C protein) 

Fraction I Fraction II 
(B protein) (C protein) 

Fraction I 
(B protein) 

Fraction II 
(C protein) 

Fraction I 
(B protein) 

Fraction II 
(C protein) 

Control 

Nicotinic 
Acid 

Fall % 

Control 

+ 
Nicotinic 

Acid 

Fall 

20,910 

13,500 

35 

32,058 

18,330 

43 

27,170 

15,100 

44 

27,245 

9,280 

66 % 

7038 

4700 

33 

6837 

2852 

58 % 

11,000 

4,590 

58 % 

5,733 

2,750 

52 % 

12 

13 

44 110 

22 

135 

48 

83 

19 

36 

6 

87 

8 

208 

57 

69 

22 

TABLE: 10 Effect of nicotinic acid on the incorporation of 14C from 
  

(14u)-.  threonine into plasma apoprotein peptides in Rhesus monkeys.  

Maximum specific radioactivity was measured at 11 hr. for VLDL and at 2z hr. for LDL. 

Peak specific radioactivity x protein content of the plasmapool x 100  
% Dose incorporated = 	  

(4— injected dose of (14C) threonine 



-133- 

some information about the possible .effects of nicotinic 

acid on the threonine pool. The result, shown in Fig. 20 

indicates that this drug does not alter the incorporation 

rate of the label into plasma albumin. These results 

suggest that the decrease in VLDL and LDL specific radio-

activity was not secondary to a change in the specific 

radioactivity of the threonine pool at the site of their 

synthesis. 

In order to determine whether the reduction in the 

incorporation of ( 14C) threonine during nicotinic acid 

treatment affected a particular class of apoprotein, the 

specific radioactivities of B protein and C protein in 

LDL and VLDL were measured separately in monkeys 12 and 13 

before and during a course of nicotinic acid injections. 

Observations were made on both apoproteins at the time of 

their peak specific radioactivity (12 hr for C protein 

and 22 hr for B protein). The results are shown in Table 10 

and Fig.21 and22. It will be seen that nicotinic acid 

caused a fall in the specific radioactivity of both 

apoproteins in both lipoproteins and that the proportional 

fall was similar in the two apoproteins. 

DISCUSSION  

The results of this investigation have shown that the 

reduction in plasma cholesterol concentration observed 

during nicotinic acid administration to normal monkeys is 

the result of an absolute decrease in the number of circ-

ulating VLDL and LDL molecules, with little or no change 
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in plasma HDL. The decrease in cholesterol content of 

plasma VLDL and LDL was associated with concordant changes 

in triglycerides, phospholipids and total protein content. 

Hence, the ratio between these components was preserved in 

the nicotinic acid period. Furthermore, the relative 

amounts of the major protein components of these lipoproteins 

were not altered by nicotinic acid. These results therefore, 

suggest that nicotinic acid does not produce detectable 

changes in the composition of plasma lipoproteins. 

It is important to realise that the solubility 

properties of plasma lipoproteins are a function of the 

ratio between each of the components forming the basic 

structure of these particles. Thus, a change affecting 

one of the components without simultaneous changes in the 

other might alter the solubility of a lipoprotein fraction 

in the plasma and might therefore facilitate its deposition 

in tissues, including arterial walls - an effect which is 

not desirable. Levy and Day (1970) modified the structure 

of plasma LDL by decreasing its neutral lipid content and 

observed increasing precipitation of these particles. 

Also, some of the components of these lipoproteins play 

an important role in the catabolism of plasma liporobein 

triglycerides and, possibly, of cholesterol. A reduction of 

any of these components might therefore lead to an impair-

ment in the catabolism of plasma lipoproteins. In man, at 

least, one of the peptide subunits (Apo-glu) in plasma VLDL 

promotes the interaction between plasma VLDL and lipoprotein 

lipase, resulting in activation of the enzyme (Havel et al. 

1970; La Rosa et al. 1970). This interaction determines 

the overall clearance of plasma triglycerides and 
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facilitates the catabolism of plasma VLDL (Salaman and 

Robinson, 1966). Scanu et al. (1969) and Fielding et al. 

(1970) have identified another peptide in human HDL which 

activates the enzyme lecithin—cholesterol acyltransferase 

(LCAT). The latter catalyses the esterification of 

plasma cholesterol, which may favour its subsequent cata-

bolism (Glomset, 1968). Though these peptides were not 

studied specifically in the present work, indirect evidence 

indicates that nicotinic acid does not alter any of the 

reactions for which they are required. Thus, nicotinic 

acid administration to patients with endogenous hyper-

triglyceridaemia does not affect the rate of plasma tri- 

glyceride clearance (Kissebah, 1973). 	Also, the studies 

presented in the previous section of this thesis indicate 

that nicotinic acid administration to normal monkeys does 

not affect the excretion of metabolites of cholesterol. 

It is therefore unlikely that nicotinic acid reduces the 

amounts of these activating peptides in the blood circ-

ulation to a level low enough to interfere with the action 

of lipoprotein lipase or of LCAT. 

Very little information is available concerning the 

normal components of plasma lipoproteins in monkeys. 

Havel et al. (1955) isolated the plasma lipoprotein fractions 

from normal monkeys using preparative ultracentrifugation 

and observed that the ratio between the lipid components 

in each of the fractions was similar to that in lipoproteins 

isolated from human plasma. The results of the present 

study show that in normal monkeys 55% of the total plasma 

cholesterol is transported in plasma LDL, the remainder 
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being distributed between the VLDL and HDL fractions. 

This distribution pattern is similar to that previously 

reported in humans and is in contrast to that reported 

in dogs, in which most of the plasma cholesterol is found 

in the HDL fraction (Havel et al. 1955). The significance 

of this distribution pattern is not yet clear, though it 

may be related to the differences in the turnover rate 

of cholesterol in different species (Goodman, 1965). 

Several studies have also shown marked species differences 

in the turnover rates of the different lipoprotein classes 

(Gitlin et al. 1958; Bilheimer et al. 1972; Eisenberg et al. 

1973). The triglyceride-cholesterol-phospholipid ratio 

in each plasma lipoprotein class obtained from monkeys was 

similar to that seen in human lipoprotein fractions. The 

relative proportions of the two major apoproteins obtained 

by Sephadex chromatography of delipidated monkey lipoproteins 

were similar to those found in the corresponding human 

lipoproteins. Alsol the major peptides in plasma VLDL have 

electrophoretic mobilities similar to those of the peptides 

isolated from human plasma (Eisenberg et al. 1972). These 

results suggest a close similarity between the composition 

of monkey and human lipoproteins and justify the assumption 

that the results obtained on the effects of nicotinic acid 

in monkeys may be extrapolated to man. 

The reduction in circulating VLDL and LDL molecules 

during nicotinic acid administration could be explained by 

a decrease in the output, an increase in the degradation 

or a change in the distribution of these particles between 

the plasma and the extravascular compartments. Langer ' 

and Levy (1971) and Levy and Langer (1972) labelled human 
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plasma LDL with 1251 and measured the rate of disappearance 

of plasma (1251) LDL in normal and hyperlipidaemic human 

subjects before and after nicotinic acid therapy. After 

4-6 weeks of nicotinic acid treatment the plasma LDL con-

centration was reduced by about 20-30% of the pretreatment 

value. The results also indicated that this drug does not 

affect the catabolic rate or the distribution of LDL 

between the plasma and extravascular compartment. On the 

basis of, these findings they suggested that nicotinic acid 

inhibits the production of plasma LDL. 

One of the main purposes of the work described in 

this chapter was to test this hypothesis by measuring the 

effect of nicotinic acid on the incorporation of a labelled 

amino acid into the plasma lipoproteins of normal monkeys. 

In the method used here, the incorporation of 14C was 

measured at various intervals after a single injection of 

(14C) threonine. Although this method provides direct 

information about the synthetic rate of plasma lipoproteins, 

certain limitations have to be considered in the inter-

pretation of the results. First, it is assumed that nico-

tinic acid therapy does not produce significant changes in 

the specific radioactivity of the pool of threonine from 

which threonine is incorporated into plasma lipoproteins. 

Changes in the size of this pool would tend to affect the 

specific radioactivity of threonine and might thus produce 

changes in the rate of incorporation of 140 notrelated to 

a real alteration in lipoprotein synthesis. In order to 

avoid faulty interpretation introduced by this variable, 
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the incorporation rate of (14C) threonine into another 

protein not affected by nicotinic acid therapy, but presumed 

to be synthesized at the same site, was determined simul-

taneously. Plasma albumin was considered to be a suitable 

protein for this purpose since nicotinic acid treatment 

does not affect its concentration in the plasma. Furthermore, 

the site of synthesis of plasma albumin within liver cells 

appears to be similar to that of plasma lipoprotein 

apoproteins (Campbell and Keanot, 1962; Korner, 1962; 

Marsh, 1963). For these reasons it was decided to measure 

the specific radioactivity of the plasma albumin after 

injection of (14C) threonine as an index of changes in the 

threonine pool in the liver. In all experiments performed, 

nicotinic acid had no effect on the peak specific radio-

activity of albumin. These results exclude erroneous 

interpretation due to variations in the precursor pool of 

threonine. Another possible source of error in the method 

used for these studies is the assumption that nicotinic 

acid does not significantly affect the rate at which labelled 

lipoproteins are removed from the circulation while their 

specific radioactivity is rising to a maximum value. This 

assumption is probably justified for both LDL and VLDL, 

since nicotinic acid has no significant effect on the frac-

tional rate of removal of 125I-labelled LDL (Langer and Levy, 

1972) or of VLDL ( Kissebah, 	1973) from the circulation 

in human subjects. 

The results described in this Chapter show that the 

rate of incorporation of (14C) threonine into VLDL and LDL 

apoprotein was reduced during nicotinic acid treatment, the 

peak specific radioactivities of both lipoproteins being less 
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than half the values observed in untreated animals. They 

also show that nicotinic acid does not significantly affect 

the incorporation of (140) threonine into HDL apoprotein. 

These findings suggest that treatment with nicotinic acid 

decreases the output of VLDL and LDL particles into the 

circulation, but has no effect on the output of HDL 

particles. 

The relationship between VLDL and LDL radioactivity 

deserves special comment, in the light of the possibility 

that plasma VLDL is a precursor of plasma LDL in man. 

As shown in Fig.18, 140 appears in VLDL within 45 

mins of an injection of (140) threonine, reaching a peak 

at 12 hrs. In LDL, on the other hand, the rate of appear-

ance is much slower and the maximum incorporation is not 

achieved until 2-3 hours after the injection. This 

relationship between the two curves is consistent with the 

view that some LDL apoprotein is derived from VLDL apoprotein 

in monkeys. This is in agreement with the results reported 

by Bilheimer et al. (1972), in man and by Eisenberg et al. 

(1973), in rats. Bilheimer et al. (1972) labelled human 

plasma VLDL with 1251 and reinjected it into human subjects. 

They were able to show that labelled B protein in VLDL 

appears in LDL during the decay of VLDL radioactivity in 

the circulation. A precursor-product relationship between 

plasma VLDL triglycerides and LDL triglycerides has also 

been demonstrated in man (Quarfordt et al. 1970). However, 

these studies do not exclude the possibility that an 

independent pathway exists for the formation of plasma LDL. 
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It is possible, for example, that some LDL is secreted 

directly into the plasma. Indeed, the observations 

described in this thesis are difficult to reconcile with 

the view that all the circulating LDL in monkeys is 

derived from VLDL. 

In most experiments, the specific radioactivity of 

B protein in VLDL was higher than that of B protein in 

LDL during the period when radioactivity was increasing 

in LDL. However, in the experiment shown in Fig. 19 the 

peak specific radioactivity in LDL B protein was not 

reached until after the intersection of the LDL and VLDL 

specific radioactivity curves. This is not consistent with 

a simple precursor—product relationship in which all the 

radioactivity in LDL is derived from VLDL. Rather it 

suggests that some of the 14C appearing in LDL is derived 

from a source of (14C) threonine which, at 2-3 hours after 

the injection, has a higher specific radioactivity than 

that of the (14C) threonine in VLDL. A comparison between 

the rate of loss of 14 from VLDL and the rate of 

accumulation of /4C in LDL during the descending limb of 

the VLDL curve supports this conclusion. Thu, f21 thr: 

experiment of Fig.19 the B protein in VLDL lost 1392 dpm/ 

100 ml of plasma between 1* and 2 hours after the injection, 

whereas the B protein in LDL accumulated 4335 dpm/100 ml of 

plasma during this period. It is, of course, possible 

that some radioactivity continued to be incorporated into 

VLDL B protein after the VLDL curve had reached its peak. 
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However, this could hardly explain the large discrepancy 

between loss of 14C from VLDL and uptake into LDL. 

The conclusion that LDL derives some of its B 

protein from a source other than VLDL is not surprising 

in view of earlier observations on the formation of LDL 

in vitro. Marsh and Whereat (1959), Radding and Steinberg 

(1960) and Marsh (1963) have shown that rat liver cells 

can synthesize immunologically identifiable LDL particles 

in vitro. Similarly, Windmueller et al. (1973) have 

reported the direct secretion of LDL particles from 

isolated perfused intestine. The relative contributions 

of each of these pathways to plasma LDL synthesis under 

various physiological as well as pathological conditions 

remains to be evaluated. 

If plasma LDL does arise partly from VLDL and partly 

by direct secretion into the circulation, the depression 

of plasma LDL synthesis brought about by nicotinic acid 

treatment could be due either to inhibition of VLDL 

synthesis or to inhibition of the synthesis of LDL 

secreted directly into the plasma, or to both. Carlson 

et al. (1968) have postulated that nicotinic acid inhibits 

the synthesis of plasma VLDL indirectly by decreasing the 

output of FFA into the circulation. In support of this 

suggestion they pointed out that when nicotinic acid is 

givanio human subjects, the plasma FFA concentration falls 

before there is a fall in plasma VLDL concentration. The 

early fall in plasma FFA concentration, followed by a fall 

in plasma triglyceride concentration (Fig.7 ), indicates 

that a similar sequence of events occurs in monkeys during 
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nicotinic acid treatment. The validity of Carlson's 

explanation of the mode of action of nicotinic acid on 

circulating VLDL depends upon the assumption that the 

output of VLDL from the liver is directly related to 

the hepatic uptake of FFA. There is a good deal of 

evidence to suggest that over a wide range of plasma 

FFA concentration, output of VLDL is proportional to 

plasma FFA concentration in rats (Heimberg et al. 1966; 

Ruderman et al. 1968; Kohout et al.  1971). Moreover, 

Kissebah (1973) has recently reported a close corre-

lation between plasma FFA flux and plasma triglyceride 

concentration in hypertriglyceridaemic patients treated 

with nicotinic acid. It seems likely, therefore, that 

the inhibitory effect of nicotinic acid on FFA mobilization 

causes a fall in VLDL output. In so far as VLDL is a 

precursor of plasma LDL, this would be expected to lead 

to a fall in LDL concentration and, hence, to a decrease 

in plasma cholesterol concentration. However, it must 

be pointed out that the maximum reduction in plasma LDL 

and cholesterol concentration does not occur until 3-4 

weeks after the beginning of treatment with nicotinic 

acid, whereas the maximum fall in plasma FFA concentration 

occurs within a few hours. 

As discussed above, nicotinic acid may also 

influence the intracellular events that lead to formation 

of plasma lipoproteins, apart from any effect it may 

have on plasma FFA concentration. There is now some 

evidence to suggest that the lipoprotein peptides as 

well as the major lipid components are synthesized in 
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the endoplasmic reticulum of the liver cells (Stein and 

Stein, 1970; Schneider, 1963; Sjbstrand and Borgstr&I, 

1967; Chesterton, 1968). Electron microscopy has also 

shown that nicotinic acid treatment induces some 

structural changes in liver endoplasmic reticulum. The 

relationship between these structural changes and the 

alteration in lipoprotein synthesis is not known. However, 

it seems possible that these changes could lead to 

depression of VLDL synthesis and, possibly, of LDL synthesis. 

The release of lipoproteins from the liver is 

determined not only by their rate of synthesis, but also 

by other factors, including the synthesis of secretory 

vesicles, the separation of the lipoprotein particles from 

the Golgi apparatus and their subsequent excretion through 

the microtubular system (Claude, 1970; Singh et al. 1973). 

It is unlikely, however, that nicotinic acid influences 

these transport mechanisms, since the system also serves 

as the transport route for plasma albumin (Peters, Fleischer 

and Fleischer, 1971; Singh et al. 1973). In this study 

nicotinic acid did not affect the net release of albumin 

into the plasma. 

In conclusion, nicotinic acid administration to 

normal monkeys results in a reduction in the circulating 

VLDL and LDL concentrations. These changes may be due 

partly to a reduction in circulating plasma FFA concentration,- 

with secondary depression of plasma lipoprotein synthesis, 

and partly to direct effects of this drug on the synthetic 

processes in the liver or intestine. 
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CHAPTER IV 

EFFECT OF NICOTINIC ACID ON TISSUE CHOLESTEROL 

INTRODUCTION 

Mobilization of cholesterol from arterial walls 

is one of the therapeutic goals in the treatment of 

atherosclerosis, since reduction in cholesterol deposits 

in the affected sites might be expected to lead to 

regression of the atherosclerotic plaques. Recent work 

suggests that atherosclerotic lesions may regress in 

response to cholesterol mobilization. Thus, Albert and 

Stansell (1969) observed improvement in the symptoms due 

to myocardial and cerebral ischaemia in patients treated 

with hypocholesterolaemic drugs. In these patients the 

reduction in serum cholesterol was associated with his-

tological and radiographical evidence to indicate regression 

of the atheromatous lesions. Similarly, reduction of serum 

cholesterol in animals with experimental atherosclerosis 

caused progressive disappearance of atheroma from the 

vascular walls (Horlick and Katz, 1949; Armstrong, 1970). 

Increased mobilization of tissue, cholesterol might 

occur as a consequence of the reduction in serum cholesterol 

concentration (Fallon, 1968; Armstrong et al. 1969). 

Conversely, the decrease in serum cholesterol level could 

be a manifestation of increased deposition of cholesterol 

in tissues (Bieberdorf and Wilson, 1965). It is there-

fore impossible to draw any conclusion concerning the 

effects of a therapeutic agent on tissue cholesterol from 
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measurements of the plasma cholesterol concentration 

alone. Simultaneous measurement of tissue cholesterol 

will provide the best direct information about any of 

these possibilities, and may therefore give some 

indication of the therapeutic merits of drugs used in 

the treatment of hypercholesterolaemia. Experiments 

were therefore carried out to evaluate the possible 

effects of nicotinic acid on the distribution of 

cholesterol in tissue biopsies obtained from Rhesus 

monkeys. 

A. Normal Distribution of Cholesterol in Body Tissues  

In an adult human subject the total body choles-

terol approximates to 2 g/Kg body weight (Cook, 1958). 

This value is not greatly different from that reported 

in other primates. Thus, Wilson (1970) found the 

average total carcass cholesterol in baboons to be 1.4 

g/Kg body weight. 

The total body cholesterol includes the structural 

cholesterol present in cell membranes and cellular 

organelles which remains unchanged throughout the life—

span of the animal. Almost every tissue in the body 

contains a fraction of its cholesterol which forms part 

of the basic structure of this tissue. In an adult 

human subject this structural fraction accounts for about 

20% of the total body cholesterol (Chobanian et al. 1962). 

This value is only approximate since the methods used for 

the estimation of this fraction are not completely accurate. 

The more elaborate techniques used by Wilson (1970), however, 
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have shown that the structural cholesterol constitutes 

about 40% of the total body cholesterol in monkeys. 

The remaining cholesterol is continuously renewed through 

a process which involves continuous exchange between the 

tissue cholesterol and that present in the plasma 

compartment. 

As early as 1952 Gould reported that in dogs the. 

cholesterol in tissues is in a dynamic state ofequilibrium 

with serum cholesterol. Since then, several reports have 

been published which confirm the occurrence of such a 

phenomenon in several other species (Avigan and Steinberg, 

1959; Chobanian et al. 1962; Wilson, 1970). The rate 

of cholesterol exchange between the plasma and tissue 

compartment, however, differs according to the species 

of animal, the plasma cholesterol concentration and its 

rate of esterification. Gould (1952) found that 

equilibration of serum and tissue cholesterol can be 

demonstrated in dogs within 14 days from the administration 

of labelled cholesterol. Avigan and Steinberg (1959), on 

the other hand, have reported that complete equilibrium 

between tissue cholesterol and plasma in rats was not 

present even after seven weeks from the administration of 

the label. Wilson (1970), in his study in.baboons, indicated 

that complete equilibrium between plasma and tissue choles-

terol in this species might require at least 4 months. 

Goodman and Noble (1968) found that the exponential decay 

of labelled cholesterol in the plasma of human subjects 

becomes linear only after 6-8 weeks from the injection of 
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labelled cholesterol. These results .suggested that in man 

equilibrium between plasma and body miscible cholesterol 

pools requires at least 6-8 weeks to be established. 

Armstrong (1967) and Armstrong et al. (1969) induced 

experimental hypercholesterolaemia in animals and observed 

an increase in the deposition of cholesterol in body tissues. 

When the serum cholesterol concentration was then reduced 

by dietary means, increased mobilization of cholesterol 

from the body tissues was observed. These results 

suggested that the rate of exchange between plasma and 

tissue cholesterol can be influenced by changes in the 

plasma level of this compound. 

Avigan et al. (1962) found that the specific radio-

activities of free and esterified cholesterol in the serum 

of rats approached a common value soon after administration 

of labelled cholesterol. The specific activity of the 

tissue free cholesterol, on the other hand, suggested 

that free cholesterol exchanges at a higher rate than does 

esterified cholesterol. Glomset (1970) postulated a 

mechanism to explain the net transport of free cholesterol 

from various tissues to the liver in the following manner. 

The free cholesterol on the surface of plasma HDL is 

esterified by the enzyme lecithin-cholesterol acyltrans-

ferase (LCAT). The highly non-polar oholesteryl ester so 

formed moves into the interior of the HDL particle or is 

transferred to lipoproteins of lower density. As cholesterol 

is removed from the surface of the HDL particle, it is 

replaced by free cholesterol derived from various surfaces 
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with which the lipoprotein comes in -contact. Such a 

mechanism would explain the higher rate of exchange 

for free cholesterol than for esterified cholesterol. 

The distribution of cholesterol among the 

individual body tissues has been evaluated primarily 

in the monkey. Armstrong et al. (1969) and Wilson (1970) 

analysed the tissue cholesterol content of animal carcasses 

and found that the greatest fraction was in skeletal muscles)  

skin and adipose tissue. In each of these tissues a portion 

of the cholesterol is exchangeable with the plasma and 

another portion exchanges with the plasma compartment slowly 

or not at all. Wilson (1970) fed (3H) cholesterol to 

monkeys for 4—month periods and determined the specific 

activity of cholesterol in tissues after equilibrium. 

The results indicated that about 70% of the cholesterol in 

skeletal muscle and 50% of that in the skin is exchangeable 

with plasma cholesterol. The remaining cholesterol in 

these tissues forms part of their basic structure. 

Isotopic studies in man have confirmed that the rate 

of cholesterol exchange between the plasma and tissue 

compartment varies among different organs. Goodman and 

Noble (1968) found that the exchangeable cholesterol pool 

in man is divided into two distinct compartments, a fast 

exchanging compartment which includes the liver, small 

intestine and the lung cholesterol, and a slowly exchanging 

compartment which accounted for most of the exchangeable 

cholesterol in the remaining tissues. Chobanian and 

Hollander (1962) determined post mortem the specific 
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radioactivity ratio between cholesterol in different organs 

and that of the plasma in the bodies of patients who had 

received an intravenous injection of (14C) cholesterol at 

various intervals before death. Their results indicated 

that isotopic equilibration between the cholesterol in plasma 

and that in liver, kidney, spleen and intestine was established 

within 4-20 days from the injection of the label. In con-

trast to this, the specific radioactivity of the cholesterol 

in adipose tissue, skeletal muscle, skin and arterial walls 

did not reach equilibrium until 2-3 months after injection 

of the label. 

B. Abnormal Cholesterol Pools in Body Tissues.  

Clinical as well as experimental studies have indicated 

that in hypercholesterolaemia, cholesterol and other lipids 

accumulate in abnormal tissue pools. These sites include 

tendon sheaths, skin, cornea and blood vessels. In most 

cases these lipid deposits consititute the first visible 

manifestation of hypercholesterolaemia. 

Windaus (1910) was the first to report an increase in 

the cholesterol content of artherosclerotic arteries. The 

atheromatous tissue contained 6-7 times as much free choles-

terol and 20 times as much esterified cholesterol as normal 

tissue. The cholesterol content of these structures was 

found to correlate with the progress of the artherosclerotic 

lesion (Weinhouse and Hirsch, 1940). The sources of 

cholesterol accumulating in these sites is still disputed. 

Thus, Azarnoff (1958) and Chobanian and Hollander (1961) found 
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that arterial tissue is capable of synthesizing cholesterol. 

These authors suggested that the cholesterol deposits were 

derived from synthesis in situ. Weinhouse and Hirsch (1940) 

on the other hand, revealing a close agreement in the 

composition of plasma lipid and that deposited in the 

arterial wall, suggested that these deposits result from 

a non-selective deposition of the plasma lipids. The 

isotopic experiments of Newman and Zilversmit (1966) have 

confirmed that all of the cholesterol deposited in the 

arterial wall is derived from the plasma. 

The rate of cholesterol accumulation in arterial 

walls depends on the plasma level of this compound. 

Armstrong et al. (1969) induced experimental hypercholes-

terolaemia in animals and observed a close correlation 

between the serum cholesterol concentration and the 

increment in the cholesterol content of the arterial walls. 

Similar findings in the rabbit have also been reported by 

Maruffo and Portman (1968). These authors further 

observed that the reduction in serum cholesterol concen-

tration induced by dietary means is associated with increased 

mobilization of lipids from the arterial deposits. 

Localized accumulation of cholesterol in tissues 

other than arterial walls has been reported in several 

studies. Cholesterol deposits within xanthomas of skin 

and tendon have been reported in patients with hyper-

cholesterolaemia (Thannhauser, 1958; Andrew and Domonkos, 

1963; Taylor et al. 1963). The cholesterol deposited in 

the skin as well as that in tendon xanthomas has been 
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shown to be derived from the plasma cholesterol (Wilson 

1963; Fletcher and Gloster, 1964). Mobilization of 

cholesterol from these lesions can be effected by 

reduction of serum cholesterol concentration. 

C. Effect of Nicotinic Acid on Tissue Cholesterol  

There is no information about the effects of nicotinic 

acid on tissue cholesterol. Studies in rabbits however, 

have indicated that nicotinic acid therapy tends to protect 

against atherosclerosis (Altschul, 1956) and induces 

regression of the atheromatous lesions (Cava et al. 1959). 

Clinical studies have also shown that nicotinic acid enhances 

the mobilization of cholesterol deposits from skin xanthomas 

in patients treated with this drug (O'Reilly, 1958; Parsons 

and Madison, 1961). 

EXPERIMENTAL PROCEDURES AND METHODS  

A. Tissue Biopsies  

Skeletal muscle and skin biopsies were obtained from 

four monkeys. The mean weight of these animals at the time 

of this study was 2.5 Kg. Anaesthesia was conducted using 

intravenous pentothal in a dose of 20 mg/Kg body weight. 

After shaving and cleaning an area on the upper lateral 

part of the thigh, an incision was made in the skin under 

sterile conditions. An elliptical piece of the skin was then 

removed. The muscle underlying the incision was exposed and 

a piece was excised. The skin and muscle biopsies were 

transferred to the laboratory in ice—chilled 0.25 M sucrose. 

The wound was sutured and each animal received an intra-

muscular injection of penicillin (500,000 units). 
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Nicotinic acid (250 mg/Kg body weight) was given 

by subcutaneous injection twice daily for 4-5 weeks. At 

the end of this period blood samples as well as muscle and 

skin biopsies were obtained. In all animals, biopsies 

were also taken after the nicotinic acid therapy had been 

withheld for 5-6 weeks. 

B. Preparation of the Tissue Subcellular Fractions  

The skeletal muscle subcellular fractions were 

separated by centrifugation in an M.S.E. High Speed Angle 

Centrifuge and a Spinco Model I ultracentrifuge. All 

procedures were carried out between 0°C and 4°C. Muscle 

biopsies (1.5 — 2 grams) were blotted with filter paper 

and were then freed from visible fat and connective tissue. 

The weighed tissue was then cut into fine pieces with 

scissors and homogenized in 3 volumes of ice—cold 0.25 M 

sucrose solution. Homogenization was carried out in all—

glass homogenizers. The homogenate was spun at 800 g for 

10 minutes to sediment the cell debris and nuclei. The 

supernatant was decanted and recentrifugei at the same 

speed for another 10 minutes. The precipitates from the 

two centrifugations were pooled and suspended in 5 ml of 

phosphate buffer (100 mM, pH 7.4). This fraction will be 

referred to as the 800—g sediment. The supernatant was 

then centrifuged at 15,000 g for 10 minutes to sediment 

the mitochondria. The mitochondrial pellet was suspended 

in 0.25 M sucrose solution and resedimented by centrifugation 

at the same speed for another 10 minutes. The mitochondrial 

pellet was finally suspended in 1 ml of phosphate buffer 
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(100 mM, pH 7.4). The supernatant remaining after 

removal of the mitochondria was further centrifuged at 

105,000 g for 60 minutes. The sedimented microsomal 

pellet was then washed in sucrose solution and respun 

for another 60 minutes at the same speed. The washing 

medium was discarded and the microsomal pellet was 

suspended in 1 ml of phosphate buffer. The supernatant 

remaining after removal of the microsomes contained the 

soluble fraction and will be referred to as the 105,000 g 

supernatant. 

The microsomal contamination in the mitochondrial 

fraction was assayed by measuring the activity of the 

enzyme NADPH cytochrome c—reductase. The contamination 

of the microsomal fraction with mitochondria was determined 

by measurement of the succinic cytochrome—c—reductase 

activity. 

C. Tissue Measurements  

1. Water content  

A piece of tissue was weighed and left in the oven 

at 100°C , The tissue was then weighed every day until a 

constant weight was reached. The dry weight of the tissue 

was then subtracted from its wet weight to determine its 

water content. 

2. DNA (Desoxyribonucleic acid) content  

The DNA content of skeletal muscle biopsies was 

determined using the method of Burton (1965). The DNA 

extracted from tissue homogenate is hydrolysed.to release 
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the ribose residue. The latter is complexed to 

diphenylamine in the presence of acetaldehyde to 

produce a blue colour which is measured spectro-

photometrically. 

(a) 	Reagents  

(i) Diphenylamine reagent. This was prepared 

by dissolving 1.5 g of diphenylamine in 100 ml 

of glacial acetic acid (Analar grade). 1.5 ml 

of concentrated sulphuric acid was then added. 

(ii) Acetaldehyde. Analar grade acetaldehyde 

was redistilled in water to a concentration of 

16 mg/ml. The solution was stored at 4°C. 

(iii) Colour reagent. This was prepared fresh 

on the day of the assay by mixing 20 ml of the 

diphenylamine reagent with 0.1 ml of aqueous 

acetaldehyde solution. 

(b) 	Procedure  

A 0.5 ml aliquot of the tissue homogenate was 

extracted with 4 ml of 0.5 N perchloric acid on ice. 

The supernatant was removed by centrifugation and the 

precipitate containing the DNA was suspended in another 

4 ml of 0.5 N perchloric acid. The suspension was heated 

at 70°C for 20 minutes with occasional stirring using a 

glass rod. After centrifugation the supernatnat was 

decanted into a 10m1 graduated tube. The precipitate 

was re-extracted with another 2 ml of perchloric acid 

in the same way. The extracts were combined and the 

volume was adjusted to 6 ml'with perohloric acid solution. 
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A known weight of DNA (Sigma Chemical Co.) was hydrolysed 

in perchloric acid (0.5 N) at the same time and suitable 

dilutions were made. Tubes containing 2 ml of standards, 

samples and blank were prepared. To each tube 4 ml of 

the colour reagent was added. The tubes were then in-

cubated at room temperature for 17 hours. Thereafter, 

samples were read in a Unicam spectrophotometer at 600 m4. 

3. Cholesterol content 

The tissue homogenate and subcellular fractions 

were extracted in 20 volumes of chloroform—methanol 

(2 : 1, Vv). The extraction procedure was repeated 

twice and the chloroform phase was separated by the addition 

of physiological saline. The chloroform layer was then 

evaporated under nitrogen and the residue dissolved in a 

known volume of ethanol. Aliquots were taken to give a 

cholesterol concentration of 20 to 40 4g/ml. Cholesterol 

was measured using the method of Clark et al. (1968). 

(a) Reagents  

(i) Alcoholic KOH. 33 g of KOH were dissolved in 

100 ml of distilled water. Two ml of this solution 

was then mixed with 100 ml of absolute ethanol. 

(ii) Iron ethanol reagent. This was prepared by 

dissolving 5.0 g of FeCl3  — 6H20 in one litre of 

absolute ethanol. 

(b) Procedure  

One ml of either the sample or a standard was 

transferred to a clean tube. To each tube, 0.3 ml of 

alcoholic KOH and 0.7 ml of the iron ethanol reagent 
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were added. The tubes were gently shaken and 2 ml of con-

centrated sulphuric acid was gently layered beneath the 

alcoholic solution. The tubes were capped and vigorously 

shaken several times and allowed to cool at room temperature. 

An additional 2 ml of concentrated sulphuric acid was added, 

to be followed by 4 ml of methylene chloride (Analar grade). 

The tubes were capped and shaken for 2 minutes and the 

solution allowed to stand for another 10 minutes to allow 

separation of the phases. The methylene chloride phase 

was transferred to spectrophotometric cuvettes and the 

intensity of the colour was measured at 530 mil. To determine 

the free and esterified cholesterol, aliquots of the 

chloroform extract were chromatographed on thin layer silica 

gel plates as described by Skipski et al. (1965). The free 

and esterified cholesterol bands were located after staining 

with iodine vapour. The located bands were scraped and 

eluted with chloroform. The eluate was taken to dryness 

and aliquots were taken from each fraction for cholesterol 

determination. 

4. Enzyme Activities in the Mitochondrial and Microsomal 

Fractions. 

(a) 	Succinic cytochrome c—reductase  

The assay is based on spectrophotometric measurement 

of the change in the absorbance of cytochrome c during its 

conversion from the oxidized to the reduced form. The 

reaction mixture was similar to that described by Green 

et al. (1955) and contained mitrochondrial suspension 

(0.1 — 0.2 mg protein) or microsomes (1 — 3 mg protein), 

potassium phosphate buffer (100 mM and pH 7.4), cytochrome 
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o (37 iiM), potassium cyanide (1 mM) .and succinate (10 mM). 

The total assay volume was 2.5 ml. The reaction was 

initiated by the addition of the succinate and potassium 

cyanide to the reaction mixture which had already been 

incubated at 30°C for 5 minutes. The reaction was followed 

in an SP800 Unlearn spectrophotometer at 550 mil. The enzyme 

activity was calculated from the initial velocity of the 

cytochrome c reduction using a molar extinction increment 

of 18.7 cm—i/mM at 550 mil. 

(b) NADPH cytochrome c—reductase  

The activity of this enzyme was measured in the 

microsomal fraction using the method of Phillips and 

Langdon (1962). The reaction mixture contained, in a 

final volume of 2.5 ml: microsomes (0.05 — 0.15 mg protein); 

potassium phosphate buffer (250 mM and pH 7.4); cytochrome 

c (37 ilM); potassium cyanide ( 1 mM); NADPH (0.1 mM) and 

antimycin A (3 ilg). The reaction mixture was incubated, at 

30°C for 5 minutes and the reaction was initiated by the 

addition of NADPH. The activity was then determined from 

the initial velocity change of the extinction at 550 mil. 

The mitochondrial contamination of the microsomes was 

determined, using a volume of mitochondrial suspension 

containing 0.5 — 1.0 mg of protein. 

5. Protein Content  

Measurement of the protein content of crude tissue 

homogenates and subcellular fractions was carried out by 

the method of Lowry et al. (1951). 
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RESULTS  

A. 	Cholesterol Content of Skeletal Muscle and Skin 

Table11 shows the average cholesterol content of 

skeletal muscle and skin biopsies obtained from four 

Rhesus monkeys. Before nicotinic acid administration 

the mean cholesterol content of skeletal muscle was 88 

± 6.9 (SEM) mg/100 gram wet weight. The cholesterol 

content of the skin, however, was much higher and averaged 

212 ± 3.2 (SEM) mg/100 gram wet weight. In an adult 

animal the skeletal muscle mass constitutes about 45.5% 

of its body weight, while the skin forms only about 

9.6% (Documenta Geigy). When the results were expressed 

in terms of organ mass the total cholesterol content of 

skeletal muscle was nearly double the amount present in 

the skin. The total amount of cholesterol present in 

these two organs averaged 604 mg/kg body weight. If it 

is assumed that about 70% of the cholesterol in skeletal 

muscle and 50% of that in the skin was exchangeable with 

plasma cholesterol, the total exchangeable cholesterol in 

these tissues would amount to 382 mg/kg body weight. 

These results suggest that the cholesterol present in 

skeletal muscle and skin constitutes about one third of 

the total exchangeable cholesterol in this species 

(see Chapter II of this thesis). 

During nicotinic acid administration the cholesterol 

content of skeletal muscle and skin was markedly reduced. 

This reduction was not due to increased tissue hydration 

or decreased cellularity since the changes persist when 

expressed in terms of dry tissue weight or DNA content. 
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In fact, nicotinic acid treatment did not produce any 

significant changes in tissue water or DNA content 

(Table 12). The amount of cholesterol mobilized from the 

total body skeletal muscle and skin masses during five 

weeks of nicotinic acid therapy averaged 288 mg/kg body 

weight. Thus, the results indicate that during this 

period nicotinic acid stimulated the mobilization of 

approximately 8 mg of cholesterol/day from these tissues. 

Table 13 shows that in the untreated animals, over 80% 

of the total cholesterol present in skeletal muscle and 

50% of that in the skin was in non—esterified form. 

The reduction in skeletal muscle cholesterol induced by 

nicotinic acid affected primarily the free cholesterol 

fraction, with a minimal decrease in esterified cholesterol. 

This finding is in contrast to what occurred in the skin. 

In this tissue the reduction in tissue cholesterol affected 

both fractions equally, so that the ratio between the two 

remained more or less unchanged (Tablel3). Thus the 

reduction in skeletal muscle cholesterol induced by nicotinic 

acid affected primarily the free cholesterol, whereas in 

skin the free and esterified cholesterol were reduced to 

about the same. 

Fig.23 shows the results of an experiment on each 

of three monkeys (10, 11 and 13) in which the concentration 

of cholesterol in skin and skeletal muscle was measured 

before treatment, at the end of a 5—week course of treatment 

and then 5 weeks after the last day of treatment. In a 

fourth monkey (12), tissue concentrations of cholesterol 



TABLE 11: Effect of nicotinic 	acid 	on cholesterol 

 

    

content of skeletal muscle and skin 

Experimental

condition 

Plasma cholesterol 
' 

	

	concentration 

mg/100 ml 

Tissue Cholesterol Content 

Skeletal Muscle Skin 

mg/100g 
Wet weight 

mg/total tissue 
Mass per Kg body weight 

mg/100g 
Wet weight 

mg/total tissue 
Mass per Kg body weight 

Before 
treatment 

During 
treatment 

t 161 	3.8 (6) 

100 ± 4.6 (6) 

88 t 6.9 (6) 

45 ± - 4.3 (6) 

+ 400 - 25 (6) 

202 ± 20 (6) 

212 ± 3.2 (4) 

122 ± 8.2 (4) 

+ 203 - 3 	(4) 

117 ± 7.8 (4) 

The number of observations is shown in parenthesis. Values are means ± SEM. 

The values for cholesterol/total tissue mass were calculated on the assumption that the skeletal 

muscle mass and skin form 45.5% and 9.6% of the total body weight respectively. 

Nicotinic acid was given subcutaneously 250mg/Kg body twice daily for 4-5 weeks. 



TABLE 12: 
	Effect of nicotinic acid on the chemical composition of 

skeletal muscle biopsies. 

Monkey 

No. 

Experimental 

Condition 

Dry wt
(mg/g wet 
'weight) 

Protein Content 
(mg/g wet 

weight) 

DNA 
mg/g wet,.  
(weight) 

Ilg/g wet 
weight 

Cholesterol 

tg/g dry 
weight 

Content  
ilg/mg 
protein 

µg/mg 
DNA 

Control 218.0 140.7 0.76 1100 5046 7.8 1447.4 

13 Treated 229.6 121.6 0.69 540 2352 4.4 782.6 

Control 132.0 0.77 1200 9.1 1558.4 

Treated 231.5 111.0 0.71 600 2592 5.4 845.1 

12 Control 226.0 120.0 0.69 972 4300 8.1 1408.7 

Treated 115.0 0.76 540 4.7 710.5 

For each course of treatment the monkey was given subcutaneous injections of nicotinic 

acid (250mg/Kg twice daily) for 4-5 weeks. 



TABLE 13. 
	

Effect of nicotinic acid on free and esterified cholesterol 
111■■■■■ewn■.......eauxes 

in skeletal muscle and skin biopsies. 

Monkey 

No. 

Experimental 
Condition 

Skin Skeletal muscle 

Total cholesterol 
(mg/100 g 
wet weight) 

Free/Ester 
ratio 

Total cholesterol 
(m 	100 
wet weight

g 
 ) 

Free/Ester 
ratio 

Control 176 1.20 58 7.33 
10 

Treated 84 1.27 19.2 4.50 

Control 162 0.93 67 8.09 
11 

Treated 78 1.08 29 4.24 

Control 220 1.04 — — 
12  

Treated 130 1.27 — — 

Control 208 1.50 — - 
13 

Treated 134 1.20 — — 
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Figure 23: Effect of nicotinic acid therapy on tissue 

cholesterol content. 

S, skin; M muscle. 

shaded = treated, unshaded = control. 

In 3 monkeys biopsies were taken before, during 

and after nicotinic acid treatment. In a fourth, 

biopsies were taken during treatment, then during 

a control period and finally during a second 

period of treatment. 
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were measured at the end of a 5-week course of treatment, 

5 weeks after the last day of treatment and then at the end 

of a second course of treatment. It will be seen that in 

each case the concentration of cholesterol in skin and 

muscle had returned to the control level 5 weeks after 

discontinuing nicotinic acid treatment, indicating that 

the changes in tissue cholesterol induced by nicotinic 

acid are reversible. 

B. Cholesterol Content of Skeletal Muscle Subcellular 

Fractions. 

In two monkeys the subcellular fractions of skeletal 

muscle homogenates were isolated by differential centri-

fugation. The efficiency of the isolation procedure was 

assessed in each experiment by measurement of the activity 

of two marker enzymes, in the mitochondrial as well as 

the microsomal fractions. In all experiments performed, 

the contamination of the mitochondrial fraction with the 

enzyme NADP cytochrome c reductase was less than 9%. 

Similarly, contamination of the microsomes with the mito-

chondrial enzyme succinic cytochrome c-reductase was 

negligible (less than 2%). 

The distribution of cholesterol in the whole homo-

genate and in four subcellular fractions of skeletal 

muscle biopsies obtained from normal monkeys is shown in 

(Tablet 4). The microsomal fractionconbained 120 - 30%  

of the total cholesterol in the whole tissue. Another 

15 - 20% was recovered in the mitochondrial pellet and 
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and the remainder was recovered in the nuclei, cell 

depris and soluble fraction. In the whole homogenate, 

the mean total cholesterol content was 8.3 µg/mg of protein. 

In the mitochondrial and microsomal fractions the mean 

cholesterol content, expressed in terms of total protein, 

was 8-10 times that in the whole homogenate. 

In monkeys 12 and 13, the cholesterol content of 

the four subcellular fractions of skeletal muscle was 

measured during three control periods without treatment 

and after three periods of treatment with nicotinic acid 

(250 mg/Kg twice daily for 5 weeks). Table 14 shows the 

• changes observed. The administration of nicotinic acid 

resulted in a 43%  decrease in the total cholesterol 

content of this tissue. The reduction was most marked 

in 'the fraction containing the cellular debris (800 g 

for 10 min) and the soluble fraction. Minimal changes 

were observed in the mitochondrial and microsomal fractions. 

When nicotinic acid treatment was stopped the total 

cholesterol content of skeletal muscle homogenate was 

increased to reach the pretreatment values. 

Table15 shows the succinic cytochrome c—reductase 

activity in the mitochondrial fraction of homogenates 

obtained during a control period and after nicotinic acid 

administration. The result indicates that the activity 

of this enzyme was not altered by nicotinic acid. Similarly, 

the activity of the microsomal enzyme NADP cytochrome 

c—reductase was not affected by nicotinic acid treatment. 



TABLE 14: Effect of nicotinic acid on 'protein and cholesterol 

content of skeletal muscle subcellular fractions.  

  

Tissue Fraction Protein Content 
mg/gram wet weight 

Control 	Treated 

Cholesterol 

lig/gram wet weight 

Control 	Treated 

Content 

Control 

p.g/mg protein 

Treated 

Whole homogenate 131 ± 6 116 ± 3 1090 ± 66 560 ± 20 (p4:0.025) 8.3 ± 0.4 4.9 ± 0.3 (104.0.02) 

Nuclei and debris 
(800 g sediment) 49 ± 5 40 ± 3 402 ± 47 173 ± 14 (p4;0.05) 8.1 ± 0.2 4.5 ± 0.7 (1040.05)1 

Mitochondria 
(15000 g sediment) 2.4 ± 0.1 2.3 ± 0.1 147 ± 3 129 ± 4 62 ± 3 57 ± 4 

Microsomes 
(105000 g sediment) 3.7 ± 0.5 3.5 ± 0.6 254 ± 12 214 ± 16 72 ± 10 64 ± 8 

Soluble fraction 
(105000g supernatent) 50 ± 	1.5 43 ± 2.1 237 ± 30 78 ± 1 (p<0.05) 4.7 ± 0.6 1.8 ± 0.1 

Results are means ± SEM. Biopsies were obtained from two monkeys during three control periods 

and during 3 periods of nicotinic acid therapy. Nicotinic acid (250mg/Kg twice daily) was given 

subcutaneously for 4-5 weeks. Skeletal muscle biopsies were homogenised and fractionated by 

centrifugation as described under Methods. Samples in each fraction were analysed in duplicate. 

indicates significant differences Letween values of the control and treatment periods (p value 

is shown in parenthesis). 



TABLE 15: 
	Effect of nicotinic acid  on mitochondrial and 

microsomal enzyme activities.  

Monkey 

no. 

Experimental 

condition 

Mitochondrial Succinic Cytochrome 

C—reductase 

Microsomal NADPH Cytochrome 

C—reductase 

mi.A/gr tissue 
wet weight mu/mg protein mm/gr tissue 

wet weight mil/mg protein 

Control 6.90 3.22 1.08 0.397 
12 

Treated 6.10 3.08 1.30 0.464 

• 
Control 8.40 3.23 1.90 0.466 

13 
Treated 9.20 3.68 2.22 0.485 

The mitochondrial and microsomal fractions were prepared from skeletal muscle homogenates. 

Duplicate aliquots were taken for determination of enzyme activities as described under Methods. 

Nicotinic acid (250mg/Kg body weight) was administered twice daily for 4-5 weeks. 
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DISCUSSION 

As pointed out in Chapter IIof this thesis, the 

reduction in cholesterol synthesis induced by nicotinic 

acid administration to monkeys was much greater than the 

reduction in the amount of cholesterol in the whole plasma. 

Since nicotinic acid did not alter the daily excretion of 

cholesterol by—products, it was therefore suggested that 

this drug must have increased the mobilization of choles-

terol from body tissues to the plasma. The results in 

this section have confirmed this suggestion. Nicotinic 

acid administration to monkeys produced a substantial 

decrease in the cholesterol content of skeletal muscle 

and skin biopsies obtained from these animals. These 

results confirm previous reports showing increased mobil-

ization of cholesterol from xanthomatous deposits in 

hypercholesterolaemic patients (Parsons and Madison, 1961) 

and would also account for the changes in plasma cholesterol 

specific radioactivity observed by Sodhi et al. (1973) in 

patients treated with nicotinic acid. Sodhi et al. (1973) 

labelled the plasma cholesterol in hypercholesterolaemic 

subjects using a pulse injection of (14C) cholesterol. 

Nicotinic acid was administered to these patients when 

the slope of plasma specific radioactivity became linear. 

The intake of nicotinic acid resulted in a decrease in 

plasma cholesterol concentration together with an upswing 

in the plasma cholesterol specific radioactivity curve. 

During the exponential decay of plasma cholesterol radio-

activity, the specific activity of cholesterol in some of 

the body tissues, including the skin and skeletal muscle, 
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is higher than that of the plasma (Myant 1971). It 

is therefore possible that the upswing in plasma 

cholesterol specific radioactivity was at least in 

part due to increased mobilization of cholesterol 

from these tissues to the plasma pool. 

It is unlikely that the reduction in tissue 

cholesterol concentration observed in this study was 

the result of increased tissue hydration or decreased 

cellularity of the tissue. The administration of 

nicotinic acid was not associated with any detectable 

changes in the water content of muscle biopsies obtained 

from these animals. Furthermore, the DNA content of 

skeletal muscle biopsies obtained from these animals 

before and after nicotinic acid treatment was similar. 

The reduction in tissue cholesterol content was obvious 

whether calculated on the basis of wet weight, dry 

weight or DNA content. These results indicate that 

the reduction in tissue cholesterol observed in this study 

was due to a decrease in cholesterol content per unit cell. 

The cholesterol in skeletal muscle and skin seems 

to constitute a major fraction of the total exchangeable 

pool in this species. Changes in the transport of 

cholesterol between these tissues and the plasma can 

therefore influence the plasma level of this compound 

appreciably. As shown in this study the exchangeable 

cholesterol in skeletal muscle and the skin accounts for 

about one third of the total body exchangeable pool. It 

should, however, be emphasized that these values are only 

approximate since the calculation of exchangeable 
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cholesterol in these tissues was based on a number of 

assumptions. The first of these assumptions considers 

the muscle and skin biopsies obtained from the upper 

lateral quadrant of the thigh to represent the corresponding 

tissue elsewhere in the body. Secondly, the calculation 

of the skeletal muscle and skin masses was based on the 

percentage body weight. Finally it was assumed that 70% 

of the skeletal muscle cholesterol and 50% of that in the 

skin are exchangeable with the plasma. These values were 

derived from the results of Wilson (1970) in his studies 

in monkeys. 

Within 5 weeks of nicotinic acid administration 

the amount of cholesterol mobilization from skeletal 

muscle and skin averaged 288 mg/kg body weight. During 

this period the amount of cholesterol mobilized from these 

tissues to the plasma was approximately 8 mg/kg body weight/ 

day. This value is nearly similar to that suggested by 

the isotopic experiments presented in Chapter 2 of this 

thesis and would explain the discrepancy in the magnitude 

of reduction in cholesterol synthesis and the decrease in 

serum cholesterol concentration induced by nicotinic acid. 

Though we did not obtain samples from the arterial 

walls, it is reasonable to assume that the cholesterol 

content of this tissue was also reduced during nicotinic 

acid therapy. The observations of Chobanian and Hollander 

(1962) have indicated that the cholesterol present in the 

arterial walls equilibrates with plasma cholesterol at 

rates similar to that occurring between the plasma and 

skeletal muscle and skin. Furthermore, Armstrong et al. 

(1969) found that changes in serum cholesterol were 

associated with concordant changes in the cholesterol 
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content of skeletal muscle, skin and arterial walls. 

During experimental hypercholesterolaemia the increment 

in tissue cholesterol was most marked in these three 

tissues with minimal changes in other tissues. These 

similarities justified the extrapolation of the results 

obtained in skeletal muscle and the skin to the vascular 

tree. If this assumption is proven, the increased 

mobilization of cholesterol from arterial walls would 

therefore account for the regression of atherosclerotic 

lesions in animals treated with nicotinic acid (Cava et 

al. 1959). 

It is not clear how nicotinic acid enhanced the 

mobilization of tissue cholesterol. Sodhi and Kudchodkar 

(1973) found a close correlation between the reduction in 

serum cholesterol concentration and increment in plasma 

cholesterol specific radioactivity in response to nico-

tinic acid treatment. It is, therefore, possible that 

the increased mobilization of tissue cholesterol was 

secondary to the decrease in plasma cholesterol concen-

tration. Alternatively, nicotinic acid might have 

increased the activity of the enzyme lecithin:cholesterol 

acyltransferase (LCAT) which stimulated the esterification 

of cholesterol in plasma HDL. The subsequent transfer 

of esterified cholesterol to the lower density lipoproteins 

would therefore increase the available sites on the surface 

of the HDL particles to accommodate more of the free 

cholesterol mobilized from tissues (Glomset, 1970). 

It is interesting to observe in this study that almost 

all of the cholesterol mobilized from skeletal muscle, 
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and a large fraction of that mobilized from the skin, 

was of the unesterified form, with minimal changes in 

cholesterol esters. The effects of nicotinic acid on 

the activity of the enzyme LCAT, however, remain to be 

investigated. 

The mobilization of cholesterol from tissues is 

not completely without any hazardous consequences, 

since cholesterol plays an important role in the structural 

stability and function of cellular membranes. The inter-

action between cholesterol, phospholipids and proteins 

in the components of the membranes determines the perm-

eability of these structures (Oldfield and Chapman, 1972). 

Thus, studies with artificial membranes have shown that 

changes in the cholesterol content of such membranes produce 

changes in the transport rates of glucose (Demel et al. 

1968), cations (Papahadjopoulos et al, 1972) and water 

(Finkelstein and Cass, 1967) across these structures. 

Experiments with biological membranes have confirmed these 

findings (Bruckdorfer et al. 1969; Kroes and Ostwald, 1971). 

It was therefore important to determine whether or not the 

cholesterol mobilized from tissues in response to nicotinic 

acid included part of the structural cholesterol. In this 

study it was observed that the cholesterol content/mg 

protein in skeletal muscle homogenates was much greater 

than the ratio in any of the purified membrane prepara-

tions previously reported in the literature (Weinstein 

et al. 1969). Hence, these results indicate that a major 

fraction of the cholesterol present in this tissue is in 
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storage form and is not part of the structure of its 

cellular membranes. Furthermore, the reduction in 

tissue cholesterol content induced by nicotinic acid 

was not associated with a comparable reduction in the 

protein content of tissue. Such observations suggest that 

the cholesterol mobilized was part of the storage fraction. 

This suggestion is further confirmed by the recent report 

of Carlson and Walldius (1972), indicating that the 

phospholipid content of skeletal muscle biopsies was 

altered in patients treated with nicotinic acid. 

Papahadjopoulos et al. (1973) postulated that the 

cholesterol in cellular membranes regulates the internal 

viscosity and determines the localization and function 

of some of the membrane enzymes. Thus, changes in 

cholesterol content of the mitochondrial membranes 

induce marked changes in some of the enzymes whose 

activity are maintained by the function of these membranes. 

Graham and Green (1970) observed that raising or lowering 

of the mitochondrial cholesterol content produced 

parallel changes in the activity of the enzyme succinic 

cytochrome c—reductase. This enzyme was found by these 

authors to be extremely sensitive to changes in the 

cholesterol content of the mitochondrial membranes. 

In order to assess whether nicotinic acid affected the 

structural cholesterol in these organelles, the succinic 

cytochrome c—reductase activity in mitochondria obtained 

from skeletal muscle of untreated animals was compared 

with that of similar preparations obtained from the 

same animals during nicotinic acid treatment. The results 
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indicated that the activity of this enzyme was not 

altered by nicotinic acid therapy. Furthermore, 

nicotinic acid did not produce any obvious changes 

in the activity of the NADPH cytochrome c—reductase, 

a similar enzyme which is localized in the microsomes. 

In conclusion, nicotinic acid was found to 

increase the mobilization of cholesterol from body 

tissues in addition to its hypocholesterolaemic effects. 

The mobilized cholesterol is part of the storage 

cholesterol in these tissues and probably does not 

affect the structural integrity or the function of 

the tissue cellular compartment. If these changes 

also occur in vascular tissua this would increase the 

therapeutic merits of this drug in the prevention and 

treatment of atherosclerosis. 
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CONCLUSION. 

Despite the gaps in our understanding of the 

pathogenic mechanisms involved in the production of 

hypercholesterolaemia, several therapeutic measures 

have been introduced to lower the serum cholesterol 

concentration in man. Of the pharmacological agents 

used, nicotinic acid has proved to be an effective 

drug both in normal subjects and in patients with 

hypercholesterolaemia. The mechanism by which this 

drug achieves its beneficial effects remains an 

enigma, in spite of the voluminous literature concerned 

with the problem. Part of the confusion, however, can 

be attributed to the fact that most of the studies 

performed to elucidate its action have been done in 

the rat. The results obtained in this animal cannot 

be extrapolated freely to man, since the matabolic 

behaviour of cholesterol in the rat differs markedly 

from that in humans. 

As shown in this study, about 54% of the total 

plasma cholesterol in normal Rhesus monkeys is trans-

ported in the plasma low density lipoprotein fraction 

(LDL). Plasma HDL contains about 39% of the total 

plasma cholesterol while the remaining 7% is transported 

in the VLDL fraction. The distribution of cholesterol 

among the plasma lipoprotein classes in this species 

is therefore much closer to that of human subjects than 

is the distribution in rats. Furthermore, the choles-

terol : phospholipid triglyceride : protein ratio in 
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each of the plasma lipoprotein classes in the monkey 

is not markedly different from that previously reported 

in man. This is in contrast to that found in rats, a 

species in which most of the plasma choleSterol is 

transported in the plasma HDL. When one considers the 

marked differences between each of the individual lipo-

protein classes as regards their composition, synthesis 

and transport, and the possible effects of such differences 

on the overall metabolism of cholesterol, it becomes 

apparent that the rat represents a poor experimental 

model to apply to man. In order to obtain information 

that can be applied to clinical problems, the investi-

gations on the effect of nicotinic acid on cholesterol 

metabolism described in this thesis were carried out in 

Rhesus monkeys. 

As has been reported previously in man, prolonged 

administration of large doses of nicotinic acid to normal 

Rhesus monkeys resulted in a substantial fall in serum 

cholesterol concentration without significant side effects. 

The reduction in serum cholesterol observed during the 

treatment period was not associated with a detectable 

change in the faecal excretion of endogenous steroids. 

In two monkeys the plasma cholesterol was labelled by a 

pulse injection of (14C) cholesterol. When the fall in 

plasma specific radioactivity became exponential, the 

excretion of bile acids and neutral sterols derived from 

endogenous sources was determined. After a control period 

nicotinic acid was administered (250 mg/Kg twice daily) 

for 4-5 weeks and the faecal collection was continued. 
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The results indicated that nicotinic acid does not 

increase the excretion of cholesterol degradation products. 

In both monkeys however, there was an increase in the 

faecal clearance of total steroids during the treatment, 

suggesting that nicotinic acid enabled the animal to 

maintain a normal output of steroids at a decreased serum 

cholesterol concentration. 

During nicotinic acid treatment,there was a decrease 

in hepatic synthesis of cholesterol. This effect was 

responsible, at least in part, for the observed flattening 

in the decay curve for plasma cholesterol specific radio-

activity, since the fall in specific radioactivity after 

intravenous ( 140) cholesterol is due partly to replacement 

of circulating radioactive cholesterol by non-radioactive 

molecules newly synthesized. The observed decrease in 

hepatic synthesis of cholesterol raises the question as to 

how far this effect can account for the fall in serum 

cholesterol concentration. The results indicated that 

partial inhibition of cholesterol synthesis by nicotinic 

acid could easily account for the decrease in the amount 

of circulating cholesterol in the absence of any "increase in 

faecal excretion of steroids. This would still be true if 

some cholesterol enters the plasma from other tissues, a 

possibility strongly suggested by the observations reported 

in Chapter iv . Since the liver is a major source of 

exchangeable cholesterol of endogenous origin in monkeys 

the inhibition of hepatic synthesis may have been respon-

sible for much of the effect of nicotinic acid on serum 

cholesterol concentration observed in the present work. 
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The inhibition of cholesterol synthesis induced by 

nicotinic acid could be due to a direct effect upon specific 

enzymatically catalysed steps in the formation of choles-

terol itself. On the other hand, since cholesterol is 

incorporated into lipoprotein before its secretion into 

the circulation, it is possible that the synthesis of 

cholesterol in the liver is linked obligatorily to that 

of apoproteins of plasma lipoproteins, and that inhibition 

of cholesterol synthesis may be due indirectly to inhibition 

of lipoprotein synthesis. In three monkeys studies were 

performed to evaluate the possible effects of nicotinic acid 

on the synthesis of plasma apolipoproteins. 

In Rhesus monkeys the effects of nicotinic acid 

on plasma cholesterol concentration appear to be almost 

entirely due to a decrease in the amounts of circulating 

VLDL and LDL molecules, without detectable changes in 

their composition. The importance of this observation can 

be realised when one considers the fact that the solubility 

characteristics of these particles are determined by the 

relative proportions of their components. A change in one 

of these components might therefore alter the solubility 

of a lipoprotein in the plasma and thus facilitate its 

deposition in the arterial walls, an effect which is not 

desirable. A selective effect of nicotinic acid on plasma 

VLDL and LDL as observed in this study might also explain 

why nicotinic acid has so little effect on plasma choles-

terol concentration in the rat, a species in which HDL is 

the main carrier of circulating cholesterol. 



During treatment with nicotinic acid the incorpor-

ation of 14C threonine into total proteins of VLDL and 

LDL was markedly reduced, suggesting an inhibition of the 

rate of the synthesis of these molecules. An effect of 

nicotinic acid on the specific radioactivity of the hepatic 

pool of threonine is unlikely to have contributed to the 

decrease in 14C incorporation, since the treatment had 

no effect on incorporation of 14C into albumin or HDL. 

It is therefore possible that the inhibition of hepatic 

cholesterol synthesis induced by nicotinic acid was 

secondary to the effects of this agent on the synthesis 

of the apolipoproteins of plasma VLDL and LDL. 

To exclude a selective effect of nicotinic acid on 

a particular class of lipoprotein peptides, the incor-

poration of 14C into the major peptides was determined. 

Fraction II, the major apoprotein of monkey VLDL separated 

by Sephadex chromatograpy, was eluted at a position similar 

to.that shown by apoprotein C, the major apoprotein of human 

VLDL. The group of peptides present in this aproprotein were 

resolved on polyacrylamide gel electrophoresis and were found 

to give a pattern similar to that shown by human apoprotein 

C. The behaviour of fraction I (the major apoprotein of 

monkey LDL) on gel chromatography was similar to that of 

human apoprotein B. Presumably, therefore, fraction I of 

monkey plasma lipoprotein is equivalent to apoprotein B of 

human LDL. The decreased incorporation of 140 into total pro-

teins of VLDL and LDL after treatment with nicotinic acid was 

associated with proportionally similar decreases in 14C 

incorporation. 
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into fractions I and II, suggesting that the synthesis 

of both apoproteins was inhibited to about the same extent. 

Several lines of evidence indicate that during the 

enzymatic breakdown of VLDL in the human circulation, 

apoprotein B of VLDL is transferred to LDL. However, it 

is not certain whether VLDL is the only source of LDL 

in man or whether some of the circulating LDL is derived 

directly from the liver or intestine. It was therefore, of 

interest to explore this phenomenon in the monkeys since 

the changes in plasma LDL induced by nicotinic acid could 

be secondary to a primary change affecting the metabolism 

of plasma VLDL. In three experiments in which the specific 

radioactivity was measured in the protein of VLDL and LDL, 

the appearance of radioactivity in VLDL preceded that in 

LDL and the peak specific radioactivity in the B protein 

of LDL occurred at the point of intersection of the curve 

of VLDL B protein with that of LDL B protein. This is 

consistent with a precursor-product relationship between 

VLDL B protein and LDL B protein. However, a more direct 

approach to the problem of deciding what proportion of 

the monkey's LDL B protein is derived from VLDL is to 

compare the loss of 14C from VLDL B protein over a given 

period with the gain in 140 by LDL B protein over the same 

period. In the three experiments the increase in radio-

activity in LDL B protein between 12 and 2-1--  hours was 3-4 

times the decrease in VLDL B protein in the same volume of 

plasma. These findings suggest that some of the B protein 

of LDL in monkeys is derived from sources other than 

circulating VLDL and that part of the effects of nicotinic 

acid could be the result of its direct effects on these 

altcvnative 
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Though no attempt was made to identify the biochemical 

basis of the inhibitory effects of nicotinic acid on plasma 

lipoprotein or cholesterol synthesis, the results presented 

in this thesis allow one to make certain speculations 

concerning such a mechanism. As shown in this study, a 

single injection of nicotinic acid to monkeys resulted 

in an immediate and substantial fall in plasma FFA level, 

followed by a reduction in plasma triglyceride concentration. 

Since plasma FFA exerts a regulatory control over the hepatic 

synthesis of the apolipoprotein peptides, with possible 

secondary changes in cholesterol synthesis, it is possible 

to explain the effects of nicotinic acid in terms of its 

effects on plasma FFA concentration. Alternatively, 

nicotinic acid might exert direct effects on the enzymati-

cally catalyzed reactions responsible for the synthesis of 

plasma apolipoproteins or of cholesterol. 

Another beneficial effect of nicotinic acid which 

was observed in this study concerns the ability of this 

drug to increase the mobilization of cholesterol from body 

tissues. Thus, nicotinic acid administered to monkeys 

resulted in a substantial fall in the cholesterol content 

of skeletal muscle and skin. This effect might also 

explain the flattening in the plasma cholesterol specific 

radioactivity curve after intravenous injection of (14C) 

cholesterol since the tissue cholesterol would be expected 

to acquire a higher specific radioactivity than serum 

during this period. These results would also explain the 

disappearance of skin xanthomata in hypercholesterolaemic 

patients treated with this drug. 
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The cholesterol mobilized in response to nicotinic 

acid is part of the cholesterol stores in these tissues 

and probably does not include structural cholesterol, since 

the reduction in tissue cholesterol was not associated 

with a comparable decrease in protein or DNA content. 

Furthermore, nicotinic acid did not alter the activity 

of the mitochondrial succinic cytochrome c—reductase, an 

enzyme which is sensitive to changes in the cholesterol 

content of the mitochondrial membranes. 

The mechanisms by which nicotinic acid increases 

the mobilization of tissue cholesterol is as yet unclear. 

It is possible that these changes are secondary to the 

reduction in serum cholesterol, though a direct effect 

of nicotinic acid on tissue cholesterol cannot be excluded. 

The possible consequences of the effects of this drug on 

cholesterol mobilization from arterial walls and its 

relation to the natural history and progression of the 

atherosclerotic plaque remain to be identified. 
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