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By regulating the rate of adipocyte triacylglycerol synthesis, the acylation-stimulating
protein (ASP) pathway plays a critical role in postprandial triacylglycerol clearance (Baldo
et al. 1993). The objective of the present paper is to outline how the ASP pathway operates
and to describe the temporal relationship between chylomicron triacylglycerol hydrolysis
and ASP generation by adipose tissue in vivo. If these observations are taken together with
the previous in vivo studies of subcutaneous adipose tissue metabolism by Frayn et al.
(19944,b), substantial and fascinating differences in the metabolism of VLDL and chy-
lomicrons become evident. Most importantly, appreciation of the role of the ASP pathway
allows a critical distinction to be drawn between the overall rate of triacylglycerol clear-
ance from plasma and the effectiveness of triacylglycerol storage in adipose tissue, it being
dysfunction of the latter process which is intimately linked with the overproduction of
hepatic apolipoprotein B-100 lipoproteins so commonly found in patients with coronary
artery disease.

THE ASP PATHWAY: IN VITRO DATA

ASP is produced by the interaction of three proteins which have been shown to be secreted
by both murine and human adipocytes. These are the third component of complement (C3),
factor B, and adipsin (or factor D). These three proteins interact such that a seventy-seven
amino acid amino terminal fragment of C3 is generated. In vivo, however, the terminal
arginine of this fragment is removed almost immediately by carboxypeptidases to produce
a seventy-six amino acid basic peptide, ASP. By a variety of techniques, however, we have
shown that ASP is identical to C3adesarg, the terminal product of the alternate complement
pathway (Baldo et al. 1993).

ASP is the most potent stimulant of triacylglycerol synthesis in human adipocytes yet
described (Cianflone et al. 1989a,b). ASP also markedly increases triacylglycerol synthesis
in human skin fibroblasts (Cianflone er al. 1989a,b), but it produces only a relatively
modest stimulation of triacylglycerol synthesis in HepG2 cells (Cianflone er al. 1990b).
ASP is produced in differentiated human adipocytes to a much greater extent than in
human pre-adipocytes, and the increase in ASP production during differentiation is
associated with increased mRNA for C3, adipsin, and factor B, increases which precede the
marked increase in triacylglycerol synthetic capacity which occurs in these cells as they
differentiate (Cianflone et al. 1994; Cianflone & Maslowska, 1995). Of particular
importance, as adipocytes differentiate and become larger with greater triacylglycerol
synthetic capacity and triacylglycerol mass, they become more responsive to ASP
(Cianflone et al. 1995); i.e. in contrast with the response to insulin, larger adipocytes
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display no evidence of resistance to the stimulatory effects of ASP on triacylglycerol
synthesis (Walsh et al. 1989).

The mechanisms by which ASP causes triacylglycerol synthesis to increase are now
known in some detail. Two different effects can be demonstrated: the first being
stimulation of the last (in adipose tissue probably rate-limiting) enzyme (Haagsman e? al.
1982) involved in triacylglycerol synthesis, diacylglycerol acyltransferase (Yasruel et al.
1991); the second, an increase in specific membrane transport of glucose (Germinario et al.
1993; Maslowska et al. 1997; Tao et al. 1997). Increased diacylglycerol acyltransferase
(EC 2.3.1.20) activity produces increased fatty acid incorporation into triacylglycerol and,
therefore, an increased rate of fatty acid uptake by adipocytes. The other effect of ASP, the
stimulation of specific membrane glucose transport, is also of considerable interest. ASP
stimulates glucose transport in human skin fibroblasts (Germinario et al. 1993), human
adipocytes (Maslowska et al. 1997), and L6 myotubes (Tao ef al. 1997). Of interest is the
observation that the effects of ASP on glucose transport appear to be independent of insulin
and, in the case of human skin fibroblasts and L6 myotubes, additive to insulin.

THE ASP PATHWAY: IN VIVO DATA

Adthanah amwentlyr licited dueuo data on nlesma ASP devals ate-accumulatine. Mat
unexpectedly, plasma ASR levels are-elevated.in obesity and’ return: towards: norma¥* with
weight loss (Sniderman et al. 1991; Cianflone et al. 1995). Plasma ASP levels are increased
in patients with coronary artery disease (Cianflone et al. 1997) and the potential
significance of this will be discussed later (p. 710). At this point, however, it is the
postprandial data on which we will focus. In normal subjects following an oral glucose
load, plasma ASP does not change, while following an oral fat load, plasma ASP levels
gradually rise and then fall, the changes closely linked in time with the changes in plasma
triacylglycerol (Cianflone et al. 1989b). If ASP is involved in triacylglycerol clearance, a
significant increase in the postprandial period would be anticipated.

These data raised the possibility that chylomicrons might be involved in the processes
which lead to the increased generation of ASP, and the relationships between the
generation of ASP in the postprandial period and chylomicron metabolism have been
pursued further. In a recently completed study, plasma samples were obtained from a
superficial anterior abdominal wall vein which drains subcutaneous adipose tissue, and
samples of arterialized venous blood were also obtained from a vein draining the hand (J.
Saleh, K. Cianflone, A. D. Sniderman, L. Summers and K. Frayn, unpublished results).
Matched sets of samples were obtained during an oral fat load administered to eight normal
and four obese subjects and the veno—arterial gradients for plasma triacylglycerol and ASP
were calculated.

As expected, there is a negative veno-arterial gradient for triacylglycerols, pointing to
removal of triacylglycerols from plasma by the adipose tissue as the blood passes through.
By contrast with triacylglycerols, the veno-arterial gradient for ASP is positive,
establishing that ASP is generated within the adipose tissue microenvironment in the
postprandial period, a portion of that which has been generated escaping in the venous
effluent to enter the general circulation. However, the temporal relationship between the
removal of triacylglycerols and the production of ASP is also of considerable interest, with
the most marked removal of triacylglycerols occurring when the generation of ASP has
become substantial within the adipose tissue bed. The temporal relationship between the
plasma triacylglycerol curve and the veno-arterial triacylglycerol differences deserves
comment as well. During the first half of the postprandial period, plasma triacylglycerols
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rise, indicating that the removal capacity has been exceeded. But, as previously noted, the
veno-—arterial gradients indicate that maximal removal of triacylglycerols does not occur
until the second half of the postprandial period. This paradox can only be resolved if the
removal capacity varies during the postprandial period, being substantially less in the first
half compared with the second half of the period. By increasing the adipocyte
triacylglycerol synthetic capacity, ASP should increase triacylglycerol removal by adipose
tissue. Since ASP release is maximal in the second half of the postprandial period, greater
triacylglycerol removal by adipose tissue during this time would be expected.

These findings are consistent, therefore, with the hypothesis that ASP does play an
important role in the uptake of fatty acids from chylomicrons to adipocytes. They also
suggest a causal relationship between chylomicrons and generation of ASP. That such a
relationship exists has been demonstrated during in vitro experiments which sought to
determine which factor(s) added to the medium in which human adipocytes were cultured
caused increased generation of ASP (Maslowska et al. 1997). Glucose and fatty acids had
no effect, whereas insulin caused a modest (two-to-threefold) but significant increase in
ASP generation. By contrast, chylomicrons caused a profound increase in ASP generation
when added to the medium, the effect being time- and concentration-dependent. The other
lipoproteins, VLDL, LDL, and HDL, had no stimulatory effect. The mechanism by which
chylomicrons produce the effect is now being studied in detail, but involves greatly
increased secretion of C3 by adipocytes, thus the increase in ASP is not simply due to
enhanced interaction of its three precursor proteins and increased conversion of C3 to ASP.

DIFFERENCES IN CHYLOMICRON AND VLDL METABOLISM BY ADIPOSE TISSUE

These new findings must be added to those already obtained which indicate marked
differences in the metabolism of VLDL and chylomicrons by adipose tissue. Until recently,
only quantitative differences between the metabolism of chylomicrons and VLDL by
peripheral cells were appreciated. Both lipoproteins are triacylglycerol-rich and both are
acted on by lipoprotein lipase (EC 3.1.1.34; LPL) which has been activated by apo C-II. In
vivo chylomicron triacylglycerols are certainly hydrolysed much more rapidly than VLDL-
triacylglycerols (Grundy & Mok, 1976), but the underlying mechanisms that explain the
degree of this difference have yet to be established in vitro.

However, recent in vivo studies in human subjects of the metabolism of these
lipoproteins have added much new, and in some respects unanticipated, information. One
of the most important of these observations is that, with the exception of the very largest
particles, VLDL are degraded sequentially, larger particles being converted into smaller
ones (Packard er al. 1986). Because sequential degradation can be recognized in plasma, it
can be concluded that VLDL particles bind to endothelial cells, the triacylglycerols within
them are partially hydrolysed, and the particles are then released again into the general
circulation. They bind again and are released again. The number of times this sequence is
repeated is unknown, but that such a sequence exists seems certain from the radiotracer
data which show precursor—product relationships between large and smaller VLDL
particles which become in turn IDL and LDL particles.

The peripheral metabolism of chylomicrons and very large VLDL differ from this
model. In normal subjects, postprandially, no more than one-third of the particles in the
Svedberg flotation unit (Sy) > 400 fraction are converted to S; 60-400 material and, equally
strikingly, no further conversion to denser particles can be recognized (Karpe et al. 1995).
Given their short half-life in plasma and given the time required for LPL to hydrolyse the
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triacylglycerols within them, chylomicrons seem likely to bind only once to endothelial
cells before being removed irreversibly from the circulation.

Why then are chylomicrons cleared so much more rapidly than VLDL? Goldberg
(1996) has pointed out that since, on average, VLDL are one-fifth the diameter of
chylomicrons, they have one-twenty-fifth the chance of contacting the capillary
endothelium compared with chylomicrons. On the other hand, VLDL particles outnumber
chylomicron particles by at least 20:1 (Karpe ez al. 1995), so that this explanation, i.e.
greater propensity to initial contact, seems unlikely to hold. More probably, we believe,
there is a difference in the strength of association once formed. Chylomicrons almost
certainly will interact with many more LPL molecules than will VLDL and the overall
strength of association will be correspondingly greater. Moreover, the strength of
association between the triacylglycerol-rich lipoproteins and the endothelial surface will be
determined by the rate at which fatty acids can be taken up by the tissue. This transfer or
trapping of fatty acids is much greater in the case of chylomicrons than VLDL. The factors
which determine this transfer rate (surface area of contact and activation of the ASP
pathway) will be explained later.

The second major difference in the peripheral metabolism of VLDL and chylomicrons
has been shown by the studies of subcutaneous adipose tissue metabolism by Frayn et al.
(1994a,b), and concerns the difference in the fate of the fatty acids which have been
released from them. In the case of chylomicrons, about 50 % of the fatty acids which are
released are taken up by the adipocytes within the microenvironment, whereas in the case
of VLDL, the percentage taken up is very much less, being only about 5% (Frayn et al.
1994a4,b). These differences may explain the previous statement, i.e. that there may be
major differences in the endothelial binding characteristics of the two triacylglycerol-rich
lipoproteins. Chylomicrons are much larger than VLDL and so the surface contact with the
endothelium should be much larger. Scow er al. (1976) have examined the physical
pathway by which fatty acids must move to adipocytes and, simply put, fatty acids must
move through endothelial cell membranes, within and through the endothelial cell to reach
the underlying adipocytes. Could the much greater trapping of fatty acids released from
chylomicrons be due, at least in part, to the greater surface interaction per bound particle
compared with VLDL? The greater the bound surface, the more intense the binding to the
endothelial cells and the greater the area available for fatty acids to exit to adipocytes rather
than escape to the plasma compartment. In addition, however, we believe there is another
explanation for the difference between the peripheral metabolism of chylomicrons and
VLDL,; i.e. the effectiveness of the ASP pathway in trapping of fatty acids released from
chylomicrons.

THE ASP PATHWAY AS A DETERMINANT OF TISSUE TRAPPING OF FATTY ACIDS
RELEASED FROM CHYLOMICRONS

The overall rate of plasma triacyigiycerol clearance is the sum of several processes. The
first of these is the rate at which chylomicrons are able to bind to endothelial cells within
tissues such as adipose tissue and muscle, and be hydrolysed by LPL. Until the action of
LPL on a bound particle is completed, no other particle can take its place. However, that is
not the whole story; also crucial is what happens to the fatty acids which are released. Once
LPL starts to act, fatty acids are released suddenly and massively within the capillary
microenvironment. If these fatty acids are not immediately transferred to the adipocytes in
the subendothelial space, they will bind to albumin, leave the capillary, and enter the
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general circulation (Fig. 1). There are thus two paths they may take: one to the adipocyte,
the other to the general circulation.

The ASP pathway, by influencing the rate of adipocyte triacylglycerol synthesis, is
critical in determining which route the newly liberated fatty acids actually take. To the
extent that adipocyte triacylglycerol synthesis increases as required, then fatty acids
released from chylomicrons will be directed into these cells and not released into the
general circulation. There is, therefore, necessarily an inverse relationship between these
two metabolic fates; the greater the proportion of fatty acids that are trapped by the
adipocytes, the smaller the proportion that will enter the general circulation. In this model,
the ASP pathway promotes energy storage by increasing the proportion of fatty acids which
are stored in adipocytes rather than being released into the general circulation. Recent
studies of chylomicron metabolism in rats highlighted adipose tissue as the most effective
at trapping the fatty acids released by LPL (Hultin et al. 1996) and we would suggest that it
is the ASP pathway which gives it this directionality.

If the adipocyte cannot adequately assimilate the fatty acids released from the
chylomicron, then excess fatty acids will enter the general circulation (Fig. 2) and excess
fatty acid entry into the general circulation will stimulate the increased secretion of VLDL
particles by the liver, which will then result in an increased number of LDL particles
(Sniderman et al. 1992a). The increased fatty acid flux may also contribute to the syndrome
of insulin resistance, reviewed recently by Frayn et al. (1996). More to the point here is that
the overproduction of hepatic apo B particles in hyperapobetalipoproteinaemia (hyperapo
B) or familial combined hyperlipidaemia (FCHL) may be secondary to a fault in the
peripheral metabolism of chylomicrons; i.e., a reduced rate of uptake of fatty acids by
adipocytes (Sniderman et al. 1992b).

This reduced rate will also have other consequences. In vitro studies have
demonstrated that increased fatty acid concentrations will inhibit the action of LPL
(Bengtsson & Olivecrona, 1980), will displace it from the endothelial surface (Saxena er al.
1989), and will separate the apo C-II-LPL complex which is essential for triacylglycerol
hydrolysis (Saxena & Goldberg, 1990). From these studies, two in vivo predictions can be
made: first, if the tissue uptake of fatty acids is diminished, plasma triacylglycerol

Metabolic fate of FFA
released from chylomicrons:

NORMAL

Adipocyte
Fig. 1. The normal disposition of fatty acids released from chylomicrons: a portion escaping to the systemic circulation,
a major portion being trapped by the adipocyte. Lipoprotein lipase (EC 3.1.1.34; LPL) activity is maintained by uptake,
ie. trapping of fatty acids by the adipocyte. ASP, acylation-stimulating protein; FFA, free fatty acids; TAG,
triacylglycerols.
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Metabolic fate of FFA
released from chylomicrons:

HyperapoB / FCHL

> FFA-albumin

Adipocyte

Fig. 2. The disposition of fatty acids released from chylomicrons in patients with hyperapobetalipoproteinaemia or
familial combined hyperlipidaemia (hyperapo B/FCHL) due to a defective acylation-stimulating protein (ASP)
pathway: the portion escaping to the systemic circulation being larger than normal, the portion trapped by the adipocyte
being smaller than normal. Note that lipoprotein lipase (EC 3.1.1.34; LPL) activity is reduced secondary to product
inhibition. FFA, free fatty acids; TAG, triacylglycerols.

clearance will be delayed in the absence of any abnormality in LPL itself; second,
abnormal triacylglycerol-rich chylomicron remnants will be characteristic of such a
peripheral defect. Hepatic uptake of such remnants will also stimulate the secretion of
VLDL particles because it represents a second mechanism of increased delivery of fatty
acids to the liver (Sniderman et al. 19924,b). Moreover, given that these triacylglycerol-
rich remnants accumulate in plasma, whereas normal chylomicron remnants do not, it
seems likely that they are removed less readily by the liver than are the normal
chylomicron remnant particles. Certainly, impaired triacylglycerol clearance is character-
istic of hyperapo B or FCHL (Genest et al. 1986), as is the postprandial accumulation of
larger, presumably triacylglycerol-enriched, remnants (Castro Cabezas et al. 1993). If the
difference in removal rate lies primarily in the effectiveness with which normal and
abnormal remnant particles are removed by the liver, it becomes unnecessary to consider
the liver to be at fault in any important respect. One of the most striking, and least
commented on, features of hyperapo B or FCHL is that the metabolism of all the
lipoprotein classes is abnormal. If the model presented here is valid, more and more of the
multiple features of these conditions can be explained by a single, critically-sited,
peripheral removal defect.

REDUCED LPL ACTIVITY: DELAYED PLASMA TRIACYLGLYCEROL CLEARANCE BUT
NORMAL ADIPOCYTE FATTY ACID TRAPPING

The line of reasoning can be extended: the defect must be post LPL, not only in LPL itself.
If LPL itself were the problem, but the ASP pathway were normal, the rate of
triacylglycerol hydrolysis would be reduced, the rate of fatty acid released would be
reduced, but there would be no impairment of fatty acid uptake by the adipocytes (Fig. 3).
Consequently, there would not be excess diversion of fatty acids to the liver, nor would
there be the production of abnormal triacylglycerol-rich lipoproteins which would also
arrive there. Since only the normal portion of exogenous fatty acids reach the liver, the
secretion rate of VLDL particles would be normal.
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Metabolic fate of FFA
released from chylomicrons:

Heterozygous LPL Deficiency

- FEA-albumin

Adipcyte

Fig. 3. The disposition of fatty acids released from chylomicrons in patients with heterozygous lipoprotein lipase (EC
3.1.1.34; LPL) deficiency. The rate of release of fatty acids is reduced because their mass is reduced but their
subsequent disposition is normal because the acylation-stimulating protein (ASP) pathway is normal. Moreover,
because fatty acids are trapped effectively by adipocytes, although LPL mass is much reduced, LPL activity is
maintained and only modest postprandial hypertriacylglycerolaemia results. FFA, free fatty acids; TAG,
triacylglycerols.

Only limited experimental evidence is available to test this model. The best human
model is heterozygous LPL deficiency. Numerous molecular defects have been
characterized and affected individuals can be recognized precisely. Moreover, the effects
of many of these defects on LPL function have also been determined. The two commonest
mutations in the Quebec population, mutation 188 and 207, both affect the catalytic site of
the enzyme without affecting its mass or binding characteristics (Murthy et al. 1996). In
these patients, fasting triacylglycerols are increased, as is VLDL-apo B, and plasma
triacylglycerol clearance is delayed. LDL-apo B, however, is normal (Sniderman et al.
1995; Murthy et al. 1996; P. Julien, personal communication).

We interpret these results as follows: although LPL mass is normal, LPL catalytic
activity is reduced by half. Thus, the rates at which chylomicrons and VLDL bound to the
endothelial surface can be hydrolysed are also both markedly reduced. On the other hand,
since the ASP pathway is normal, most of the fatty acids which are released will be taken
up by adipocytes and consequently few will be released to the liver. Moreover, because
fatty acid trapping by adipocytes is normal, capillary concentrations of fatty acids will not
rise abnormally and, therefore, triacylglycerol-rich chylomicron remnants will not be
detached prematurely from the endothelial surface. Because only the normal proportion of
exogenous fatty acids reach the liver either as fatty acids or as triacylglycerols within
chylomicron remnants, VLDL secretion is normal and that is why the LDL-apo B is
normal.

EVIDENCE FOR IMPAIRED TRIACYLGLYCEROL SYNTHETIC ACTIVITY AS A CAUSE OF
HYPERAPOBETALIPOPROTEINAEMIA OR FAMILIAL COMBINED HYPERLIPIDAEMIA

Two different examples will be noted: ASP-receptor-defective hyperapo B and omental
obesity. In a subset of patients with hyperapo B, studies of cultured skin fibroblasts have
demonstrated reduced responsiveness to ASP (Cianflone et al. 1990a). That is to say, lesser
increases in triacylglycerol synthesis were induced by addition of ASP to the medium than
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were observed in similar cells obtained from normal subjects, patients with type IV
hyperlipoproteinaemia with normal apo B, or patients with familial hypercholesterolaemia.
Studies with radiolabelled ASP revealed evidence of high-affinity specific binding in
normal subjects which was reduced in the hyperapo B patients but not in the other two
patient subgroups. In such patients, reduced fatty acid uptake ir vivo would be the expected
consequence, with all the attendant results discussed previously. In addition, plasma ASP
levels have now been shown to be elevated in patients with coronary artery disease
(Cianflone et al. 1997), and from these in vivo observations has emerged the concept that
this may represent an adaptation to the reduced effectiveness of ASP-receptor function
which has been demonstrated in vitro.

Much interest has accompanied the hypothesis that increased release of fatty acids
from adipocytes might be responsible for the increased secretion of VLDL particles in
omental obesity and FCHL. At least with respect to FCHL, this seems not to be the case
since reduced, rather than increased, lipolytic responses were observed in adipocytes from
these patients (Reynisdottir ef al. 1995). Moreover, reduced, rather than increased, amounts
of hormone-sensitive lipase (EC 3.1.1.3) were also documented in this study. Fatty acid
release may indeed be increased in omental adipocytes, but the rate of triacylglycerol
synthesis is also reduced, just as it is in ASP-receptor-defective hyperapo B (Edens et al.
1993; Maslowska et al. 1993) and there is some evidence (although not definitive) that the
reduced rate of triacylglycerol synthesis in omental obesity is related to a reduced response
to ASP (Maslowska et al. 1993). If so, since it would be expected that ASP influences the
rate of re-esterification, an increased rate of release of fatty acids could be the consequence
of reduced ASP effect rather than increased lipolysis. Whatever the mechanism of the
decreased triacylglycerol synthetic capacity, the pathophysiology of the dyslipoproteinae-
mia of omental obesity may be very similar to that of ASP-receptor-defective hyperapo B.

SUMMARY

Much has recently been learned about the processes involved in postprandial
triacylglycerol clearance. As discussed previously, important differences in the metabolism
of chylomicrons and VLDL have become apparent. The ASP pathway has also been
recognized and appears to play a critical role in chylomicron metabolism. The ASP
pathway is activated in order to trap the fatty acids released from chylomicrons by the
action of LPL and there is now unequivocal in vivo evidence in human subjects that ASP is
generated by adipocytes in the postprandial period. These findings match the in vitro data
showing that chylomicrons, but not the other plasma lipoproteins or fatty acids, activate the
generation of ASP by cultured human adipocytes.

An inverse relationship appears to exist between the proportion of fatty acids taken up
by adipocytes and that released into the general circulation. Too great a release into the
general circulation because of diminished trapping of fatty acids released from
chylomicrons appears to be critical in the pathogenesis of the dyslipoproteinaemias
associated with hyperapo B or FCHL and omental obesity. Evidence has been presented
that dysfunction of the ASP pathway may be one of the causes of this disorder.

Put differently, the ASP pathway is essential for the normal clearance and disposition
of dietary fatty acids. Binding of chylomicrons to capillary endothelium followed by
lipolysis by LPL results in the sudden liberation of fatty acids, and in the marked
generation of ASP by adipocytes. The ASP that is generated is essential if LPL is to
continue to form fatty acids at a normal rate. It is essential also if the fatty acids which are
formed are to enter the adipocyte rather than exit into the general circulation. The transport
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vehicle, the chylomicron, therefore stimulates the formation of the peptide, ASP, which is
responsible for its successful metabolism. Thus, the ASP pathway provides the metabolic
coordination between the chylomicron and the adipocyte, which we describe as
microenvironmental metabolic regulation and which we believe is essential for the normal
clearance of dietary triacylglycerol from plasma.

This research has been supported by grants from the Medical Research Council of Canada
and Servier Amérique Inc.
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