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ABSTRACT

The Role of Acylation Stimulating Protein in Lipid Metabolism
in a Human Adipocyte Cell Model

Magdalena Hanna Maslowska

This thesis examines the effects of Acylation Stimulating Protein (ASP) on
triacylglycerol synthesis and glucose transport in human adipose cells In
addition. it also looks into possible plasma components necessary for reguiation
of ASP levels in this cell system

Adipose tissue 1s continuously involved 1n the storage of energy in the
form of triacylglycerols during the fed state and their hydrolysis in the fasting
state ASP Is a small basic protein isolated from human plasma which stimulates
triacylglycerol synthesis and glucose transport in human skin fibroblasts A
cultured human adipose cell model was developed to test the effects of ASP It
was found that ASP 1) greatly stimulates triacylglycerol synthesis in adipocytes
and 2) stimulates glucose transport to levels comparable to that of insulin

Adipose tissue has also been shown to be a secretory organ Among
other proteins, it secretes Factor B, adipsin and complement C3 (which is the
precursor of ASP). Cultured adipocytes produce ASP and the amount produced
is positively correlated to the adipocyte triacylglycerol mass In our human
adipose cell model, ASP levels were shown to be regulated by specific plasma
components Among many tested, chylomicrons had the greatest stimulatory
effect Thus the incoming dietary fat has a way by which it can prompt adipose




tissue to enhance efficient storage of energy in the form of tniacyiglycerols
This work provides evidence for a positive feedback loop tn human
adipocytes Imbalances n this process may be involved in such pathological

states as obesity, cardiovascular disease and diabetes
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1. INTRODUCTION

Obesity 1s a well recognized health problem faced by many in our affluent
saciety. It 1s also one of the important risk factors for cardiovascular disease and
diabetes (1, 2) Understanding the differe:it aspects of the pathology of obesity 1s a
key to it= eventual cure or control The imbalance betweer energy intake and
energy expenditure results in excessive storage of energy in the form of triglycerides
n adipose tissue, which in turn, will result in an increased fat mass accumulation
and obesity Every day, there s additional information obtained regarding the
regulation of established biochemical processes along with the discoveries of new
functions and new proteins This thesis will review fatty acid absorption and
transport to adipose tissue as well as the processes pertinent to the physiology of
adipose tissue with emphasis on the involvement of Acylation Stimulating Protein

(ASP) in adipose tissue metabolism

1.1 LIPOPROTEIN METABOLISM

Water-insoluble lipids such as cholesterol and triglycerides are absorbed
from the diet each time we eat, and are transported in the biood circulation by the
means of macromolecular complexes known as lipoprotein particles This
specialized carrier system 1s composed of four main classes of particles:
chylomicrons, very low density lipoproteins (VLDL), low density hipoproteins (LDL)
and high density lipoproteins (HDL). Each lipoprotein class has a distinct hpid and

apolipoprotein composition which is shown in Table | (3) The outer monolayer of




TABLE I:

LIPOPROTEINS LIPID & APOLIPOPROTEIN PERCENT

COMPOSITION

Lipoprotein | Triglyceride | Cholesterol & Phospholipid | Apolipoprotein
cholesterol
ester
Chylomicron 90% 4% 4% 2%
VLDL 60% 15% 15% 10%
LDL 10% 45% 20% 25%
HDL 3% 20% 27% 50%
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each lipoprotein particle 1s made of phospholipids, cholesterol and apolipoproteiné
This combination of molecules provides an interface between the agueous phase of
plasma and core neutral lipids Apolipoproteins stabilize the particle in plasma and
provide specific recognition sites necessary for receptor-mediated uptake or for
enzymatic action on the lipids (4, 5) The core of the lipoproteins 1s composed
mainlyof neutral lipids like cholesterol ester and triacylglycerols The core hpid
composition varies from one hpoprotein class to another giving rise to triacylglycerol-
nch particles (chylomicrons and VLDL) or cholesterol ester-rich particles (LDL and
HDL) The apolipoprotein composition also differs for each of the different classes of
lpoproteins and is given in Table Il (3) The function of some of the apolipoproteins
has yet to be defined

Chylomicrons, the most triacylglycerol-rich particles. are synthesized in the
intestine after ingestion of a meal (6) They are subsequently released into the
lymphatic circulation and later into blood circulation. These tnacyiglycerol-nich
particles function manly to carry fatty acids in the form of triacylglycerols to the
peripheral tissues (mostly adipose tissue and muscle) for their usage n various
metabolic processes. As chylomicrons pass through the circulation they are acted
on by lipoprotein hipase (LPL) (7) LPL 1s an enzyme which is bound to the
endothelial cells lining the Ilumen of the capillaries LPL 1s activated by
apolipoprotein Cll, a protein present on the surface of the chylomicron particle itself
(8). In an elegant series of experiments, Scow and co-workers have shown, by
electron microscopy, that the chylomicron particle 1s partially enveloped by the

endothelial cell during its association (9). As a consequence of triacylglycerol



TABLE ll: LIPOPROTEINS APOLIPOPROTEIN COMPOSITION

Lipoprotein Apolipoprotein
Chylomicron Al, Alv, B-48, CI, ClI, ClIl, E
VLDL B-100, CI ,Cll, Clll, E

LDL B-100
HDL Al, All, Alv, CI, CII, E




(o
)

hydrolysis, free fatty &cids are liberated, which can then be taken up for storage by
adipose tissue. Fatty acids that are not stored are carried, complexed to albumin,
throughout the circulation and are taken up by the liver. Excessive influx of fatty
acids into the liver will give rise to another lipoprotein particle - VLDL as well as LDL,
which are then secreted by the liver into the circulation (10)

VLDL s a tnacylglycerol-nch particle of hepatic origin, which i1s also
hydrolysed by LPL located on the endothelial surface Fatty acids are liberated
generating an intermediate density lipoprotein (IDL) particle some of which 1s taken
up by the liver and the rest I1s eventually converted to an LDL particle (10) Fatty
acids are, again, used by the cells in the manner described above and the
circulating LDL particle (now rich in cholesterol ester) can be taken up by the tissues
through receptor-mediated endocytosis (11) and used for the synthesis of plasma
memorane, steroid hormones, cholesterol ester or eliminated from the body n the
form of bile acids (12) Defects in the uptake of the LDL particles. however, will result
in the accumulation of a large number of these particles In the circulation,
predisposing individuals to coronary artery disease (13) The main function of HDL
lipoprotein may be the clearance of the tissue cholesterol (14) HDL cholesterol Is
then degraded in the liver, used by steroid hormone producing tissues or removed Iin
the form of bile acids (12). HDL apolipoproteins can be recycled

The lipoproteins which are of Interest in the context of obesity are
chylomicrons and VLDL since they provide fatty acids which arz the building blocks

of triacylglycerols.




1.2 ADIPOSE TISSUE METABOLISM

The main function of white adipose tissue is its involvement In energy
metabolism and for many years research has focused on different aspects of
lipogenesis and ilpolysis. It has only recently been appreciated that adipose tissue Is
a metabolically active tissue, constantly involved not only in the storage and release
of energy but also In secretion of specific peptides Figure 1 illustrates metabolic
processes relevant to adipose tissue metabolism. These processes are under the
control of various hormonal, neural and other local components (15)

Adipocytes store energy surplus in the form of triacylglycerol fat droplets
Triacylglycerol molecules are formed through sequential enzymatic reactions in
which three fatty acid molecules are esterified to a glycerol-3-phosphate (G3P)
backbone The enzymes involved n this estenfication process are
glycerolphosphate acytransferase (GPAT), phosphatidate phosphorylase (PPH) and
diacylglycerol acyitransferase (DGAT) and are located on the membrane of the
endoplasmic reticulum Free fatty acids used for tnacylglycerol synthesis in
esterification reactions are either supplied by chylomicrons or VLDL from the diet or
made de novo from available glucose In adipose tissue, however, de novo fatty acd
synthesis I1s low, when the supply of exogenous fatty acids is satisfactory (16). G3P,
on the other hand, i1s obtained from the metabolism of glucose In the process known
as glycolysis In mammalian cells, glucose enters the cell va a membrane carrier
protein Untill now, the translocation of these specialized glucose transporters from
intracellular compartments to the plasma membrane was believed to be mainly

responsible for the rapid uptake of glucose (17). Recently, however, this view has
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been challenged and it has been demonstrated that “intrinsic’ activity of the glicose

transporter itself can be, in fact, affected The catalytic activty of glucose
transporters can be either suppressed (18) or stimulated (19).

There is now considerable evidence that the esterification process is ur'or
hormonal control (20) Insulin can increase the rate of triacylglycerol synthesis not
only through its effects on glucose uptake and fatty acid synthesis but also by its
inhibitory action on hormone-sensitive lipase (21) In addition, both PPH and DGAT
have been mplicated as the rate-limiting steps of tnacyiglycerol synthesis These
observations are based on circumstantial evidence In subcellular fractionation
enzyme assays, etther enzyme has as yet to be punfied to homogeneity and fully
characterized (22, 23) Overall, our current knowledge of the mechanisms regulating
adipose tissue-specific processes is limited

In the fasting state triacylglycerols from adipose tissue are mobilized in
response to specfic hormonal stmuli (24) Following hormonal binding (e g.
noradrenaline) to f-adrenergic receptors, adenylate cyclase is activated and cAMP
Is produced intracellularly This cAMP, in turn, aclivates protein kinase A (PKA)
which phosphorylates and activates hormone-sensitive lipase (HSL) HSL, in turn,
catalyses the rate limiting step Iin the lipolysis pathway (25) As a result, the
triacylglycerols are hydrolysed into glycerol and free fatty acids and are
subsequently released from the cells to provide the needed energy to the peripheral
tissues.

Although triglyceride storage and hydrolysis have always been considered to

be the main function of adipose tissue, more recently, adipose tissue has also been




9
recognized as a secretory organ. Initially. lipoprotein lipase was known to be

synthesized and secreted by adipocytes (26). a process which 1s hormonally
regulated (27). The requirement of lipoprotein lipase for triacylglycerol hydrolysis of
chylomicrons and VLDL has been well documented (7) More recent data reveal
that in addition to lipoprotein lipase. adipocytes are also a source of cholesterol
ester transfer protein (28). angiotensin (29), apolipoprotein E (30) and leptin (31)
Furthermaore. the discovery that adipose tissue also produces and secretes
proteins of the alternate complement pathway has evolved from the work of
Spiegelman and colleagues (32) In their work they demonstrated that cultured
murine adipocytes synthesize and secrete a novel protein. In a dfferentiation-
dependent manner. which they called adipsin Further analysis and cloning from
human adipocytes recognized this protein as homologous to factor D. a protein
involved n alternate complement pathway (33) Additional research revealed that
two other complement proteins are secreted by murine adipocytes complement C3
and factor B (34) Moreover, the mRNA levels of these three complement proteins
were shown to Increase with differentiation in cultured murine adipocytes as well as
to be elevated in adipose tissue in mice (34) These observations did not, however,
point to any specific function for the system, but interestingly. coincided with the
identification and characterization of Acylation Stimulating Protein (ASP) in our
laboratory Cianflone et af have shown that mRNA levels for C3, factor B and adipsin
are increased In mature human fat cells (35) Moreover, it was demonstrated that not
only mMRNA levels are higher in adipocytes as compared to fibroblasts, but human

adipocytes produce increased levels of ASP (36).
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1.3 ACYLATION STIMULATING PROTEIN (ASP)

ASP is a human plasma protein discovered based an its functional activity.
ASP has been shown to markedly stimulate triacylglycerol synthesis in human skin
fibroblasts and matwi€ fat cells and it 1s the most potent stimulator described yet (37,
38) Upon purification based on its functional activity, ASP was found to be identical
to C3adesArg, a cleavage product generated through the action of factor B and
adipsin (factor D) on the third component of complement - C3 (39)

Figure 2 illustrates the intricate interactions of the three proteins involved In
the generation of ASP This process initiates with the immobilization of C3 Factor B
interacts with the C3b fragment of C3 resulting in a C3bB complex This complex 1s
then susceptible to the action of a catalytic enzyme - adipsin. As a result a C3bBb
macromolecule 1s generated which in turn has enzymatic properties and acts on C3,
cleaving 1t into C3b and C3a fragments. In this process C3 and factor B are |
constantly being used up but not adipsin In plasma, terminal arginine (Arg) 1s
removed through the action of carboxypeptidase B and C3a is rapidly converted to
ASP (C3adesArg)

In addition to the stimulatory action of ASP on triacylglycerol synthesis, ASP
also increases specific glucose transport. In terms of glucose transpurt, the effects of
ASP, whether in human skin fibroblasts or L6 muscle cells are comparable in
magnitude to and additive to, those of insulin (40, 41). Germinario et al have shown
that the effects on triacylglycerol synthesis are not solely due to the effects on
glucose transport. When glucose in the media was substituted for pyruvate the

effect on triacylglycerol synthesis was only slightly diminished, indicating that the
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presence of glucose potentiates, but s not required for ASP stimulation c;f
tniacylglycerol synthesis (40) The ASP effect on glucose transport 1s mediated by
translocation of specific glucose transporters (Glut1 in fibroblasts and Glut1, Glut3
and Glut4 in L6 muscle cells) to the surface of the cell (40, 41) In addition, the ASP
effect on triacylglycerol synthesis has been shown to be achieved by stimulating
DGAT activity - a rate limiting enzyme for triacylglycerol synthetic pathway (42) and
not by increasing the specific transport of fatty acids across plasma membrane (41)

Preliminary experiments demonstrate the existence ¢ notential specific
receptor for ASP (43) ASP binding I1s greater in cultured human adipocytes as
compared to preadipocytes or skin fibroblasts (43) At this point the ASP receptor
has not been fully characterized, however. Initial studies indicate that the effects of
ASP are exerted through activation of the protein kinase C (PKC) pathway (44) The
stimulatory effects of phorbol 12-myristate 13-acetate (PMA), a 'nown activator of
PKC pathway, and ASP on tnacylglycerol synthesis are non-additive suggesting that
they act through the same mechanmism In addition, competitive inhibitors of PKC
inhibit both ASP and PMA stimulatory effects (44)

These in vivo data are not without physiological relevance In fat-load studies
in normal adult human subjects, it was observed that plasma ASP levels rise
concurrently with the nse of plasma triacylglycerois (45, 46) Moreover, the rate at
which triacylglycerols were cleared from piasma was proportional to the plasma
ASP In addition, plasma ASP levels have been found to be 2-3 times higher in
obese people than in normal weight indiv:. luals (47) These modulations of plasma

ASP in response to dietary fat intake as well as to the individual metabolic state,
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suggest that ASP may play a key physiological .ole in the reguiation of adirose

tissue fat mass.

The am of this thesis was to develop a human adipocyte cell model in which
the pertinence of the ASP involvement in lipd metabolism could be tested Using
this cell model, the specific goals were 1) to examine the effects of ASP on
triacylglycerol synthesis and glucose transport and 2) to define the influence
of specific plasma components on the c:rdogenous ASP production in

cultured human adipocytes.




14
MATERIALS AND METHODS

2.1 MATERIALS

All chemicals used were of reagent grade quality and were purcinased from
Fisher Scientific (Montreal, Canada). Tissue culture media and supplies were from
Gibco (Burlington, Ontario) or Flow Laboratories (Mississauga, Ontario) [’H] 2-
deoxy D-glucose (specific activity 50 dpm/pmol) was purchased from ICN
Biochemicals Canada (Mississagua, Ontario) and [9,10-"H(N)] oleic acid (specific
activity 100 dpm/pmol) from DuPont-New England Nuclear (Mississagua, Ontario).
Insulin, oleic acid (sodium salt), bovine serum albumin essentially fatty acid free,
collagenase Type Il, ipoprotein lipase and all other tissue culture grade compounds
were from Sigma Chemicals (St. Louwrs. MO) Commercial protein assay kit as well
as bovine serum albumin used for standard curves were obtained from Bio-Rad
Laboratories (Mississagua, Ontario). Kits used for measurements of triglycende and
total cholesterol content of plasma lipoproteins were purchased from Boehringer
Mannheim (Laval, Quebec) Th.n layer chromatography (TLC) plates were from
Mandel Scientific (Rockwood, Ontario), TLC suivents from Fisher Scientific and TLC
lipid standards from Sigma Chemicals Scintillation fluid was purchased from ICN
Biochemicals Canada and scintillation wviais from Fisher Scientific Acylation
Stiinulaiing Protein was isolated and purified from frozen human plasma according
to the published method (48). The radioimmunoassay kit specific for C3adesArg

used for ASP measurements was obtained from Amersham (Oakville, Canada)
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2.2 INSTRUMENTATION

Lipid samples were dried using a Jouan vacuum centrifuge (Canberra-
Packard, Montreal, Quebec). [9,10->H(N)] oleic acid (*H-oleate) incorporation into
triacylglycerol as well as *H-2-deoxy-glucose (*H-2-DG) uptake by the cells were
measured using scintillation counter (Beckman Instruments, Mississagua, Ontario)
Results from ASP radioimmunoassay were measured using RiaGamma counter
(LKB Wallac, Wallac, Finland). All spectrophotometric readings were performed
using a microtiter plate reader (Molecular Devices, Melno Park, CA) Lipoprotein
isolation was accompiished by sequential ultracentrifugation using a Ti50 type rotor

(Beckman Instruments, Mississagua, Ontario) on a Beckman u'tracentrifuge.

2.3 EXPERIMENTAL METHODOLOGY

2.3.1 Isolation of human preadipocytes. The isolation procedure for ~ircmal
vascular cells was modified from that of Hauner et al (49). Briefly, human adipose
tissue was obtain¢ 1 with informed consent from normal weight females, ages 16-45,
undergoing mammoplasty reduction Fat lobules were excised under sterile
conditions immediately after breast tissue was removed from the patient and
transferred to the laboratory The adipose tissue was then cleaned of any
connective and glandular material as well as visible blood vessels. Remaining fat
was finely minced with scalpels and digested for 30 minutes at 37°C in Hank's
Buffered Salt Solution containing 1 mg/ml Tyoe Il collagenase and 0 5% fatty acid
free bovine serum albumin (BSA). Stromal-vascular cells containing preadipocytes

were separated from mature adipocytes by centrifugation at 2,500 rpm for 10
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minutes. The fat cake and the supernatant were discarded and the remaining pellet

was resuspended in a lysing buffer consisting of 0.154 M NH,CI, 10 mM KHCO; and
0.1 mM EDTA for 10 minutes to lyse contaminating red blood cells To further
remove remaining undigested connective tissue that could interfere with cell
adherence, the cell suspension was filtered through a 53um filter (Spectrum,
Huston, Texas) and centrifuged at 2,500 rpm for 10 minutes to pellet down cells of
interest The sedimented preadipocytes were resuspended in Minimum Essential
Medium (MEM) medium supplemented with 10% fetal bovine serum (FBS) Cells to
be differentiated were plated out on 24 well plates at a high density (3x10° cellsicm®
or 10 gm of cleaned tissue per one 24 well plate; where one 24 well plate = 1 7 cm?
surface area/well). Cells not to be differentiated were plated out at 1/10 of the cell

density

2.3.2 Preadipocyte and adipocyte cell culture. Plated cells remained in MEM
medium containing 10% FBS for a period of 24 hours Preadipocytes were grown in
10% FBS containing MEM Cells destined for differentiation to adipocytes were
changed to serum-free Dulbecco's minimum essential medium/Ham's F12
(DMEM/F12) medium s ipplemented with 1.25 uM bovine nsulin, 1 uM
dexamethasone, 0.2 nM triiodothyronine, 33 uM biotin, 17 uM pantothenate, 15 mM
NaHCOs ar 1 15 mM Hepes (49). Preadipocytes and differentiating adipocytes were
maintained in a 37°C humid incubator with 5% CO, with media changes twice a
week, By the 21* day preadipocytes formed a confluent cell layer and the

differentiating cells exhibited a typical adipocyte morphology of rounded cells




17

containing multilocular droplets (49) At this time cells were used for experiments.

2.3.3 Experimental procedure for triacylglycerol synthesis. On the 21% day
differentiated and nondifferentiated preadipocyes were changed to serum- and
supplement-free DMEM/F12 overnight prior to initiation of experiments. The
following day, the cells were incubated with fresh DMEM/F12 supplemented with *H-
oleate complexed to BSA in a 5.1 molar ratio as described by Van Harken (50) and
added to the cells at a final concentration of 100 uM (average specific activity 100
dpm/pmol). In addition, the following concentrations of ASP (0, 03,06, 1 8,24, 2.8,
and 55 uM) were added. The effect of ASP on triacylglycerol synthesis was
measured over the period of 6 hours as H-oleate incorporation into triacylglycerol

This was on the linear part of the incorporation curve (0 hours to 24 hours) (35)

2.3.4 Isolation and measurement of intracellular triacylglycerol. Foliowing
incubation, at 6 hours the media was discarded and the cells were washed 3 times
with 1 ml of ice-cold phosphate buffered saline (PBS). Lipids were then extracted
with 1 ml of heptane.isopropanol (3:2 v/v) for 30 minutes at room temperature Cells
were extracted with an additional 1 ml of the same organic solvent which was then
added to the first fraction and the total lipid extract was dried in a vacuum-centrifuge
Dried samples were reconstituted in 100 ul of chloroform methanol (2.1 v/v) to be
separated by thin-layer chromatography (TLC). An aliquot (25 pl) of each sample
was spotted onto prescored Silica thin 150A TLC plates Lanes in each TLC plate

were spotted with triolein as reference lipid. The plates were developed in
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hexane:ethyl ether:aretic acid (75:25:1 viviv). The lipids were visualized by

exposure of plates to iodine vapor and the triacylglycerol spots corresponding to
triolein were scraped into scintillation vials. Scintillation fluid (5 ml) was added to
each vial and the radioactivity was determined using a scintillation counter. Cell
proteins were dissolved by addition of 1 mi of 0.1 N NaOH and quantitated by the

method of Bradford (51) using a commercial Bio-Rad protein assay

2.3.5 Measurement of intracellular triacylglycerol mass. Triacylglycerol mass
was measured on the remaining lipid extract isolated by TLC extraction by the
method of Nert and Frings (52). In summary, triacylglycerol extracts were saponified
with alcoholic KOH to fatty acids and glycerol, followed by oxidation of the latter with
sodium metaperiodate to form glycolaldehyde and formaldehyde The formaldehyde
was then reacted with acetylacetone and ammonium acetate to produce a colored
product 3 5-diacetyl-1 4-dihydrolutidine. This colorimetric reaction was then
measured spectrophotometrically at 405 nm. Triacylglycerol mass results are

expressed as nmol triacylglycerol per mg cell protein.

2.3.6 Experimental procedure for glucose transport. Celils were grown and
differentiated as described above in 35 mm diameter Petri dishes. On the 18" day of
culture the medium on differentiating adipocytes was changed to serum-free,
hormone-supplemented differentiation medium which did not contain insulin. This
was done to minimize the effects of prolonged exposure to insulin on the

downregulation of insulin receptors in differentiating adipocytes in order to allow



19
testing of insulin effects. On the 21* day the medium on all the cells was changed to

serum- and supplement-free DMEM/F12 medium for a period of 18 hours prior to
expenment The next day, cells were stimulated with ASP, insulin or both at specific
concentrations for one hour at 37°C. After exactly one hour, glucose transport was

assessed by measuring the cellular uptake of *H-2-DG.

2.3.7 Measurement of glucose transport. Conditioned media was removed and
the cells were washed once with 2 ml of PBS at 37°C Next, 0.8 ml of PBS
containing *H-2-DG (0.05 mM; average specific activity 50 dpm/pmol) was added to
each dish and incubated at 37°C in a water bath for exactly 10 minutes (53). In all
the experiments zero-time controls were performed to account for background
binding of *°H-2-DG. At exactly 10 minutes, the radioactive solution was aspirated
and the cells were washed twice with 2 ml of ice-cold PBS Finally, the cell
monolayer was dissolved in 05 ml of 0.1 N NaOH Aliquots of 0.2 mi were then
transferred into a scintillation vial containing scintillation fluid and counted with a
scintillation counter. Protein concentration was determined using the Bio-Rad

protein assay as described above

2.3.8 Isolation of human plasma lipoprotein fractions. Blood was obtained from
healthy subject 4 hours postprandially and collected in Vacutainer Tubes containing
anticoagulant (0.15% EDTA) and placed on ice. Plasma was immediately isolated
by low-speed centrifugation at 4°C and the lipoproteins were subsequently

separated by discontinuous preparative ultracentrifugation according to the
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procedure of Havel et al (54). In summary, plasma was initially layered under a salt

solution of density 1.006 g/ml. Chylomicrons were separated from the top layer after
centrifugation for 30 minutes at 30,000 rpm (40,000 g) at 11°C. The infranate from
the initial step was again overlaid with the 1 006 g/ml solution and centrifuged for 18
hours at 40,000 rpm (68,000 g) at 11°C Very low density lipoprctein (VLDL) was
recovered in the top fraction Low density lipoprotein (LDL) was isolated from the
infranate obtained in the second step by increasing its solvent density from 1.006
g/ml to 1.063 g/ml. The supernatant fraction was removed after centrifugation at
40,000 rpm (100,000 g) for 20 hours. Finally, the remaining infranate was used for
high density lipoprotein (HDL) isolation after increasing the solvent density to 1.21
g/ml and centrifuging for 48 hours at 40,000 rpm (100,000 g) at 11°C LDL and HDL
fractions were subsequently dialyzed in large volume of PBS for 24 hours at 4°C to
remove excess salt. Chylomicrons and VLDL were sterilized by filtering through a
0.45um pore syringe filter, LDL and HDL were sterilized through a 022 um pore
syringe filter The triacylglycerol and cholesterol concentration of each fraction was

measured using commercially available assays from Boehringer Mannheim

2.3.9 Experimental procedure for ASP generation experiments. On the 21* day
of culture, differentiated adipocytes were changed to serum- and supplement-free
DMEM/F12 overnight prior to initiation of experiments. The next day, cells were
incubated with selected plasma components added at different concentration ranges
to the medium. Basal ASP production was linear for up to 4 hours with only a slight

decrease at 8 hours, hence the incubation time chaosen for most of the experiments
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was 6 hours. For the oleate experiments, oleic acid complexed to BSA in a 5:1 molar

ratio as described by Van Harken (50) was added to the cells up to a final
concentration of 0.8 mM For the chylomicron time course experiments, cells had
their media changed again to serum- and supplement-fiee media for an additional
24 hours. To this medium chylomicrons were added to a concentration of 50 ug
triacylglycerol/ml for the last O, 2. 4, 6, 8 and 24 hours of the 24 hour incubation
period In all expeniments, following incubation, the medium was removed and frozen
immediately at -70°C for later ASP quantification The cells were washed twice with
1 mlice-cold PBS, 0.5 mi of 0 1 N NaOH was added to the cells and cell proteins

were measured by the method of Bradford (51) using a commercial kit.

2.3.10 Measurement of media ASP. ASP was measured in the medium of cultured
human differentiating adipocytes following a 6 hour incubation of the cells in serum-
and supplement-free medium with selected plasma components using a modified
version of a radioimmunoassay kit specific for C3adesArg. The use of the
commercial radioimmunoassay for C3adesArg for ASP determination has been
validated in detail previously (35) Briefly, in the first step, complement factor C3 (the
precursor protein of ASP) was acid-precipitated from the media by the addition of an
equal volume of a precipitating reagent supplied in the kit At this point the medium
was supplemented with BSA to a final concentration of 1.0 mg/ml to act as a carrier
protein. The precipitation was carried out at room temperature for 30 minutes The
samples were then centrifuged at 2,500 rpm for 15 minutes at 4°C to remove the

protein precipitate, including C3 molecules, which otherwise would react with the
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anti-C3adesArg antibodies. The cell medium was then mixed with a fixed volume of

'®|.C3adesArg and an equal, fixed volume of primary rabbit polyclonal anti-
C3adesArg antibody and incubated at room temperature for 30 minutes. Secondary
(goat anti-rabbit) antibody was then added to that solution mixture and incubated for
an additional 30 minutes. Following this step, 1 ml of saline was added and the
samples were centrifuged at 2,000 rpm for 10 minutes at 4°C. The supernatant
containing unbound ASP and free '*|-C3adesArg was then removed by aspiration
and the remaining pellet was counted in a Gamma counter. The basis of the assay
is the competition between unlabelled ASP (in the media) and a constant amount of
'%|.C3adesArg for the primary anti-C3adesArg antibody. Because the amounts of
radioactive ligand and antibody are limiting, the quantity of the '%|_)gand bound and
precipitated will be inversely proportional to the concentration of the added non-
radioactive gand in the sample Measurements of the radioactivity in the peliet
allows the calculation of the labelled C3adesArg in the bound fraction. The
concentration of unlabelled ASP (C3adesArg) in each sample is then determined by

interpolation from the standard curve.

2.4 STATISTICAL ANALYSIS OF DATA.

For all experiments, values are reported as means of experiments with all
determinations performed in triplicate (or duplicate where indicat..) in each
experiment + standard error of the mean (SEM). Statistical significance was set at
p=0.05 and was determined using either one-way ANOVA or paired t-test as

indicated in the Figure legends and results.
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3. RESULTS

3.1 CULTURED ADIPOSE CELL SYSTEM

To study the effects of ASP in human adipose tissue as well as to determine
the potential regulators of ASP secretion from that tissue, it was important to develop
an in vivo system that could represent human adipose tissue physiologically The
initial step was to grow and differentiate human adipocytes in tissue culture. Human
adipose tissue obtained at the time of elective surgery was dissected and
preadipocytes (precursors of adipocytes) were isolated. These cells were then
differenhated in tissue culture over the period of 21 days according to the procedure
described in Maternials and Methods. Figure 3 demonstrates the changes that take
place during this differentiation process Figure 3A shows the adipocyte precursors
grown In culture. However, when given the nght and specific differentiating
conditions the morphology of these cells changes and they become fat loaded
adipocytes which 1s shown in Figure 3B

One of the criteria used to evaluate whether the differentiation process is
taking place and to decide if the cells could be used for experiments, is the visual
examination of the morphology of the cells. However, triglyceride mass accumulation
in preadipocytes and adipocytes can also be used as an index of differentiation. and
this was done using a biochemical assay specific for triglyceride (as described in
Materials and Methods). Since each cell preparation comes from different individual
there I1s a wide range of triglyceride mass accumulated from one cell line to the next

Figure 4 shows the amount of triglyceride accumulated in preadipocytes as
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Phase-contrast micrograph of cultured human adipose cells:
Human preadipocytes were either grown in tissue culture in MEM
medium containing 10% FBS (A) or differentiated, to become
adipocytes, in DMEM/F12 serum-free medium supplemented with
1.25 uM insulin, 1.0 pM dexamethasone and 0.2 nM triiodothyronine
(B) for 21 days as described in Materials and Methods, (100x
magnification for A and B).
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Triacylglycerol mass in human preadipocytes and differentiated
adipocytes: Preadipocytes obtained from eight different individuals
were either grown in MEM medium containing 10% FBS or were
differentiated to become adipocytes for 21 days. lntracellu!ar
triacylglycerol (TG) mass accumulation was measured on the 21% day
of culture for each cell line. The results are expressed as nmol TG
produced per mg cell protein. Average TG mass for preadipocytes
was 698.93 + 467.54 nmol/mg cell protein and 4970.38 + 2287 68
nmol/mg cell protein for adipocytes, (p<0.05, paired t-test).
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compared to adipocytes from eight different individuals during the course of 21 days
of differentiation in culture. Preadipocytes have relatively lttle triglycende mass
(range 78 to 1485 nmol/mg cell protein) which increases substantially during
differentiation (range 1941 to 9132 nmoi/mg cell protein) by an average of 10 3 fold.

p<0.05

3.2 ASP EFFECT ON TRIGLYCERIDE SYNTHESIS

Until recently it was believed that the process of adipose tissue triglyceride
storage was passive Only insulin was thought to regulate lipogenesis through its
inhibitory action on hormone sensitive lipase (21) However, in recent years,
Cianflone and co-workers have shown that plasma Acylation Stimulating Protein
(ASP) 1s a potent stimulator of tniacylglycerol synthesis in cultured human skin
fibroblasts (40).

In this set of experiments the effects of ASP on triacylglycerol synthesis were
examined In differentiated adipocytes and compared to the effects on nnn-
differentiatec; preadipocytes Figure 5 is a representative experiment showing the
concentration-dependent effect of ASP on triacylglycerol synthesis in differentiated
and non-differentiated zdipocytes Increasing concentrations of ASP were added to
the cells in the presence of 100uM *H-oleate and triacylglycerol syn‘hesis was
measured over the period of 6 hours as described in Matenals and Methods Based
on the previous studies done in cultured human skin fibroblasts the & hour time
period was chosen since it was on the linear part of the incorporation curve (O to 24

hours) (35). The results indicate that ASP causes a concentration-dependent
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Concentration-dependent effect of ASP on triacylglycerol
synthesis in differentiated and non-differentiated adipocytes:
Both human non-differentiated (PREAD) and differentiated (AD)
adipocytes were grown In culture for 21 days. Cells were then
exposed to serum-free medium supplemented with 100 uM oleate
and increasing concentrations of ASP for a period of 6 hours.
Conditioned media was removed and triacylglycerol (TG) synthesis
was measured as *H-oleate incorporation into TG. The resuits are
expressed as nmol of oleatesi g cell protein/6 hours. Data points
depict a representative experiment assayed in triplicate.
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increase in triacylglycerol synthesis in differentiating as well as in non-differentiating

adipocytes (577 to 1640 nmol/mg cell protein vs. 252 to 393 nmol/mg cell protein,
respectively). Although, the basal levels of triacylglycerol synthesis are already
much higher In adipocytes (577 nmol/mg cell protein) than in preadipocytes (252
nmol/mg cell protein), the maximal percent increase above the basal in the presence
of ASP is greater in differentiated adipocytes (285%) than in preadipocytes (156%),

p<0.05

3.3 ASP EFFECT ON GLUCOSE TRANSPORT

To date insulin has been considered the most potent hormone affecting glucose
transport in muscle and adipose tissue (55) It has been shown that ASP exerts
similar effects to that of insulin in cultured skin fibroblasts (40) and more recently, in
muscle L6 cells (41) Here (Figure 6), cuitured human preadipocytes and adipocytes
were exposed for 1 hour to increasing concentrations of ASP Basal levels of
glucose transport were 5.19 + 0 84 nmol/mg cell protein for preadipocytes and 2.44
+ 0.39 nmol/mg cell protein for adipocytes. In adipocytes, glucose uptake was
slightly stimulaied at a ccncentration as low as 0.3 uM of ASP with 118% + 12%
stimu'ation and reached its maximum of 206% + 13% (p<0.05) stimulation (2.44 +
0.39 nmol/mg celi protein basal vs. 6.54 + 0.28 nmol/mg cell protein stimulated) at
the highest ASP concentration tested of 5.5 uM. The graph also shows that cultured
adipocytes are more responsive at the lower ASP concentrations (0.3 uM to 2.5 uM),
however the difference In response between preadipocytes anc adipocytes

disappears at the higher ASP concentrations (3.0 uM and 5.5 uM). Thus the half-
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Concentration-dependent effect of ASP on glucose transport in
cultured human preadipocytes and adlpocytes Preadipocytes
(PREAD) and adipocytes (AD) were incubated at 37°C for 1 hour with
0.3, 06, 1.8, 24, 2.8 and 5.5 UM concentrations of ASP. Glucose
uptake was then measured for 10 minutes with 0.05 mM of *H-2-DG.
The results are expressed as % stimulation £ %SEM above basal
glucose transport. Basal (no ASP, 100%) levels for preadipocytes
were 5.19 = 0.84 nmol/mg cell protein and 2.44 = 0.39 nmal/mg cell
protein for adipocytes. The graph shows an average of 4 experiments
with duplicate determinations in each experiment, p< 0.05 at all
concentration points vs. basal glucose transport.
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maximal dose for preadipocytes is 2.8 uM, whereas it is 0.6 uM for adipocytes,

which are 4.7 fold more sensitive. Overall the effect of ASP on glucose transport was
significant over the whole concentration range for adipocytes, p< 0.05 and at very
high ASP concentrations (greater than 2 8 uM) for preadipocytes, p< 0.05. In order
to determine the kinetics and stability of the preadipocyte and adipocyte response to
ASP, the response of exposure to a high concentration of ASP (5.5 uM) was tested
for different periods of time. Figure 7 shows glucose uptake at different time points.
Basal levels were 5.04 + 0.49 nmol/mg cell protein for preadipocytes and 5.5 + 1.68
nmol/mg cell protein for adipocytes. When ASP was added to the cells the effect on
glucose uptake was observed as early as 15 minutes (8 05 + 2 04 nmol/mg cell
protein for preadipocytes vs. 6.14 + 1 57 nmolimg cell protein for adipocytes) and
reached its maximum at approximately 4 hours with the values 13.69 + 3.1 nmol/mg
cell protein for preadipocytes and 8.6 + 2 6 nmol/mg celi protein for adipocytes In
this particular set of experiments the response to ASP was higher in preadipocytes
than in adipocytes, a result which is in contrast to what was seen in all the other
experiments One possible explanation could be that the cells were derived from
different subjects and direct comparison of preadipocytes and adipocytes for the
same subject was not possible. The data indicate, nevertheless, that the effect of
ASP s prolonged (up to 4 hours) with subsequent, possible down-regulation at 24
hours. This is consistent with the studies done in human skin fibroblasts (40) but
contrasts with the studies done in L6 muscle cells (41).

Most of our studies have been performed using cells that have been

differentiated for 3 weeks. At that time the cells exhibit adipocyte morphology After
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Figure 7. Effect of time exposure to ASP on glucose transport in cultured
human preadipocytes and adipocytes. Preadipocytes (PREAD) and
adipocytes (AD) were incubated with 5.5 uM ASP at 37°C for 15 min.
30 min, 1, 2, 4, 8 and 24 hours. Glucose uptake was then measured
over 10 minutes with 0.05 mM of 2-DG. The results are expressed as
nmols of *H-2-DG taken up by the cell per mg of total cell protein. The
graph shows an average of 3 experiments with duplicate
determinations in each experiment, p< 0.05 for *.
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longer differentiation times, fat loaded cells become more fragile and break up or

detach and float up . In this set of experiments the response of the cells to ASP was
examined at different stages during the time of differentiation. As shown in Figure 8,
basal (no ASP) glucose transport in cultured human differentiating cells increases as
the cells progress and become more and more differentiated. Their basal glucose
transport increased from 4 27 + 0.54 nmol/mg cell protein at week 1 to 6 54 + 193
nmol/mg cell protein at week 2 to 976 + 255 nmol/mg cell protein at week 3.
QOverall, this is an average increase of 136%, which 1s statistically significant (p<
0.05). In addition, ASP-stimulated glucose transport (5.5 uM ASP) i1s significaniiy
increased by 142% + 22.3% above basal levels in the second week (p< 005) and
by 124% + 4 8% SEM in the third week (p< 0 05). In the first week of differentiation
little effect was observed.

In order to gain some understanding of the mechanisms by which ASP
induces glucose uptake in human adipocytes, the effects of ASP were compared to
those of insulin. Figure 9 represents data from the experiments in which the effects
of ASP were tested in addition to those of insulin. When preadipocytes were
exposed to 1 mU/ml of insulin (observed to exert its maximal effect i our cell
system, data not shown) together with an increasing concentration of ASP. plasma
membrane glucose transport was increased above that observed with ASP alone
This effect was only statistically significant at the highest ASP concentration of 55
1M (p<0.05). At the lowest concentration of ASP (0 3 uM) glucose transport was 4.8
+ 0.51 nmol/mg cell protein for ASP aione and 5.8 + 0.11 nmol/mg cell protein for

ASP and insulin and reached its maximum of 9.7 + 1.47 nmol/mg cell protein and
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Comparison of glucose transport at different times of
differentiation of human adipocytes in cell culture. Freshly isolated
preadipocytes were differentiated into adipocytes for a period of 1. 2
and 3 weeks. Glucose uptake was measured over 10 minutes with
0.05 mM of 2-DG following 1 hour incubation W|th and without 5.5 uM
of ASP. The results are expressed as nmals of *H-2-DG taken up by
the cells per mg of total cell protein. The graph shows an average of 3
experiments with duplicate determinations in each experiment. p<0.05
at the indicated points (* and **) vs. basal
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The effects of ASP and insulin on glucose transport in cuitured
human preadipocytes. Cultured preadipocytes were exposed to ASP
and ASP + insulin at 37°C for 1 hour with ASP concentrations of 0.3.
0.6. 1.8, 2.4, 2.8 and 5.5 uM and constant insulin concentration of 1
mU/mL. Glucose uptake was then measured over 10 minutes with
0.05 mM of *H-2-DG. The results are expressed as % stimulation = %
SEM above basal glucose transport where basal glucose transport
equals 100%. Basal levels (no additions) for preadipocytes were 4 37
+ 0.31 nmol/mg cell protein. The graph shows an average of 4-5
experiments with duplicate determinations in each experiment, p<
0.05 at the highest ASP concentration for cellis treated with ASP and

insulin vs. ASP alone.
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11.9 + 1.71 nmol/mg cell protein, respectively, at the highest concentration of ASP

tested Therefore, the effect on glucose transport appeared to be additive only at the
highest ASP concentration tested. In contrast. in cultured differentiated adipocytes,
even though the cells were responsive to ASP-induced glucose transport the

additional stimulation with 1 mU/ml of insulin was not observed (Figure 10).

3.4 REGL"_ATION OF ASP GENERATION

Adipacytes, when compared to preadipocytes or skin fibroblasts, have
been shown to express high levels of mRNA for the three proteins involved in the
generation of ASP. namely C3 - the precursor molecule. Factor B and adipsin - the
enzyme (35) When the culture media was analyzed for the presence of ASP, the
average ASP levels were much higher in the media from differentiated adipocytes
than from nondifferentiating preadipocytes (35) Previous results have demonstrated
that plasma ASP levels rise in response to oral fat load (45) Moreover, very recent
data frrm transcapillary sampling experiments shows that adipocytes are the source
of postprandial plasma rise in ASP (Sruderman. A.D , unpublished observation. work
In progress) Based on these observations experiments were performed to establish
which plasma component may be a potential regulator of ASP production from
adipocytes In the postprandial state.

As portrayed on the graph in Figure 11, 1in cultured adiporytes basal ASP
levels increase up to 4 hours at which time they reach a maximum of 297 + 68

ng/mg cell protein (166%), shightly decrease by 8 hours and even more by 24 hours.
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The effect of ASP and insulin on glucose transport in cultured
human adipocytes. Culture dlfferentlated adipocytes were exposed
to ASP and ASP + insulin at 37°C for 1 hour with ASP concentrations
of 0.3, 0.6, 1.8, 2.4, 2.8 and 5.5 uM and single insulin concentration of
1 mU/mL. Glucose uptake was then measured over 10 minutes with
0.05 mM of *H-2-DG. The results are expressed as % stimulation = %
SEM above basal glucose transport were basal glucose transport
equals 100%. Basal levels (no addition) for adipocytes were 3.6 =
0.41 nmol/mg cell protein. The graph shows an average of 4-5
experiments with duplicate determinations in each experiment, p=NS
(not significant) at all concentrations for cells treated with ASP +
insulin vs. ASP alone.
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Figure11. Basal ASP production in cultured human adipocytes. Human
preadipocytes were differentiated in culture as described in Matenals
and Methods for 21 days. Preadipocytes and adipocytes were
incubated in serum- and hormone-free media for 2, 4, 8 and 24 hours.
Basal ASP content in the media was then measured by
radioimmunoassay at each of the time points. The results are
expressed as ng of ASP generated per mg cell protein = SEM. Shown
are the resuits from 3 experiments assayed in triplicates.
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Therefore, to study ASP generation in cultured human adipocytes a six hour time

point was chosen for all the incubations for most of the experiments since at this
point the ASP production was observed to be within maximal range.

Since glucose and fatty acids provide essential building blocks for
triacylglycerols and ASP is effective in stimulating triacylglycerol synthesis in human
adipocytes from these substrates, we examined the effects of these two substrates
on ASP production by human adipocytes differentiated in culture. ASP generation in
culture media was measured by radioimmunoassay in the presence of increasing
concentrations of glucose and oleic acid. The substrate concentrations used
represent physiological values in humans ranging from fasting to postprandial levels
for glucose and for fatty acids. Figure 12 shows data obtained from cells that were
exposed for 6 hours to Increasing concentrations of glucose (5.0 mM to 75.0 mM)
The amount of ASP generated in the media bathing differentiated adipocytes did not
increase above the baseline (315.01 + 19.42 ng/mg cell protein) with varying
glucose concentrations (p<NS, one-way ANOVA). The resuits from experiments in
which increasing concentrations of oleate complexed to bovine serum albumin (up to
0.8 mM) were added to the culture media are shown in Figure 13 Again, the amount
of ASP generated by the cells differed little from the b~seline other than the small
Increase at the very low and very high oleate concentrations At 0015 mM the
increase was 1.42 fold (p<NS) and at 0.8 mM it was 1.25 fold (p<NS, one-way
ANOVA).

The capacity of cultured human adipocytes to generate ASP was also

examined under different concentrations of insulin» anging from 0 01 mU/ml (fasting)
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Concentration dependent effect of glucose on ASP generation by
human adipocytes: Human preadipocytes were differentiated in
serum free medium for 21 days. Cells were then exposed to
increasing concentrations of glucose aver a period of 6 hours. Medium
ASP was measured (nnJ/mg cell protein) at each of the
concentrations by radioimmunoassay. Basal (5.0 mM glucose) levels
are 315.01 + 19.42 ng/mg cell protein. The results are expressed as
fold change in ASP generated above the basal = SEM. where basal
values are given as 1.0 and n=3 experiments from 3 different subjects
assayed in triplicate. p=NS (not significant) by one-way ANOVA.
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Concentration-dependent effect of oleate on ASP generation by
human adipocytes: Human preadipocytes were differentiated in
serum free medium for 21 days. Cells were then exposed to
increasing concentrations of oleic acid complexed to BSA over a
period of 6 hours. Medium ASP was measured at each of the oleate
concentrations by radioimmunoassay. Basal levels (no oleate) are
27867 + 92.68 ng/mg cell protein. The results are expressed as fou
change in ASP generated above the basal + SEM, where basal values
are given as 1.0 and n=3 experiments from 3 different subjects
assayed in triplicate. p=NS (not significant) by one-way ANOVA.
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to 100 mU/ml (pharmacological) (56). Insulin has a well documented effect on

triacylglycerol synthesis through its acton on glucose transport and hormone
sensitive lipase (21) It is also an essential component for differentiation of mouse
and human adipocytes (49). Figure 14 demonstrates that with increasing insulin
concentrations there was a slow but steady rise of ASi” in the media The increase
of medium ASP reached a maximum of 208% + 19% (p<005. ANOVA) at a
concentration of 50 mU/ml of insulin and reached a plateau thereafter

Previous studies have shown that plasma ASP levels increase followng an
oral fat load in normolipidemic patients concomitant with an increase in plasma
triacylglycerols (45) Lipoprotein particles are the plasrma components that carry
triacylglycerol and cholesterol in the crculaton Lipoprotein particles were,
therefore, 1solated by sequential ultracentrifugation from a normolipidemic individuat,
4 hours postprandially as described in Materials and Methods section Each
lipoprotein fraction was assayed for tnacylglycerol (TG) and cholesterol (CH)
concentration Chylomicrons and VLDL were added to the cultured cells at a
concentration of 50 ug of TG/ml and LDL and HDL were added at a concentration of
25 ug of CH/miI These concentrations were chosen because they represent the
lower end of the physiological postprandial range (56)

Figure 15 depicts the changes in the media ASP levels 6 hours following
incubations with either CHYLO, VLDL. LDL or HDL As compared to basal values
(no addition) there was a 17 1 + 4 5 fold increase in the amount of ASP generated
by the cells after exposure to chylomicrons, whereas all the other lipoprote:n

fractions had little effect on the cells as compared to CHYLO, p<0.05 for CHYLO
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Concentration-dependent effect of insulin on ASP generation by
human adipocytes: Human preadipocytes were differentiated in
serum free medium over a period of 21 days. Differentiated adipocytes
were then exposed to increasing insulin concentrations for 6 hours.
Medium ASP was measured by radioimmunoassay. Basal (no insulin)
levels were 101.0 + 35.1 ng/mg cell protein. The results are expressed
as fold change in medium ASP generated above the basal + SEM.
where basal values are given as 1.0 and n=3 experiments from three
different subjects assayed in triplicate, * p<0.05 by one-way ANOVA
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Effect of lipoproteins on ASP generation by differentiated human
adipocytes: Human preadipocytes were differentiated in serum iiee
medium over a period of 21 days Differentiated adipocytes were then

exposed to CHYLO, VLDL (50 ug TG/ml) or LDL and HDL (25 pg
CH/mI) for 6 hours. LPL was added to all lipoprotein fractions at 10
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mU/ml. Medium ASP was measured by radioimmunoassay. Basal
levels (no additions) were 315.00 + 130.81 ng/mg cell protein. The
results are shown as fold change in medium ASP generated abave
the basal + SEM, where basal values are given as 1.0 »nd n=3
experiments from three different subjects assayed .1 triplicate.
Statistical significance was calculated using paired t-test, * p<0.05.
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and p<NS for VLDL, LDL and HDL vs. basal as determined by paired t-test.

Nonetheless, the effects of VLDL, LDL and HDL on ASP generation were still
greater than the effects of fatty acids and insulin (note the difference in scale
between figure 8, 9 and 10).

LPL is an enzyme made and secreted by adipose tissue and is necessary for
the hydrolysis of plasma lipoprotein triacylglycerol (57). This enzyme was added to
the cultured adipocytes at a concentration of 10 mU/ml to all incubations with
lipoproteins. Addition of LPL alune or addition of LPL to lipoproteins had no effect on
ASP generation by the cells (p=NS, paired t-test). Similarly, addition of BSA, which
is a carrier protein for fatty acids, alone at the concentration of 1.0 mg/ml had no
effect on medium ASP levels.

it should be pointed out that although there is some ASP associated with the
chylomicron lipoprotein fraction, this amount of background ASP was subtracted
from the total medium ASP. In all cases, the amount of ASP associated with the
chylomicron fraction was not greater than 27% + 6.8% of the total medium ASP
generated by cultured adipocytes.

The effects of varying concentrations of chylo-ucrons on cultured human
adipocytes are shc vn in Figure 16 The data demonstrate that increasing
concentrations of chylomicrons result in an increase in ASP levels detected in the
media of human adipocytes. This increase in ASP reaches 142.0 + 64 9 fold at the
highest concentration of 500 ng TG/ml of chylomicrons added. There was no
plateau observed at the chylomicron concentrations tested; however, it should be

noted that the concentrations chosen were still well within the range of physiological
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Dose-dependent effect of chylomicrons on ASP generation by
human adipocytes: Human preadipocytes were differentiated in
serum free medium over a period of 21 days. Differentiated adipacy. s
were then exposed to increasing concentrations of chylomicrons for b
hours and ASP generated was measured In the cell media by
radioimmunoassay Basal (no additions) levels were 151.5 = 27.2
ng/mg cell protein. LPL was added to all chylomicron concentrations
at 10 mU/ml. The ASP concentration present in chylomicrons
(background) was subtracted from total medium ASP Background
levels of ASP did not exceed 27% + 6.8% of total medium ASP. The
results are shown as fold change in medium ASP generated above
basal + SEM, where basal values are given as 1.0 and n=3
experiments from three different subjects assayed In triplicate, *
p<0.05 determined by one-way ANOVA.
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postprandial levels (56).

Finally, to investigate the response rate to the chylomicron stimuli, the
adipocytes were exposed to chylomicrons at a selected concentration of 50 g
TG/ml for varying periods of time. In this set of experiments the cells were switched
to serum- and supplement-free media 24 hours before medium ASP levels were
measured. The chylomicrons were then added for the final 0, 2, 4, 6, 8 and 24 hours
of the incubation period. As shown in Figure 17 the amount of ASP generated after 2
hours exposure to chylomicrons was almost the same as the baseline or at time zero
with no exposure to chylomicrons (241.03 + 17.10 ng/mg cell protein vs. 292.32 +
16.22 ng/mg cell protein respectively). This level increased rapidiy at 4-6 hours
chylomicron exposure reaching a plateau of 821 + 115 ng/mg cell protein (p<0.05,

one-way ANOVA).
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Figure 17. Time course of the rhylomicron effect on ASP generation by
human adipocytes: Human preadipocytes were differentiated In
serum free medium over a period of 21 days. Differentiated
adipocytes were then exposed to chylomicrons at 50 ug TG/ml
medium for different lengths of time. ASP levels were measured in the
cell media by radicimmunoassay. The results are expressed as ng/mg
cell protein + SEM for 2 experiments from 2 different subjects assayed
in triplicate; * p< 0.05 determined by one-way ANOVA,
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4. DISCUSSION

Initial interest in ASP was based on its function of stimulating
triacylglycerol synthesis, and over several years, some aspects of ASP such as
its definitive characterization, together with its mode of action, have been
unraveled. ASP s a small (8932.5 Dalton), basic protein (pl 9.0) which was
initially shown to stimulate triacylglycerol synthesis in human skin fibroblasts and
freshly isolated mature fat cells (35, 38) Later, it was also observed that ASP
had a stimulatory effect on glucose transport (40). However, the association
between ASP and adipocytes extends beyond the effects of ASP on adipocytes.
ASP is in fact produced by adipocytes (36)

The human adipocyte cell model was developed by modifying the initial
procedure of Hauner and his colleagues (49) This cell model was of particular
interest for a number of reasons First, ASP Is a protein which was 1solated from
human plasma and therefore a human cell model was specifically chosen
instead of, for example, the murine 3T3 preadipocyte cell system, which has
been used extensively (58). Second, the effects of ASP had previously been
studied manly in human skin fibroblasts but the tissue that I1s actively involved in
synthesizing and storing triacylglycerols is, in fact, adipose tissue It was
previously shown that mature adipocytes are more responsive to ASP than
fibroblasts (59). Third, the effects of ASP on differentiated human adipocytes
could be studied and compared to the effects on preadipocytes - the adipocyte

precursor cells. Fourth, although freshly isolated mature fat cells can be used
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experimentally, the interpretations of studies done in that system must then take

into account the influence of the environmental metabolic milieu acting on the
tissue at the time of harvesting. Fifth, isolation of mature fat cells 1s done through
collagenase digestion. This particular treatment has been shown not only to
break up very large fat cells (which might be important) and damage plasma
receptor proteins in the remaining cells but also to decrease secretion of certain
proteins such as lipoprotein lipase (60). Finally, in recent years adipose tissue
has been shown to be not only a storage site, but a metabolically active
secretory organ for proteins and non-protein factors involved in lipid metabolism
(61). Lipoprotein lipase. cholesterol ester transfer protein, apolipoprotein E and
recently adipsin and complement C3 are only a few molecules shown to be
made and secreted by adipose tissue. For that reason, the human adipocyte cell
model offers a fully controlled system to study not only ASP action but also ASP
generation in the basal and stimulated states.

Using the human adipocyte cell model. 1 first examined the effects of ASP
on triacylglycerol synthesis and glucose transport In the second part of this
thesis, attention focused on acute regulation of ASP generation One
shortcoming of this model i1s the fact that human adipocytes cannot be
propagated I culture for long periods of time and so only primary cultures can
be used. Each experiment, therefore, must be done on cells obtained from
different subject and thus a wide range of responses from one cell line to
another is seen The experiments are validated by including numerous internal

controls which take into account this natural vanation
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The results of the experiments show that ASP stimulates triacylglycerol

synthesis to a much greater extent in adipocytes than in preadipocytes indicating
that as the preadipocytes enter the differentiation pathway they become much
more responsive to ASP than therr precursors. Moreover, the stimulatory effects
of ASP seen liere are greater than shown previously in human skin fibroblasts
but are similar to those observed in mature fat cells (59). This observation
supports the use of the human adipocyte cell model for studying the role of ASP
in hpid metabolism.

The response of adipocytes to an ASP challenge was observed at low
ASP concentrations which raises the possibility that adipocytes may have an
increased number of ASP receptors. This hypothesis was confirmed in very
recent preliminary experiments in our laboratory (43). For this reason one might
suggest that adipose tissue 1s not only the primary site of ASP action but also
that any changes affecting either the production of ASP and/or of its receptor
might result in dysfunctional storage of fat in adipose ‘ssue.

Furthermore, in the present work, the stimulatory effect of ASP on glucose
transport in adipocytes has been demonstrated for the first time. It was observed
that ASP stimulates glucose transport in adipocytes to a comparable extent to
that seen in human fibroblasts and in L6 muscle cells (40, 41) In addition, the
maximum effect 1s accomplished at very low ASP concentrations As with
cultured fibroblasts and L6 muscle cells, the maximal stimulation with ASP is

comparable to that of insulin
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There is now strong evidence that ASP affects the translocation of not

only Glut 1, but also Glut 4 and Glut 3 glucose transporters from intracellular
pools to plasma membrane in specific cells. In addition, preliminary observations
suggest that ASP may also affect the intrinsic activity of the Glut 1 transporter.
However, it is the Glut 4 glucose transporter that i1s specific to muscle and
adipose tissue and the changes in the levels of expression of this transporter in
adipose tissue have been implicated in the development of obesity (62) Itis also
known that translocation of Glut 4 is the means by which insulin stimulates
glucose transport In fat and muscle (63). It would, of course, be of great interest
to see which glucose transporter is affected by ASP in adipocytes and
preadipocytes. However, due to imited availability of human adipose tissue and,
therefore, the number ~ cells necessary for differentiation, these experiments
were not feasible

As preadipocytes differentiate into adipocytes the responsiveness to ASP
becomes much more rapid and the maximum effects are achieved at
physiological concentrations of ASP. This is seen whether we monitor
triacylnlycerol synthesis or glucose transport. This coordinate response of
adipocytes at levels of ASP found in the circulation further supports a
physiological role for ASP

it was particularly interesting to see, in the case of glucose transport, that
at much higher ASP concentrations preadipocytes become as responsive as
adipocytes. Since preadipocytes are in some aspects similar to adipocytes it

cannot be excluded that, under specific conditions, the ASP effects on this
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particular group of cells may facilitate the entry of these cells into the

differentiation pathway. In fact, preliminary experiments give an indication that
ASP does facilitate the differentiation process of preadipocytes (l.Murray,
M.Maslowska, K.Cianflone, unpublished obseivations). The fa ! that the effects
of ASP are sustained may be of importance as well. In particular, this may
suggest that as the adipose tissue responds to the nutritional challenge,
adipocytes are the first cells that become rapidly recruited to take up the
incoming glucose and the liberated free fatty acids for storage In some
situations, however, when the challenge becomes overwhelming, preadipocytes
must be recruited as well In this way the tissue could increase not only the size
of the existing adipocytes but aiso the number of cells that will be “the rapid
responders’. Indeed, this may be the pathophysiologic process which ultimately
leads to obesity.

An important question to address at this point was the interaction between
the effects of ASP and those of insulin. Are these two powerful agents acting
independently? Results piusented in this thesis show that the stimulatory effects
of ASP on glucose trar..port are most probably independent of the stimulatory
effects of insulin in preadipocytes. However, this was not the case In
differentiated adipocytes. There 1s one possible explanaton for this
phenomenon. Stimulated glucose transport I1s achieved by the means of
recruiting specific glucose transporters. In adipose tissue, there are two different
glucose transporters involved, the Glut1 and the Glut 4 transporters. Their levels

of expression differ not only during the differentiation course of adipose cells. It
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is possible that the degree of translocation, as well as the intrinsic activity of

these transpoiters might be affected differently in preadipocytes and in
adipocytes Regretfully, this particular enigma could not be answered in this
thesis leaving room only for speculations that in preadipocytes, ASP and insulin
effects are via two cifferent mechanisms but in adipocytes, most probably, both
act via the same mechanism

The extent of ASP's role in the regulation of lipid metabolism i1s becoming
increasingly relevant and at the same time very challenging The striking effects of
ASP on both triacylglycerol synthesis as well as on glucose transport in cultured
human fibroblasts (40} and now in cultured human adipocytes, have not only
substantiated the view that the triacylglycerol synthetic pathway may be regulated
but also motivated further studies towards understanding the regulation of ASP
itself ASP not only has marked effects on adipocyte metabolism, but 1s also
produced by differentiated adipocytes (36) Based on these observations, the
second part of this thesis examined which particular stimuhi modulates ASP
production in cultured cells The results of these experiments provide the first
evidence that ASP generation from human adipocytes can be modulated by specific
plasma components

Neither glucose nor oleate had significant effects on ASP generation in the
media The fact that glucose and free fatty acids did not cause increases in media
ASP levels was nitially surprising since both factors increase postprandially and we
have previously demonstrated that ASP levels also rise dunng that time (45)

However, it should be noted that fatty acids can also be generated through the
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action of hormone sensitive lipase from adipocytes for export to other tissues (24).

An increase in ASP production at this point would indeed be paradoxical and would
result in a futile cycle of lipolysis/lipogenesis

The experimental results indicate that, at high concentrations, insulin
significantly increases ASP production. Although a direct effect on the conversion of
C3 to ASP cannot be ruled out, insulin may be affecting the secretion of adipsin (the
catalytic enzyme), as shown previously in murine clonal adipocytes (64) as well as
(hypotheticaily) C3 and factor B

It was shown 1n fat-load studies that plasma ASP levels rise concurrently with
the rise of plasma triacylglycerols (45). It was speculated, therefore, that the
triggenng signal might he within the lipoprotain particles themselves To test this
hypothesis, expenments were performed in which ASP production was assessed
following the exposure of the cells with different plasma lipoprotein fractions
(chylomicrons, VLDL, LDL and HDL) Addition of chylomicrons to cultured
adipocytes caused dramatic elevations in media ASP, whereas other lipoproteins
had relatively little effect. Thus effect was both time and concentration dependent
This suggests that the signaling mechanism 1s on the chylomicron particle itself
The lack of effect by other lipoprotein particles may provide a clue

Certainly the apolipoprotein composition of chylomicrons 1s different from the
other lipoproteins. For example, chylomicrons are the only lipoprotein particle that
contain apolipoprotein B-48, the remaining apolipoprotein B containing lipoproteins
(VLDL and LDL) contain a hepatic form of apolipoprotein B, apolipoprotein B-100 In

addition to differences in apolipoproteins, cliylomicrons also contain lipid
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components not present in the other lipoproteins, such as retinol ester Thus there

are several potential candidates for the active factor Further studies will focus on
defining the active component in chylomicrons and the mechanism by which it
affects increases in ASP production Although postprandial increases in insulin may
be one mechanism by which plasma ASP levels increase. based on the magnitude
of the increase in ASP achieved with the addition of n vivo concentrations of
chylomicrons (which far exceads the insulin effect) this mechanism 1s most likely the
physiological source of the postprandial increase in ASP levels

What 1s the mechanism by which postprandial factors (chylom«crons and
insulin) increase media ASP concentration? Production of ASP s dependent on
three protein factors (C3, factor B and adipsin). two of which are consumed during
the reaction (C3 and factor B) whereas adipsin, as a catalytic enzyme 1s not It I1s,
therefore, possible to stimulate ASP production by increasing cellular secretion of
any one of these three proteins, or by enhancing the catalytic conversion reaction
itself With respect to the first mecharuism. C3 and factor B secretion can be
regulated under specific stimuli in a number of different cells In addition. human
adipocytes have also been shown to express increased levels of mRNA for C3 and
factor B (36) and recently shown to secrete these proteins (T Scantienbury,
unpublished observation) In the case of adipsin. however. expression in humans 1S
primarily confined to adipose tissue (33) This I1s particularly relevant since the
generation of ASP is dependent on both the presence of the catalytic enzyme

adipsin and on C3 and factor B
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Based on the observations presented in this thesis, Figure 18 illustrates a

proposed mechanism of ASP generation Adipocyies are known to make and
secrete lipoprotein lipase (LPL) - an enzyme which i1s translocated from adipos3
tissue onto the lumenal surface of endothelial cells (65) It 1s nossible that, as
adipocytes secrete complement C3, factor B, and adipsin, these proteins are also
translocated to the vascular space through a mechanism similar to that responsibie
for LPL translocation When dietary fat enters the circulation in the form of a
chylomicren particle, the particle associates with the endothelial cel’ surface lining
the b'ood vessel The lipoprotein particle binds the endothelial surface through
interaction with LPL located ci1 the endothelial cell surface and apolipoprotein Cll
Apolipoprotein Cll is tie cofactor for LPL and i1s located on the surface of the
chylomicron zcrticle, resulting in TG hydrolysis It 1s possible that during the same
Yme another chylomicron protein or lipid component facilitates attachment of C3, an
event which could conceivably cause the activation of the proximal portion of the
alternate complement pathway The activation of this pathway, which involves C3,
factor B and adipsin, would thus account for the postprandial generation of ASP In
addition, a particular component of chylc.nicrons may also enhance adipocyte
secretion of the ASP precursor protein  C3 as well as the two factors necessary for
C3 cleavage - factor B and adipsin

The scenario outlinec above would result in the generation of ASP which in
turn will act back on the adipose tissue itself 10 increase triacylglycerol synthesis and
glucose transport. In thus way the adipose tissue I1s primed to efficiently sequester

any excess dietary plasma fatty acids and glucose for storage
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One can then see how excessive efficiency of this system might be

associated with obesity. And indeed, plasma ASP levels are 2-3 times higher in
obese people than in age-matched, normal weight individuals (47). Fasting of obese
individuals resuits in substantial decreases of plasma ASP to within the normal
range (47). This is seen even in the absence of large decreases in adipose fat mass
indicating that the amount of ASP produced per fat mass, has clearly been down-
regulated. Similarly, small but significant variations in plasma adipsin levels are also
found in human obesity (increased adipsin) and eating disorders such as anorexia
nervosa (decreased adipsin) (66).

In summary, ASP is a potent stimulator of triacylglycerol synthesis and
glucose transport in adipocytes. Moreover, levels of ASP can in fact be regulated in
vivo with a chylomicron challenge. These data suggests that modulations of plasma
ASP levels in response to dietary fat intake may play a physiological role in positive

feedback regulation of adipose tissue fat mass.
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