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The discovery of the heparin clearing reaction has suggested that heparin, in

addition to its well known function as an anticoagulant, may be implicated in

the transport of fat. When heparin is given intravenously to an animal which is

absorbing fat and which has a visible lipaemia, plasma samples withdrawn a

few minutes after the injection are clear (80, 180). Heparin added to lipaemic

plasma in vitro does not cause clearing of the lipaemia, but, when plasma from

an animal previously injected with heparin is mixed with lipaemic plasma

clearing does occur in vitro (4). Thus after the administration of heparin to an

animal the blood contains a so-called clearing factor.

The clearing reaction has now been investigated extensively and compre-

hensive reviews of the subject are available (117, 151). A complete survey will

not be attempted here but particular attention will be given to the following

aspects: the measurement of clearing activit.y, the release and mechanism of

action of the clearing factor and the possible physiological significance of the

reaction in fat transport..

THE NATURE OF THE CLEARING REACTION

The turbidity of the plasma in alimentary lipaemia is due to the presence of

large numbers of visible lipid particles or chylornicra.2 It is now generally ac-

cepted that plasma obtained after heparin injection (post-heparin plasma) clears

this turbidity in vitro because it contains an enzyme which hydrolyses the

triglycerides of chylomicra. The unesterified fatty acids (U.F.A.) liberated

combine with plasma albumin and, since the complex formed is soluble and the

‘External Staff of the Medical Research Council.
2 The term ‘chylomicron’ was introduced by Gage and Fish (65) in 1924 to describe the

lipid particles which were responsible for the turbidity of lipaemic plasma. The term has

been used here in a wider sense to include lipid particles in both lipaemic plasma and chyle.
The source, either plasma or chyle, has been noted wherever this is relevant, since there is
evidence that the lipid particles from plasma and chyle are not identical.
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chylomicra disappear, the plasma becomes clear. These changes occur in vitro

without any alteration in total fatty acid content (cf. 151).

The clearing factor is therefore a lipase. There is no evidence that it acts

directly in vitro on any lipid in chylomicra other than triglyceride (171), although

it is possible that cholesterol present may be redistributed in association with

the U.F.A. released during lipolysis (1 19, 154).

The changes in blood lipids which follow the injection of heparin in the living

animal appear to be explained in terms of the lipase demonstrated in vitro, but

in addition the conversion of chylomicron triglyceride to U.F.A. increases the

rate at which fatty acids leave the blood. The clearing observed in vivo is the

result of both these effects.

That intravascular lipolysis of triglyceride occurs in z’iuo after heparin is

injected is suggested by the changes in the distribution of the low density lipo-

proteins.3 There is a fall in the concentration of lipoprotein components of

lowest density and highest triglyceride content and a concomitant rise in the

denser components, containing less triglyceride (35, 76, 119, 120). The U.F.A.

content of the plasma also increases (74, 77, 78, 120, 175).

The increase in the electrophoretic mobility of the lipoproteins found after

heparin injection during alimentary lipaemia (cf. 117, 151) is probably caused

by an association of U.F.A. released on lipolysis with the plasma lipoproteins

as well as the plasma albumin (72, 111, 130).

Heparin injection causes a fall in the total fatty acid content of plasma during

alimentary lipaemia which suggests that fat leaves the circulation at an increased

rate (24, 78, 120). This is confirmed by experiments in which the rate of removal

from the circulation of injected triglyceride is followed. Heparin causes an

increase in the rate of removal of injected chylomicra obtained from plasma

(21), of artificial triglyceride emulsions (58) and of homologous fatty chyle

(79). This increased rate of removal is probably the result of intravascular

lipolysis since U.F.A. when introduced into the circulation are removed very

rapidly (11, 53, 55, 57, 113), presumably by dissociation of a fatty acid-albumin

complex at the capillary membrane. The mechanism of this dissociation is not

understood (cf. 61).

The action of a lipase in the blood after the injection of heparin appears,

therefore, to be an adequate explanation of the different aspects of the clearing

reaction as observed both in vitro and in vivo.

An enzyme which appears to be identical with the lipase present in the blood

after heparin injection has been demonstrated in extracts of heart and adipose

tissue (106, 107, 108a, 109). The relationship of the enzyme in the tissues to that

in the blood will be considered below.

The lipoproteins can be separated on the basis of their behaviour in the ultracentrifuge
into high and low density groups (cf. 120). These correspond approximately to the classi-

fication of a- and $-lipoproteins as based on chemical fractionation and electrophoresis.

Both groups are complex and can be subdivided further. In particular, the low density

lipoproteins form a large cla.ss of molecules the density of which decreases as their triglvc-
eni(le content increases.
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The measurement of clearing factor lipase activity

A variety of methods has been used to measure the activity of clearing factor

lipase in post-heparin plasma and tissue extracts, and a number of general

principles have become established which should he taken into account in future

work. In the first place it is important wherever possible to make direct measure-

ments of the rate of lipolysis rather than of turbidity change. The turbidity of a

lipid emulsion depends not only on its lipid content but also upon the nature of

the emulsifying agents present., with the result. that lipid preparations with the

same triglyceride content can have different turhidities. For example, under

certain conditions, non-turbid low density lipoproteins containing triglyceride

may be present in a chylomicron preparation and may act as substrates for the

clearing factor lipase, yet their breakdown will not result in any turbidity change

(25, 107, 120). The clearing of a lipid emulsion may occur also by changes in the

physical structure of the emulsion as well as by chemical changes in the lipid

components which are being studied. 1\ioreover, a change in turbidity from the

chemical reaction alone may he obscured if the turbidity of the suspending

medium changes as a result of protein or fatty acid precipitation. For these

reasons the rate of turbidity change in a clearing system may not correspond to

the rate of lipolysis.
Before the lipolytic liature of the clearing reaction was recognized the rate of

change in turbidity was the only measurement made. Whenever subsequent

study has shown that the rate of clearing could he correlated with the rat.e of

lipolysis, the main conclusions drawn from the earlier work have been

confirmed. However, where this correlation does not exist., the earlier findings
may have been misleading. For example, the lipaemia which is produced in the

rabbit by excessive bleeding was at. first. thought to he associated with an

inability t.o produce clearing factor, since it was not abolished by heparin

injection (176). However, subsequent study has shown that lipolysis does occur

in vitro in post-heparin plasma from t.hese animals (152). This suggests that a

further investigation should he undertaken of ot.her situations where a lack of

response t.o heparin has been assumed on the basis of clearing studies alone (30,
40, 41, 63).

During clearing factor lipase action in vitro lipolysis proceeds rapidly to the

monoglycerides and these are then broken down more slowly (16). Further, the

plasma albumin becomes saturated as an acceptor of released U.F’.A. at. a

1.F.A./albumin ratio of approximately 6/1 (150). If in any test system the

albumin concentration is low initially or if some of its binding sites are already

occupied by U.F.A. or other substances, the rate and extent of lipolysis of an

added lipid substrate may be reduced. For these reasons it is important when

measuring clearing factor lipase act.ivity to add albumin and substrate in ade-

quate amounts and to record the initial rates of lipolysis.

When comparing the response of different individuals to heparin it is essential

to work within the linear dose-response range and to measure plasma lipolytic

activity at varying intervals after injection. The response of an individual to
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heparin increases with the amount of heparin injected up to a maximum, and

if this maximum is exceeded the response is no longer quantitative (62, 128).

In some individuals the activity in the blood rises and falls rapidly ; in others it

follows a more prolonged time-response curve (37). Lipolytic activity measured

at a single time interval after injection, therefore, can give only incomplete

information.

If the lipolytic activity measured in plasma in vitro after heparin injection is

reduced it is possible that the amount of lipase induced may be normal but that

inhibitors of the enzyme are present in the blood. Such inhibitory substances

can be detected by measuring clearing activity in a control sample of post-

heparin plasma to which a pre-heparin sample of the plasma under investigation

has been added. The presence of an inhibitor of clearing in a protein fraction

obtained from normal plasma has been reported (6, 95, 96). Further investi-

gations should be made to determine whether this fraction also reduces the rate

of lipolysis. Certain components of the blood, including platelets, white cells

and extracts of platelets and white cells, are also reported to inhibit t.he clearing

reaction (50, 129). Although the degree of inhibition may be small under normal

conditions it is preferable to remove these components before estimating lipo-

lytic activity. Substances such as bile salts, which inhibit the clearing factor

lipase in vitro, may be present in the plasma in certain pathological conditions

and may cause an apparent reduction in response to heparin. Animals which

have been injected with thorium dioxide fail to respond to heparin (116) but

this may be due to the presence in the blood of inhibitors of the clearing factor

lipase after thorium dioxide injection rather than to a failure t.o release the

enzyme (149).

There are several reports in the literature of deficiencies in the release of

clearing factor in response to heparin with increasing age and in certain patho-

logical conditions, notably in atherosclerosis. Most of these studies are difficult

to interpret in view of the above considerations. With the possible exception of

some (84), though not all (32), cases of essential hyperlipaemia no deficiency in

the response to heparin has yet been conclusively demonstrated.

The mechanism of action of the clearing factor lipase

The substrate. A number of different lipid preparations will act as substrates

for the clearing factor lipase. They include lipaemic plasma obtained during the

absorption of a fatty meal, chylomicra recovered by centrifugation from

lipaemic plasma, chylomicra from fatty chyle, and various artificial triglyceride

emulsions. The chylomicra obtained from plasma by centrifugation and t.he

chylomicra in chyle are het.erogenous and contain turbid lipid particles of

varying size and composition. In addition there are in lipaemic plasma and in

chyle non-turbid low density lipoproteins which contain triglyceride (39, 119,

139). The relative proportion of such lipoproteins present in any chylomicron

sample will increase with the speed of centrifugation used in its preparation.

These lipid preparations will now he considered in relation to the substrate
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specificity of the enzyme. Artificial triglyceride emulsions prepared with syn-

thetic emulsifying agents are, in general, adequate substrates for the clearing

factor lipase in post-heparin plasma although the rates of lipolysis observed may

vary with the agent used and certain of them may be inhibitory. Artificial

emulsions do not seem suitable for the study of the clearing factor lipase present

in extracts of heart and adipose tissue. Korn (107) and Korn and Quigley (109)

showed that an emulsion of coconut oil was attacked at only a slow rate by these

extracts unless small quantities of either serum or a high density lipoprotein

fraction from plasma were present.

Chylomicra from chyle are suitable substrates for the lipase in post-heparin

plasma and in extracts of adipose tissue (62, 149). Such chylomicra contain over

90 % of their fatty acids as triglycerides together with small quantities as phos-

phatides and cholesterol esters (22, 88, 110, 147). The phosphatide component is

essential for their stability (147). They also contain a small amount of protein,

reported by different investigators to vary from a trace to 2 % of the dry

weight. The percentage found may depend on the conditions used in separating

the chylomicra from subnatant lymph protein (19). If the chylomicra are pre-

pared by flotation at a relatively low centrifugal speed, the percentage protein

in the final preparation may be as low as 0.2 %; when flotation is carried out at a

higher speed, the final protein content is higher. This may be due either to

differences in the protein content of different density fractions of chylomicra

or to contamination with non-turbid lipoproteins.

There seems little doubt that a small quantity of protein is present in t.he

chylomicron though the amount is not sufficient to form a complete layer over

the chylomicron surface (19). This prot.ein is complex and has been separated

into three components by end group analysis and other techniques (159).

One of these components is indistinguishable from the protein moiety of a high

densit.y lipoprot.ein fraction of plasma. Anot.her is similar to one of the protein

components of the low densit.y lipoproteins. The third has not been characterized.

While it is unlikely that the high density lipoprotein could be present as a

contaminant of the chylomicron fraction, the low density lipoprotein may be.

Further study is needed before this component. can be accepted as a t.rue constit-

uent of the chylomicron.

Chylomicra which have been prepared from lipaemic plasma or serum, or

chylomicra recovered by centrifugation from chyle and subsequently incubat.ed

with plasma, differ from chylomicra obtained directly from chyle in their electro-

phoretic mobility (52), their higher protein content (147, 166) and their im-

mediate hydrolysis by pancreatic lipase preparations (147). They are suitable

subst.rates for both the clearing factor lipase in post-heparin plasma and in

extracts of heart and adipose tissue and they contain protein which closely

resembles that in a high density lipoprotein fraction from plasma (166).

The non-turbid low density lipoproteins from human plasma serve as sub-

strates for the clearing factor lipase in post-heparin plasma and in extract.s

of rat heart (107, 120). However, studies have not been carried out. on specific
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low density lipoprotein fractions of differing triglyceride content ; hence, the

minimal triglyceride concentration required for lipolytic breakdown of such

substrates is unknown.

Since the clearing factor lipase in tissue extracts attacks only coconut oil

emulsions which have been activated by a high density lipoprotein from plasma,

and since chylomicra from chyle and plasma contain a similar lipoprotein, it has

been suggested that the lipoprotein plays an important part in the action of the

clearing factor lipase (109). These considerations have led Korn (106, 107) to

propose the term ‘ lipoprotein lipase’ for the enzyme. This term has not been

adopted here for the following reasons. The requirement for high density lipo-

protein is not absolute. Coconut oil emulsions are attacked in the absence of

lipoprotein though at a reduced rate (109), and olive oil emulsions, which have

been prepared wit.h a mixture of serum phosphatides as emulsifiers, are hydro-

lysed at a rate up to 50 % of the rate of breakdown of chylomicron triglyceride

(149). Further, the action of the lipase is not on the lipoprotein but upon the

triglyceride of the lipid preparation and, even if the intact lipoprotein molecule

is a specific activator, a classification of lipases based on activators alone does

not seem justified. The term ‘clearing fact.or’ was introduced by Anfinsen,

Boyle and Brown (5) before the lipolytic nature of the clearing reaction was

appreciat.ed and has been generally accepted in the literature. The term ‘clearing

factor lipase’ seems adequate, therefore, to designate the enzyme.

The function of heparin. The effect of exogenous heparin in inducing clearing

activity in the blood was established in the early experiments. Heparin is not

unique in this respect and many suiphated polysaccharides act in the same way.

Dextran suiphates, suiphated alginic acid, suiphated cellulose, sulphated amylo-

pectin, sulphated hyaluronic acid, Paritol (a polyanhydromannuronic acid poly-

sulphuric acid ester), and Treburon (a sulphated sodium salt of polygalacturonic

acid methyl ester methyl glycoside) have all been shown to induce clearing

activity on inject.ion (38, 67, 70, 118). The ability of dextran sulphat.es, of the

same molecular weight but different sulphur content, to induce activity increases

with an increase in their sulphur content (156). However, the presence of sul-

phate groups is not essential, since phosphomolybdate, phosphotungstate, silico-

tungstate, and polymetaphosphate are all active (21, 86). These substances, like

heparin, have strongly negatively charged polar groups and it seems t.hat this

property may be necessary for the induction of the clearing factor lipase. Exog-

enous heparin can increase the activity of the enzyme in extracts of heart. and

adipose tissue (99, 108a). The effect of other substances with negat.ively charged

polar groups has not been investigated.

Heparin may form an integral part of the lipase. Korn (108) has shown that

t.he enzyme in extracts of adipose t.issue is progressively inactivated by a bacterial

heparinase preparation. It is also inhibited by pyrophosphate and other phos-

phate derivatives, and this inhibition can be reversed by heparin (106). It has

been suggested that such inhibitors competitively replace the heparin which is

normally bound to the enzyme. No comparable st.udies have been made on the

enzyme in post.-heparin plasma. The inhibition of post-heparin plasma activity by
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protamine sulphate, a known heparin antagonist, is inconclusive evidence since

protamine sulphate also has a direct effect on the chylomicroe substrate

(24a).

Korn and Quigley (109) have suggested that heparin provides the link between

the enzyme and the lipoprotein moiety of its substrate. It may be relevant that.

heparin will combine with lipoproteins and has been used as a complexing agent.

in the purification of the low density fraction (26, 27, 34, 137).

The combination of an enzyme with its substrate is a generally recognized

concept in enzymology, and in the case of water-soluble lipases must be achieved

either by their association at an oil-water interface or by their penetration into

the oil phase. In either case a combination of the enzyme with its substrate

should be demonstrable. This has been achieved for the clearing factor lipase as

follows. If post-heparin plasma is stored with a chylomicron preparation at 0#{176}C

and the mixture then centrifuged at high speed the lipid layer which separates

possesses all the enzyme activity originally present in the post-heparin plasma

(158). Similarly, if an extract of adipose t.issue is incubated with an activat.ed

coconut oil emulsion and the mixture then centrifuged at high speed the enzyme

activit.y originally present in the extract can be recovered in the lipid layer (109).

Heparin may have a further function in stabilizing the clearing factor lipase

in plasma. After the passage of post-heparin plasma at 0#{176}Cdown an anion-

exchange column which removes at least part of the heparin from the plasma,

t.he clearing activity of the effluent from the column, although initially Un-

changed, falls rapidly on incubat.ion at 37#{176}Cand is completely abolished in 10

minutes (148). The activity of the effluent is maintained at 37#{176}Cif heparin is

added before incubation but., once the activity has been destroyed, heparin will

not re-activate the system.

The inhibit.ory action on clearing factor lipase of protamine sulphate and

other similar subst.ances (cf. 117, 151) may be due to their ability to combine

with heparin and so reduce the stability of the enzyme. In t.he presence of

protamine sulphate in vitro the lipolytic act.ivity of a sample of post-heparin

plasma is high initially but is lost on incubation at 37#{176}Cfor 10 minutes (153).

When protamine sulphate is injected in an animal which has been injected

previously with heparin, t.he clearing activity of the plasma is not destroyed

immediately, as might be expected if the inhibit.ion were directly on the enzyme,

but can be det.ected in samples withdrawn some three to four minutes after the

protamine (174, 175). The activity of samples of plasma withdrawn subse-

quently is not restored by adding heparin in vitro.

In conclusion, it should be emphasized that t.he funct.ions of heparin have been

discussed almost entirely in terms of exogenous heparin. Wit.h t.he exception of

Korn’s experiments there is no clear evidence that endogenous heparin is a

specific component of clearing factor lipase as this normally occurs.

Comparison of the clearing factor lipase with pancreatic lipase and with esterases.

The clearing factor lipase is distinct from the esterases normally present in

plasma. It is possible, however, that it. may hydrolyse such substances as tn-

butyrin, ethylbutyrate and �-naphthyl laurate (cf. 117). In this sense it possesses
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esterase, in addition to lipase, activity but this can be clearly differentiated from

the normal plasma est.erase by the use of inhibitors.

Clearing factor lipase resembles pancreatic lipase in its action on triglycerides

containing long chain fatty acids. With both enzymes lipolysis proceeds rapidly

to the monoglycenides, and then the hydrolysis of these occurs much more

slowly (15, 16). The two enzymes can be distinguished by their susceptibility

to inhibitors and activators (94, 1 17, 151). Pancreatic lipase also differs from

the clearing factor lipase in requiring no prior activation of its triglyceride

substrate by lipoprotein. It acts less rapidly on an emulsion of coconut oil after

this has been activated by lipoprotein (107), and acts on chylomicra from chyle

only after a distinct lag period, which can be abolished by prior incubation of

the chylomicra with a Cl. welchii lecithinase preparation (147).

In conclusion, it appears that more detailed information on the mechanism of

action of the clearing factor lipase will require study of the purified enzyme in a

clearly defined substrate system. Although some success in purifying the enzyme

from post-heparin plasma has already been achieved (93, 135), most studies

are carried out at present on the crude enzyme in plasma or in tissue extracts.

When the pure enzyme is available it should be possible to determine the exact

role of heparin in the enzyme system, for example, and to obtain more precise

information on the substrate specificity.

The release of clearing factor lipase into the circulation

Although clearing factor lipase is present in various tissue extracts, it is

obtained in highest concentration by release int.o the circulation after heparin

injection. The amount of enzyme released rises with the amount of heparin

injected up to a maximum, but very small quantities of heparin will produce

detectable activity in the blood: less than 1 .�g of heparin per kg of body weight

is sufficient in the rat (158).

The enzyme is apparently widely distributed in the body. Perfusion of heparin

through the circulation of the hind limb, the lung, abdominal viscera or skin

causes the liberation of clearing factor lipase into the perfusate (lOla, 153, 177,

180). However, activity is not released after the perfusion of hepanin through

the circulation of the brain or of the isolated liver (132, 177).

After the injection of heparin, lipolytic activity appears in the blood ex-

tremely rapidly. In the rabbit it can be detected in blood samples taken from

the femoral vein within twenty seconds of injecting heparin into the femoral

artery. The time taken for activity to appear is no greater than the time taken

for the injected hepanin to traverse the capillary bed of the hind limb (153).

These observations suggest, either that the enzyme is already in the circulating

blood and is activated by heparin, or that the enzyme is released from some

binding site immediately accessible to heparin in the circulating blood.

The failure to induce the clearing factor lipase by the addition of heparin to

blood, serum or plasma in vitro indicates that the former alternative is incorrect.

This is supported by the observation that the perfusion of heparin in albumin

solution through an isolated hind limb, from which the blood has been washed
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by perfusion of albumin alone, induces lipolytic activity in the perfusate (153).

The amount of plasma protein, other than albumin, in this system is extremely

small; hence, if a plasma factor is necessary, in addition to the albumin required

as an acceptor of U.F.A., it need only be present in trace amounts (cf. 5).

As further evidence that clearing factor lipase may be normally liberated

from some site immediately accessible to substances in the circulating blood,

it has been shown that the enzyme appears rapidly after the injection of dextran

sulphates of high molecular weight which are thought not to leave the circula-

tion (156).

Extract.s of heart, adipose and other tissues contain clearing factor lipase

(5, 99, 106, 109, 184) and it has been suggested that, in extracting the enzyme

from heart., heparin may release the lipase from its binding site in the tissue

(99). The amount of enzyme in heart extracts is considerably greater, per gram

of tissue, than that in other tissue extracts so far studied. Although exact quan-

titative data are not available, it does not seem, however, that the amount of

enzyme detectable in extracts of any single tissue could account for the high

level of activity in the blood after heparin injection. Moreover, the presence

of the enzyme in various tissue extracts provides no information as to the

precise site of the enzyme in the tissues concerned. A possibility that could

account for the presence of high levels of activity in the blood immediately

following heparin injection and the presence of the lipase in extracts of vascular

tissues is that the enzyme is normally localized in the blood vessel walls (151).

If a histochemical technique, of the type used to demonstrate the cellular lo-

calization of other lipases, could be suitably adapted, then it might be possible

to determine the site of the clearing factor lipase specifically.

The mechanism whereby hepanin releases the enzyme from its binding site

is unknown though it appears to depend on the negative charge associated

with the heparin molecule. Two possibilities require investigation. Either

exogenous heparin may bring the enzyme into solution by combining with it,

or heparin may displace the enzyme and itself become bound at the sites which

the enzyme previously occupied. There is some histochemical evidence that

hepanin and related substances have an affinity for a constituent of the blood

vessel wall (51, 165).

THE ROLE OF THE CLEARING FACTOR LIPASE IN FAT TRANSPORT

The clearing reaction, as it occurs in the blood after heparin injection, is an

artificial phenomenon which does not necessarily have a direct relationship to

the physiological role of the clearing factor lipase. This section will be con-

cerned, t.herefore, with the possible location and functions of the enzyme in the

absence of exogenous heparin.

It would seem probable that clearing factor lipase, with its ability to hydrolyse

the triglycerides of chylomicra and low density lipoproteins, has an important

function in fat transport. Recent investigations have shown that fat transport

is extremely complex and involves the continual intermixing and recycling of

fat.ty acids in the body (17, 43, 54, 114, 115). Since many of the details of these
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processes are still unknown, the attempt here to assign a particular role to the

clearing factor lipase must be tentative. The subject will be discussed mainly

in relation to the role of the lipase in the distribution of chylomicron fat to the

tissues and in the mobilization of depot fat during starvation. This division,

though helpful in discussing the available data, may not be entirely justified

in view of the complex nature of the problem, and may need reinterpretation

in the future.

The removal of chylomicron fat from the blood

The chylomicra which carry triglycerides into the bloodstream from the

intestinal lymphatics are relatively large particles, 0. 1 to 1 .5 � in diameter.

Although there is a moderate rise in the total blood fatty acids during fat ab-

sorption (123) chylomicron fat is removed very rapidly from the circulation.

In the rat, the entry of fat into the blood at a rate of about 1 mg per minute

causes a sustained rise of only 20% in the total triglyceride content, indicating

that the rate of removal of fat balances its rate of entry (9). Isotopically labelled

chylomicron fat has a circulating half-life of only a few minutes when injected

intravenously (57, 58, 88). A significant proportion of the fat removed from the

blood is taken up by the liver from which it may be redistributed (17, 20, 59):

after the injection of labelled chylomicra in the rat, Borgstrom and Jordan

(17) found that the maximum rate of uptake of fatt.y acids in the liver was

0.4 mg per minute-that is, approximately 40% of the rate of entry of tri-

glyceride into the blood during fat absorption. Approximately 20 to 25 % of the

injected fat disappearing from the blood can be recovered from the liver, while

the remainder either appears as carbon dioxide or is taken up directly by other

tissues including the fat depots and skeletal and cardiac muscle (20, 59). The

pattern of distribution varies considerably with the nutritional state. In the

carbohydrate fed animal for instance, 25 to 30 % of the fat can be recovered

from the fat depots (20).

The mechanism of this rapid removal of chylomicron fat from the blood is

incompletely understood. The triglyceride which reaches the liver cells can do so

without prior lipolysis (17, 132), though when lipolysis does occur, t.he liver

takes up TLT.F.A. readily (91, 132). Whether chylomicron fat is taken up by other

tissues as triglyceride or as U.F.A. is at present uncertain. Experiments on

adipose tissue incubated in vitro have shown an uptake by the tissue of both

U.F.A. and triglycerides though t.he latter only at a slow rate (168, 169). Studies

by Borgstrom and Jordan (17), in which chylomicron triglycerides labelled in

both glycerol and fatty acid moieties were injected intravenously, indicate

that hydrolysis of the triglyceride precedes uptake by adipose tissue. On the

other hand, there is conflicting evidence on the abilit.y of adipose tissue to take

up U.F.A. introduced directly into the bloodstream (20, 114). This is clearly

an aspect of the problem which demands further investigation.

Removal as triglyceride. To explain the uptake of chylomicron fat as triglyceride

by the liver, and possibly by other tissues, it has been suggested that a proportion

of t.he chylomicra reaches the tissue fluids and thence the tissue cells as intact
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particles from the bloodstream (cf. 61). Lymph collected from various sites

in the body contains chylomicra during alimentary lipaemia and these are most

abundant in the lymph from the liver (39, 131).

The problem of how chylomicra are transported across the capillary membrane

into the tissue spaces in largely an anatomical one. It may perhaps occur most

readily in the hepat.ic circulation where the endothelial lining of the blood

sinusoids has a fenestrated structure (49, 81, 162) but this is not a general

feature of blood capillaries (8) and there is at present no evidence that the

capillaries of adipose tissue, for example, have a specialized structure of this

sort. (cf. 134). The possibility that. chylomicra might be fragmented in the blood

into smaller lipid complexes, which would penetrate capillary endot.helium

more readily, has not been investigated.

There is evidence t.hat the reticulo-endothelial system has a role in the removal

of fat particles from the blood. When artificial triglyceride emulsions are in-

t.roduced into the bloodstream they are taken up by Kupifer cells and other

cells of this system (66, 100). Diet.ary cholesterol, which enters the blood with

chylomicra, also appears in the Kupffer cells (28) and blockade of the reticulo-

endothelial system with colloidal substances causes hypercholesterolaemia (64).

On the basis of this type of experiment it has been suggested that Kupffer cells

have a function in transferring fat from the blood to the hepatic cells. On the

ot.her hand, following the injection of chylomicra or after their perfusion through

the isolated liver, fat. appears in the parenchymal cells of the liver rather than

t.he Kupffer cells (131, 132, 133). Chylomicra are also t.aken up much less readily

than artificial emulsions by ret.iculo-endothelial cells at other sites (60). However,

t.he removal of labelled chylomicra from the blood occurs at an exponential

rate which is inversely proportional to the initial concentration. These kinetics

are similar to those observed with particles known to be removed by the reticulo-

endothelial system (58), so that there is the possibility that chylomicra are taken

up initially by phagocytosis, though not necessarily by cells forming part of the

ret.iculo-endothelial system (cf. 81).

It was thought that direct information on the uptake of chylomicra as particles

would be obtained if their phosphatide or protein moiety as well as the tri-

glyceride fatty acid were labelled. If the chylomicra were removed intact, then

t.he phosphatide and protein labels should disappear from t.he blood at the same

rate as the triglyceride label. In such experiments, the rate of removal of the

phosphatide and protein was found to be much slower than that of the tri-

glyceride fat.ty acid (87, 126, 138, 160). However, it was discovered t.hat the

phosphatide and prot.ein in chylomicra exchanged with the same components

of the plasma lipoproteins so that they could not be considered as fixed com-

ponents of the chylomicron. For this reason the experiments have proved in-

conclusive so far. Recently, Hillyard, Cornelius and Chaikoff (91) have found

that when chylomicra containing labelled triglyceride and cholesterol are perfused

through t.he isolated rat liver, the cholesterol is removed much more slowly than

the triglyceride component. Their findings cannot apparently be accounted for

by the rate of exchange of cholesterol between chylomicra and lipoproteins.
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If their interpretation is correct then, even in the liver, some disruption of the

chylomicron particles may occur before the fat is taken up by the parenchymal

cells.

Removal as unesterified fatty acid. The evidence reviewed above for the direct

uptake of chylomicron triglyceride by the liver and the possibility that this

may occur in other tissues does not exclude alternative mechanisms of removal

from the blood. The possibility, which is more relevant to the subject of this

review, is that the removal of triglyceride as such is supplemented by a mechan-

ism which involves hydrolysis of triglyceride, either in the blood or at the

capillary site of transfer to the tissues. It has been established that the heparin-

induced clearing reaction facilitates the removal of chylomicron fat from the

bloodstream as a consequence of lipase action. The evidence that a similar

process may occur during fat absorption in the absence of exogenous heparin

will now be considered.

The orderly sequence of lipoprot.ein molecules of decreasing t.riglyceride

content found in the blood during alimentary lipaemia and following the in-

jection of low density plasma lipoprotein fractions could represent the products

of the partial breakdown of chylomicron triglyceride by lipolysis (69, 103,

119, 141).

A small increase in the U.F.A. content of the plasma occurs during fat ab-

sorption (77, 78, 155, 175) and, when chylomicra in which the triglyceride is

labelled are injected intravenously, the plasma TJ.F.A. becomes labelled and it.s

specific activity rises. The extent of this rise in specific act.ivit.y will be influenced

by the concentration and rate of turnover of unlabelled endogenous LT.F.A.

in the blood at the time. The specific activities observed have in fact. varied

from 10 to 50% of the specific activity of the injected triglyceride (56, 57, 88).

Mead and Fillerup (127) have shown that the specific activity of the mono-

and diglyceride fractions in plasma increases during the ingestion of labelled

triglyceride indicating that some lipolysis is occurring. Borgstrom and Jordan

(17), in their experiments with doubly labelled chylomicron fat already referred

to, also obtained evidence for partial hydrolysis of chylomicron triglyceride

during its removal from the blood.

There appears, therefore, to be good evidence t.hat partial hydrolysis of

chylomicron fat occurs during its removal from the circulation. What is the

evidence that this is brought about by the clearing factor lipase? In t.he first

place, substances such as protamine sulphate or Triton WR 1339 (an aryl alkyl

polyether of phenol, equivalent to Triton A20), which inhibit the lipase in vitro,

cause a prolongation of alimentary lipaemia and delay the rate of removal of

injected chylomicra from the blood (21, 24, 58, 105, 173). These results are con-

sistent with the proposed role of clearing factor lipase, but there is some difficulty

in interpreting them since it is not known that the substances act solely as

specific inhibitors of the enzyme in vivo. They may affect the behaviour of

chylomicra in other ways. It has been found that Triton WR 1339 alters the

distribution of injected chylomicron fat in the intact, animal and increases the

uptake of chylomicra by reticulo-endothelial cells, presumably by altering the
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surface properties of the particles (59, 60); protamine sulphate will combine with

and cause the flocculation of chylomicra in vitro (24a).

More direct evidence for the activity of clearing factor lipase in the blood

during alimentary lipaemia has been obtained in the rat. Plasma samples ob-

tamed after a fatty meal clear added chylomicra spontaneously by a reaction

which appears to be identical with the clearing induced by heparin (101, 157, 158).

Under optimal conditions it has been estimated that up to 30 % of the total

chylomicron triglyceride entering the blood could be hydrolysed by this spon-

taneous clearing reaction. The same phenomenon, but at a lower level of ac-

tivity, has been demonstrated in several other animal species (102). In man,

while sonjle lipolysis does occur in blood withdrawn after a fatty meal, the level

of activity is much smaller t.han in the rat and accounts for the hydrolysis of

only a small percentage of the dietary fat entering the blood (46, 47, 48, 155).

The absence during alimentary lipaemia of high levels of clearing factor lipase

in the blood of certain species, including man, has given rise to the concept

that, although the enzyme may be concerned in the removal of chylomicron

fat from the blood, its main action is not in the circulating blood but at the

binding site of the enzyme (151). The possibility that this site may be in the

blood vessels has already been mentioned; if this is so, then the main action of

the enzyme may occur during the passage of chylomicron fat through the vessel

walls. The appes.rance of some enzyme activity in the blood could be explained

by the binding of the enzyme at the surface of chylomicra which cont.inue to

circulate (see above). The various lipolyt.ic products of chylomicron fat which

have been identified in the blood during alimentary lipaemia may then represent

the products of the action of this circulating enzyme. On the other hand, they

may be formed at the binding site where, in addition t.o the product.s which

pass directly to the tissues, some may leak back into the bloodstream.

There is considerable� uncertainty about the quantitative role of the mecha-

nisms which have been proposed for the disposal of chylomicron fat and about

their relative importance at different sites in the body. It appears unwise at

present to interpret changes in the rate of removal and pattern of distribution

of dietary fat in terms of these mechanisms. However, many interesting ob-

servations will need to be fitted into any scheme which may be proposed. For

example, the degree of alimentary lipaemia is greater and more prolonged in

males than in females (68), and is increased in certain pathological states such as

atherosclerosis, nephrosis and diabetes (13, 31, 90, 92, 98, 125, 132a, 143, 182).

There may also be effects of carbohydrate m� t.abolism and hormonal stimuli

on the removal and patt.ern of distribution of dietary fat. (1, 2, 3, 20).

The mobilization of depot fat

The fat depots form 10 t.o 20% of the body neight in a normal adult animal

and are composed largely of triglycerides. They are not. metabolically inert.

Most of the biochemical reactions occurring in ot.her tissues, and particularly

those concerned with lipid metabolism, occur in the depots (170, 181) and there

appears to be a constant movement of fatty acids, as well as of other metabolites,
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to and from adipose tissue (82, 168, 167). However, under conditions where

carbohydrate utilization by the tissues is minimal, as for instance in starvation

and in diabetes, there is a net movement of fatty acids away from the depots

which seems to be under hormonal and nervous control (54, 168). The possible

importance of the clearing factor lipase in this mobilization of depot fat will

now be considered.

It is generally assumed that all mobilized fat is transported directly from the

depots to the blood, and the subject will be discussed from this viewpoint..

The alternative possibility, that mobilized fat enters the blood indirectly via

the lymph, was suggested by Rony, Mortimer and Ivy (161) but at present has

little experimental support. Analyses of lymph from the thoracic duct of the

rat during starvation show no elevation of the total fatty acid content (149).

However, since it is known that fat particles introduced into tissue spaces are

taken up in the lymph (183) this aspect of the subject merits further invest.iga-

t.ion.

Mobilized fatty acid is transported in the blood either as triglyceride or as

U.F.A. The view that phosphatides and cholesterol esters carry a large propor-

tion of the mobilized fatty acids is no longer tenable, though these lipids may

have import.ant subsidiary functions in fatty acid transport (82, 122, 142).

The importance of the role of the U.F.A. fraction is based on several types of

observations. Firstly, under conditions of fat mobilization, for example, in

starvation, in diabet.es and after the injection of adrenaline and noradrenaline,

there is a rise in the concentration of the plasma U.F.A. (42, 74, 112, 175).

This rise is promptly reversed by glucose administration in starvation or by

insulin treatment in diabetes. The reversal appears to be caused by a diminution

in the output of mobilized fat.ty acids by the fat depots rather than by an en-

hanced utilization by the peripheral tissues (11). Preparations of growth hormone

administered to hypophysectomized rats also raise the level of t.he plasma U.F.A.

and will increase the release of U.F.A. from adipose tissue in vitro (45a, 105a,

144a). On the other hand, substances such as glucagon and tolbut.amide (1-butyl-

3-p-tolyl-sulphonylurea) cause a fall in the level of the plasma U.F.A. (9a, 10).

Secondly, it has been shown in man and in the dog that t.he uptake of U.F.A.

by the heart is sufficient to provide for the caloric needs of the cardiac muscle

in starvation (73, 136). This upt.ake is accompanied by a rise in t.he concentra-

tion of U.F.A. in blood draining areas rich in adipose tissue. The uptake by t.he

myocardium and the output by the areas rich in adipose tissue is abolished by

carbohydrate ingestion.

Turnover of the plasma U.F.A. is rapid in the fed animal and increases further

during starvation (11, 53, 55, 57, 88, 113, 114). The turnover of U.F.A. in the

blood in man has been calculated to be sufficient during starvation for the

transport. of up to 5000 calories as fatty acid per day (53, 113). Although the

U.F.A. transported is not all utilized immediately, data on the production of

carbon dioxide during starvation in man suggests, nevertheless, that approxi-

mately 50% of the caloric needs are satisfied by the oxidation of the U.F.A

fraction (55).
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Fatty acids are stored in the depots as triglycerides and it is evident that a

lipase must be involved at some stage in their mobilization as U.F.A. It has

been recognized for many years that lipases are present in the fat depots (144,

145) though the nature of these lipases and their exact site of action in the tissue

are unknown. More recently the clearing factor lipase has been identified in

extracts of adipose tissue (109).

Intact adipose tissue from starved rats releases U.F.A. when incubated

in vitro and the rate of release is decreased by glucose and insulin and increased

by adrenaline and by growth hormone (75, 105a, 146). Wadstr#{246}m (179) found

an increase in the proportion of mono- and diglycerides in adipose tissue after

the injection of adrenaline.

These observations are consistent with lipase action in the cells of adipose

tissue. However, the rate of release of U.F.A. in vitro by intact adipose tissue

from starved rats is far too low to account for the known rate of transport of

U.F.A. during mobilization (75). Moreover it is not influenced by the presence

of such inhibitors of the clearing factor lipase as sodium pyrophosphate, sodium

chloride in high concentrations and protamine sulphate (149). Nor does intact

adipose tissue from st.arved rats hydrolyse added chylomicron triglyceride

from chyle in vitro. There is the further possibility t.hat the U.F.A. released

on the incubation of adipose tissue from starved rats in vitro is derived in part

from a pool of U.F.A. in the tissue (114, 115, 146).

At present, therefore, although lipases occur in adipose tissue, the evidence

for their action, and specifically for the action of the clearing factor lipase,

in the fat cells during mobilization is inconclusive. The possibility remains that

triglycerides are mobilized as such and that the hydrolysis which accounts for

their appearance in the blood occurs at some later stage in their transport.

Changes in the level of the plasma triglycerides do occur during fat mobiliza-

tion. In starvation the concentration of triglycerides, and of low density lipopro-

teins rich in triglyceride, rises in t.he plasma; carbohydrate administration

causes the levels to return to normal (33, 85, 163). In diabetes similar rises

occur with a return to normal levels after insulin treatment (12, 29, 71, 83,

124, 140, 178). Pancreatectomy in the rat causes a rise in the level of plasma

triglycerides unless the fat depots have been depleted by starvation, and the

rise is reversed by insulin injection (36). The elevations of plasma triglycerides

which follow adrenaline injection (44, 45, 104), repeated haemorrhage (14, 97),

irradiat.ion (89), the injection of certain non-ionic surface active agents of the

Triton (polyether alcohol) and Tween (complex esters such as Tween 80, poly-

oxyethylene sorbitan monooleate) (105) types, and which occur during preg-

nancy (18), may be due in part to the mobilization of lipid from the depots as

triglyceride. The injection of protamine sulphate in starved animals also

produces a marked and rapid rise in the concentration of triglycerides in the

plasma (21), and the lipid mobilizing substances of bot.h posterior and anterior

pituitary origin, which have been reported recently, increase the concentration

of t.he plasma triglycerides (164, 172); their effect on the plasma U.F.A. level

has not been studied.
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The rate of turnover of the triglyceride fatty acids in plasma is high. As

deduced from studies on the incorporation of labelled acetate into the tn-

glyceride fatty acid molecule, it is much more rapid than that of the cholesterol

ester and phosphatide fatty acids (82, 121, 122, 142). Bates (7) has reported

a turnover of injected plasma triglyceride fatty acids in the dog of approximately

1 .5 g per hour ; but in her experiments the turnover curves were complex and

the plasma triglyceride and U.F.A. fractions were not distinguished. Laurell

(115) has measured the turnover of plasma triglyceride in starving rats and

found it to be approximately 20% of the turnover of the plasma U.F.A.

These findings suggest an important function for the plasma triglycerides in

fat mobilization. However, they are difficult to interpret since the rises in con-
#{149}centration which occur may represent the recycling as triglyceride of fatty

acids originally mobilized as U.F.A. (119). There is little evidence for the direct

release of triglyceride from isolated adipose tissue in vitro (146) and if it does

occur in vivo the mechanism is unknown. There appear to be three possible forms

of fat mobilization which would be consistent with the observed elevations in

plasma triglyceride and U.F.A.

1. Triglyceride is hydrolysed within the adipose tissue cells and passes through

the capillary membrane into the blood as U.F.A. Recycling of mobilized U.F.A.

may occur as triglyceride.

2. Triglyceride leaves the adipose tissue cells as such but is hydrolysed in the

course of its transit across the capillary membrane and enters the blood as

U.F.A. Some triglyceride may pass into the blood unchanged or mobilized

fatty acids may be recycled as triglyceride.

3. Mobilized fatty acid enters the blood as triglyceride and is distributed to

the tissues by mechanisms analogous to those already discussed in relation to

the disposal of dietary fat.

It is impossible at present to decide between these possibilities and hence to

know at what point in mobilization a lipase is involved. The clearing factor

lipase does not appear to be restricted to adipose tissue and this makes it un-

likely that the main function of the enzyme is to hydrolyse triglycerides within

adipose tissue cells. Such hydrolysis if it occurs during mobilization, as seems

probable, may depend on the action of other lipases. If, on the other hand,

hydrolysis occurs during the passage of triglyceride fatty acids across the capillary

membrane, then this may be a function of clearing factor lipase in fat mobiliza-

tion analogous to that which has aready been proposed in discussing the dis-

posal of dietary fat..

The redistribution o�f triglyceride

A furt.her possible function of the clearing factor lipase must be considered

briefly. It is that the enzyme is active in the distribution of triglyceride fatty

acids which enter the blood from organs other than the fat depots. This may

occur when triglycerides are synthesized in particular organs or when tri-

glycerides taken up by the liver, for example, during fat absorption or mobiliza-

tion, are recycled in the blood. Some recent interesting studies by Laurell
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(115) have suggested that in the glucose-fed animal, when presumably the

synthesis of fatty acids in the tissues is taking place, a considerable proportion

of the plasma triglyceride, present largely in low density lipoprotein complexes,

is derived from the liver. Further, the plasma triglyceride is the source of most

of the plasma U.F.A. under these conditions. It is evident that., since the clearing

factor lipase is active on triglycerides present in low density lipoprotein com-

plexes, it could be responsible for this production of U.F.A. so facilitating the

transfer of fatty acids to the peripheral tissues. Further investigation of this

aspect of fat transport is needed.

CONCLUSION

Since Hahn’s first observation on the clearing reaction a considerable amount

of work on the clearing factor lipase has been carried out. Although many of the

properties of the enzyme are now known, the precise role of hepanin in its func-

tion and its substrate specificity still need to be defined further.

The main problems in determining the physiological role of the enzyme in

fat transport are that neither the exact site of action of the enzyme nor the

significance of lipolysis in the various stages of fat transport has been fully

established.

The weight of evidence indicates that clearing factor lipase is not normally

active in the blood and that its appearance t.here in high concentration is an

artificial consequence of hepanin injection. However, the rapidity of this ap-

pearance in the blood suggests that the normal site is readily accessible to the

circulation and on t.hese grounds a location in the vessel wall has been proposed.

Lipase activity must be involved at some stage in the utilization of dietary

and depot triglycerides, since before the triglyceride fatty acids can be oxidized

in the tissues they must be released as U.F.A. The observation that clearing

factor lipase acts readily on chylomicra and low density lipoproteins containing

triglycerides suggests that these transport forms of triglyceride are the natural

substrate for the enzyme. Further, since there is considerable difficulty in under-

standing how these particles and macromolecules can cross the capillary membrane

readily without prior hydrolysis in organs other than the liver, the probable role

of the enzyme at this stage in fat transport has been emphasized. There is no def-
inite evidence that clearing factor lipase is specifically implicated at other stages

of fat transport., namely in the hydrolysis of triglyceride in the fat cells dur-

ing mobilization or in the tissue cells where the utilization of triglyceride fatty

acids occurs. It may well function, however, in the redistribution of triglyceride

fatty acids to the peripheral tissues.

The transport of fatty acids to and from the tissues via the blood is a complex

process involving the continual intermixing of dietary, synthesized and stored

fatty acids and the recycling of triglyceride fatty acid as U.F.A. and v-ice

versa. Until these various processes are more clearly understood it must remain

uncertain whether the proposed role of clearing factor lipase in facilitating the

passage of triglyceride fatty acids across the capillary membrane will provide

a complete assessment of the functions of this enzyme.
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