Acylation-Stimulating Protein Precursor Proteins in Adipose Tissue
in Human Obesity
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Recent reports have suggested a link between acylation-stimulating protein (ASP) and complement C3 with obesity, insulin
resistance, coronary artery disease, and hyperlipidemia. Our aim was to examine the mRNA expression of C3 and other
factors related to ASP production (such as factor B and adipsin) in adipose tissue. The influence of gender and obesity was
examined in subcutaneous (SC) and omental (OM) tissues from 16 males and 16 females with body mass index (BMI) from
20 to 54 kg/mZ. The results demonstrate that factor B mRNA expression is higher in males than females in both SC and OM
tissues. In female SC tissue, C3 and adipsin mRNA decrease with increasing BMI (r = 0.557, P = .025 and r = 0.717 P = .002,
respectively), with no change in factor B. By contrast, in males there was a pronounced increase in C3, adipsin, and factor B
in OM tissue with increasing BMI (r = 0.759 P = .001, r = 0.650 P = .006, and r = 0.568 P = .022, respectively). Of note, however,
in both men and women there was a marked increase in the OM/SC ratio of C3 and adipsin with increasing BMI. These results
suggest that in female SC adipose tissue, there is downregulation of factors related to ASP production in obesity, perhaps to
limit further expansion of adipose tissue. In males, there is increased expression in OM tissue. In addition, relative OM/SC

expression increases with obesity and these changes may contribute to the development of visceral adipose tissue.

© 2003 Elsevier Inc. All rights reserved.

N RECENT YEARS there has been increasing interest in
complement C3 in relation to obesity, insulin resistance,
coronary heart disease and dydipidemias. A number of recent
studies in humans have demonstrated that the concentration of
plasma C3 correlates to body mass index (BM1)1-° and plasma
C3 levels are increased in obesity.”-21° With weight reduction
or in subjects with anorexia nervosa, plasma C3 is de-
creased.”10-12 While 2 studies suggest that females have higher
plasma C3 than males, when adjusted for percent body fat there
is no difference.13 On the other hand, other studies suggest the
converse: that plasma C3 levels in males are higher than
females.213, Hypocomplementemia is a feature in many cases
of acquired partial lipodystrophy.14-17
Beyond the association of C3 with body weight, there are
also a number of studies that demonstrate that C3 is increased
in type |l diabetes, 1819 coronary artery disease patients®820
hypertension,22-22 and in dydipidemic subjects.223® |In these
studies, C3 was shown to correlate positively with insu-
lin24.689 and glucose,24689.24 and changed with pharmaco-
logic treatment of diabetics with thiazolidinedione or sulfonyl-
urea treatment.>5 C3 was also strongly associated with lipid
parameters such as plasma apolipoprotein B (apoB),24# total
cholesterol, low-density lipoprotein (LDL) cholesteral, triglyc-
eride, 2489132223 gnd nonesterified fatty acids24 and nega
tively with high-density lipoprotein (HDL) cholesterol,24.2
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even when adjusted for BMI.2 This relationship of C3 with
plasma lipids also appears to influence the effectiveness of
hyperlipidemic treatment.25> Muscari et al demonstrated that C3
was predictive of myocardial infarction and was more signifi-
cant than any other association of traditional risk factors.39 In
this study, of the primary variables associated with C3, insulin
was the main covariate.

Whileit has traditionally been assumed that the major source
of plasma C3 is the liver,26 we and others have demonstrated
that with differentiation, cultured human and murine adipocytes
express mRNA for C3 and secrete C3.27-29 When quantitated
by competitive reverse-transcriptase polymerase chain reaction
(RT-PCR), the expression level was shown to be intermediate,
lower than lipoprotein lipase (LPL) and hormone-sensitive
lipase (HSL), but comparable to insulin receptor, insulin recep-
tor substrate-1 (IRS-1), and uncoupling protein-2 (UCP-2).30
Quantitatively, however, the values range widely from 15 to
450 amol/ug total RNA.31-33 However, in spite of the strong
associations of plasma C3 with disease as described above,
there are little data available on C3 mRNA levels in adipose
tissue, and no study has examined the influence of gender,
obesity, or adipose tissue region.

C3iscleaved to generate acylation-stimulating protein (ASP,
or C3adesArg), a potent stimulator of triglyceride synthesis in
adipocytes. As with C3, ASP is also increased in obesity,33-36
diabetes,33 and hyperlipidemia,#37 and in subjects with coro-
nary heart disease.3” With weight loss there is a decrease in
plasma ASP.34 Plasma levels of ASP correlate with BMI,
insulin, and lipids (apoB, triglyceride, and nonesterified fatty
acids).433-39 While ASP is generated from C3, plasma ASP
levels are many-fold lower than C3. There are only a few
studies (n = 6) that have measured both ASP and C3.4-6:33.4041
The correlation between the 2 factors ranges from not signifi-
cant541 to highly correlated,“° suggesting that other factors,
such as the proteins associated with conversion of C3 to ASP
(including factor B and adipsin), may influence ASP levels.

In vitro, ASP is generated through the interaction of precur-
sor C3, cofactor B, and the serine protease enzyme, adipsin.
Adipocytes express MRNA for al 3 factorsin a differentiation-
dependent manner and secrete al 3 factors.27-2° Production of
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ASP by cultured adipocytes?”-2° has been demonstrated. As
with C3, plasma concentration of both factor B and adipsin has
been shown to be increased in obesity and diabetes”-36.42-45 and
decreased with weight loss or in anorexia nervosa.”4245 Plasma
adipsin correlates with BMI,3643-45 jnsulin,43-45 triglyceride,*4
and apoB.3% However, there is no information available on
either factor B or adipsin in subjects with coronary heart
disease or hyperlipidemia. Surprisingly, athough ex vivo adi-
pose tissue production of adipsin was described a decade ago,*>
only one study has been published on adipsin mMRNA expres-
sion in human adipose tissue in lean subjects only,4¢ and there
are no data on factor B mRNA variation in adipose tissue. In
that study, Montague et al demonstrated that the copy number
of adipsin in human adipose tissue was extremely low, lower
than leptin and peroxisome proliferator-activated receptor
gamma (PPARY), contrasting with the data in mice that dem-
onstrate that adipsin is abundant.4”

Therefore the aim of the present study was to measure
mRNA of C3, factor B, and adipsin in human adipose tissue,
and to determine the effect of gender, obesity, and adipose
tissue site on expression of C3, factor B, and adipsin.

MATERIALS AND METHODS
Subjects

Subjects were patients undergoing elective abdominal surgery at the
Royal Victoria Hospital for one of the following procedures: hysterec-
tomy, cholesystectomy, hernia repair, or gastroplasty. None of the
subjects had diabetes, cancer, or other wasting disease, and the women
were all premenopausal. Samples of subcutaneous (SC) and omental
(OM) adipose tissue were excised under general anesthesia. The pro-
tocol was approved by the Ethics Committee (Royal Victoria Hospital,
McGill University).

Isolation of Tissue and RNA Preparation

Adipose tissue samples were immediately frozen in liquid nitrogen
and kept at —80°C until used. Tissue pieces (400 ng) were homoge-
nized with Trizol reagent (procedure provided by the supplier) and the
upper fat cake was removed. Chloroform was added at 0.2 mL/mL
Trizol reagent (Invitrogen, Burlington, Canada) and centrifuged at 4°C,
10,000 X g for 15 minutes. Isopropanol (0.5 mL/mL Trizol reagent)
was added to the supernatant with 0.5 n.g glycogen added as carrier to
precipitate RNA, followed by centrifugation at 4°C, 10,000 X g for 15
minutes. The pellet was washed with 75% ethanol (1 mL/mL Trizol
reagent) and centrifuged at 4°C, 6,000 X g for 10 minutes. The pellet
was air-dried, redissolved in diethyl pyro carbonate (DEPC)-treated
water (100 uL), and heated at 55°C for 10 minutes. The RNA concen-
tration was determined by OD 260/280 ratio and the sample stored at
—80°C.

Semiquantitative RT-PCR Analysis

The methodology is described in detail elsewhere.2848 Briefly, 3 ug
RNA was lyophilized, redissolved in 10 wL denaturing solution (10 U
RNasin, 300 pmol Pd(N)6), and incubated at 65°C for 5 minutes.
Reverse transcription reaction solution was added (4 wL of 5X buffer,
10 U Rnasin, 100 U murine Moloney leukemia virus (MMLV), 0.01
mmol/L dithiothreitol [DTT], 0.5 mmol/L of each dNTP), incubated at
37°C for 2 hours, and the reaction stopped by heating at 95°C for 5
minutes. The cDNA was diluted up to 100 uL in DEPC water and the
samples stored at —80°C. For PCR analysis, 4 uL cDNA was added to
16 pL PCR reaction solution (Taq polymerase 0.5 U, 1X buffer, 2.0
mmol/L MgCl,, 0.2 mmol/L of each dNTP, 0.01 mmol/L tetra meth-
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Table 1. mRNA Expression of C3, Factor B, and Adipsin in Women

and Men
Female Male
SC oM SC oM P (ANOVA)
C3 66+14 76+09 52*+04 55=0.7* NS

Adipsin 4.6 0.7 51*=09 6.1x1.0
FactorB 34+03 7.1+09 79=*15*% 9.0=*1.1*

5.8 = 0.7 NS
P < .002

NOTE. Results are presented as mean mRNA = SEM where n = 16
for each group.

Abbreviation: NS, not significant.

*P < .05 for males v females.

ylammonium chloride (TMAC), and 1 umol/L of each primer). The
primers for factor B, adipsin, and glycera dehyde-3-phosphate dehy-
drogenase (GAPDH) are as described previously.848 For C3, the
primers were Sh: TGC AAG AAG GTC TTC CTG G, Asn: GTA ATT
GTA GAG AAC GGC TCG G. For C3, factor B, and adipsin, PCR was
performed for 35 cycles of 1 minute at 94°C, 1 minute at 60°C, and 1
minute at 72°C. For GAPDH, 30 cycles were performed. A 7-minute
extension at 72°C ended the reaction, which was then quenched at 4°C.
For al mRNA assayed, the cycle numbers chosen were demonstrated
to bein the linear range for amplification, and the signal produced was
directly related to the amount of cDNA used for the reaction.2848

Following PCR, a 4-uL sample was added to 6X sample loading
buffer, and separated on 7.5% sodium dodecy! sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) with piperazine diacrylamide (PDA)
gel2848 with New England BioLab (Mississauga, Canada) quantifiable
100-bp Ladder (N3231s), and silver-stained (BioRad Silver Stain kit,
Mississauga, Canada). The dried gel was scanned with BioRad Imaging
Densitometer (GS-670), and the relative amount of PCR product mea-
sured using the generated standard curve (BioRad Molecular Analyst
software) where the standard curve was linear from 9 ng to 194 ng
DNA and all samples fell within that range. Factors are expressed as a
ratio to GAPDH. Overall, there were no changes in GAPDH mRNA
expression.

Satistical Analysis
All results are expressed as the mean = SEM. Groups were com-
pared by 2-mean t test or by paired t test for SC to OM comparisons.

Pearson correlation was used to determine relationships between 2
factors.

RESULTS
Basic Subject Characterization

Adipose tissue samples were obtained from 16 female and 16
male subjects at the time of elective abdominal surgery. BMI
ranged from 20 to 54, with amean of 35.9 = 2.7 infemalesand
33.6 £ 2.7inmales. Mean ageswere 42.3 = 1.5in femalesand
38.9 = 1.5 in males. There was no difference in average BMI
or age between females and males.

MRNA Expression in SC and OM Adipose Tissue in Females
and Males

C3, adipsin, and factor B were measured for all subjects in
both SC and OM adipose tissue (Table 1). There was no overall
difference among the 4 groups (female SC, female OM, male
SC, and male OM) for either C3 or adipsin. However, there
were marked differences in factor B (P < .002 by analysis of
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variance [ANOVA]), such that the valuesin males overall were
increased relative to the females in both adipose tissues.

We then examined the effect of BMI on C3, factor B, and
adipsin expression in males and females separately. As shown
in Fig 1, in females, there was a significant decrease in C3
mRNA with increasing BMI in both SC and OM adipose tissue.
There was also a significant decrease in adipsin expression in
SC adipose tissue with increased BMI. On the other hand, there
was no significant change in adipsin in OM tissue, or in factor
B in either tissue with increasing obesity, athough the trend
was to decrease in all cases.

The changes in males are shown in Fig 2. In contrast to the
females, the magjor changes in males were seen in the OM
adipose tissue where the expression levels of all 3 factors (C3,
adipsin, and factor B) increased significantly with increasing
BMI. There was aso a significant increase in factor B mRNA
in SC adipose tissue. It was very striking that in females, all of
the significant correlations with BMI were negative (downregu-

lation with increasing BMI), while the opposite was true in
males (upregulation with increasing BMI), with the exception
of adipsin SC tissue.

Comparison of OM to SC Expression

The expression levels of OM to SC adipose tissue were
compared using a ratio of OM/SC as suggested by Duserre et
a.32 A ratio of 1.0 indicates similar relative levels in both
tissues (OM and SC) as shown in Table 2. While the OM/SC
ratio was greater than 1 for al factors, it was significantly
increased only in some cases. In females the OM/SC ratio was
increased for factor B by ailmost 3-fold (P < .001). Overal in
males the OM/SC ratios were not significantly different from
females.

We aso compared the OM/SC ratio over the range of BMI
to determine if obesity induced different or similar changes
within the 2 tissues using linear regression analysis. There are



ASP PRECURSOR PROTEINS IN HUMAN ADIPOSE TISSUE 1363
15+ 15
- __ 7] r=0.754, p=0.001
= 2
c =
El c .
2 104 3
= ® s
2 =
§ 5 % E
@ | 000 ° ° g
3 . °
(3]
c T T T 1
20 30 40 50 60 0-— T T T 1
20 30 40 50 60
BMI (kg/m?
(kg/m’) BMI (kg/m?)
% °7r=0.525, p=0.036 % 197r=0.642, p=0.007
£ oo £ .
3 % =1
2 oy
g g
: 3
s k3
3 =
"
c o
‘@ £
2 @
3 3
6‘0 0 T T T T 1
20 30 40 50 60
2
BMI (kg/m®) BMI (kg/mz)
— 30~ — —~ 201 — 24
2~ |r=0.670, p=0.005 7 297r=0.561, p=0.0
S = *
oy . >
E 20' . E
2 s
s 8
3 5
3 2
Fig2. Correlation of C3, adip- ‘g % e
sin, and factor BvBMlin SCand % &8
OM adipose tissue in men calcu- 1 01— T T T ]
lated by linear regression for 16 60 20 30 40 50 60

men; data provided for signifi-
cant correlations only.

Table 2. Ratio of indicated Parameters and Linear Regression
Analysis Versus BMI

Female v BMI Male v BMI
C3 OM/SC 2.06 = 0.51 NS 1.13 £0.20 r = 0.569
P =.021
Adipsin OM/SC 143 *+0.26 r= 0557 2.26*0.73 r= 0.546
P =.025 P =.028

Factor B OM/SC 2.97 + 0.69* NS 152 £ 0.24 NS

NOTE. Results are presented as OM/SC ratio for the normalized
expression levels expressed as mean = SEM where n = 16 for each
group, Linear regression of individual factors vs BMI was calculated
for males and females separately.

*P < .001 by paired t test for OM v SC.

BMI (kg/m?)

BMI (kg/m?)

tissue site differences, because the OM/SC ratio does not re-
main constant with increasing BMI (Table 2). In females,
adipsin mRNA decreases in SC (Fig 1) but not OM tissue,
resulting in a significant increase in OM/SC with increasing
BMI (linear regression: r = 0.557, P = .025). In males, C3 and
adipsin mRNA both increasein OM tissue with increasing BMI
(Fig 2), with no increase in SC expression, resulting in a
significant increase in OM/SC ratio (linear regression: r =
0.569, P = .021 for C3 and r = 0.546, P = .028 for adipsin).
In al cases where there is an obesity-related change, in both
males and females, the OM/SC ratio increases with increasing
BMI.

DISCUSSION

In the present study, we examined the expression of factors
involved in ASP generation: C3, factor B, and adipsin. Thereis
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relatively little data available on expression of C3, factor B, and
adipsin in adipose tissue and the present study is the first to
examine the effects of gender, size, and tissue site. Our results
demonstrate marked changes associated with increased obesity
that were very different in men and women. Specificaly, with
increased BMI, in women there was a decreased expression of
C3 and adipsin, while in men there was increased expression of
C3, factor B, and adipsin. In women, SC tissue was the primary
target, while in men OM tissue was more often affected. These
results also demonstrate a greater relative expression in OM
than SC tissue with development of obesity (increased OM/SC
ratio) in both men and women.

That there are gender differences should come as no surprise
since there are well-recognized differences in body fat distri-
bution between men and women, where in obesity women
characteritically deposit fat in SC sites (gynoid obesity), and
men tend to increase abdominal and especially OM fat depots
more easily (android obesity).#>-51 While gynoid obesity is
often associated with hyperinsulinemia, the metabolic changes
in android obesity are more deleterious, and are associated with
hyperinsulinemia and lipoprotein disorders (increased apoB,
hypertriglyceridemia, small dense LDL, and decreased HDL),
as well as increased risk of cardiovascular disease and type Il
diabetes.5253 There are numerous molecular and biochemical
studies that demonstrate important tissue site and gender dif-
ferences in function at a cellular level. The general consensus
is that adipose tissue from females is more effective at fat
storage than males, and that SC tissue is more efficient than
OM tissue. On the other hand, OM tissue (especialy from
males) would appear to be more lipolyticaly active when
stimulated.4%-51 Because of these clear gender differences not
only in our data, but in adipose tissue metabolism as a whole,
the results in women and men will be discussed separately.

First, in women, C3 expression (in both SC and OM) as well
as adipsin mRNA levels are decreased with increasing BMI. At
first glance, this might seem to contrast with the increased
levels of plasma C3 and adipsin, which have been reported in
obesity. However, considering the massive increases in adipose
tissue mass in obesity (both increased number and size of fat
cells), this may more than compensate for the downregulation
on a per cell basis.

Plasma adipsin, C3, and factor B increase in obesity (about
30% for C3,7:1054 450 for factor B,” and an average of 37% for
adipsin?.36:43-45). These changes are modest compared to the
average increase in ASP of 200% in obesity6:3536; however,
small changes in substrate (C3) and enzyme (adipsin) may
produce much larger changes in product (ASP). Although we
have yet to understand what regul ates the enzymatic conversion
process, we do have direct in vivo evidence that the basal
production of ASP by SC adipose tissue is increased in obes-
ity.5556 Following production, ASP interacts specifically and
saturably with an adipocyte cell surface receptor that has been
recently identifieds” to stimulate glucose transport and fatty
acid esterification for formation of triglyceride, as well as
inhibit triglyceride lipolysis.58-60 Initial studies indicate that
ASP stimulates triglyceride synthesis to a greater extent in SC
than OM adipose tissue,5t and this is consistent with binding
studies that demonstrate a higher affinity binding of ASPto SC
compared to OM plasma membranes.® Regulation of ASP
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production is that much more important because neither the
number of high-affinity binding sites®® nor the response to ASP
in obese adipocytes from femaless2 appears to be downregu-
lated in obesity.

While we can only hypothesize, the decreased expression of
C3 and adipsin with obesity may help to restrict further expan-
sion of an aready enlarged adipose tissue by reducing (on a per
cell basis) the potential for generation of ASP. This may also
prevent “overstimulation” of the adipose tissue since there does
not appear to be any desensitization to ASP in adipose tissue
from obese women.62

In men, the major changes demonstrated were in OM tissue,
with marked increases in obesity. Expression of C3, factor B,
and adipsin all increased with increasing BMI. Thisis consis-
tent with the demonstrated increases in plasma C3, factor B,
and adipsin that have been noted in obesity (as reviewed
above), although it is difficult to say whether this increase in
OM tissue would be of sufficient magnitude to result in the
increases of 30% to 45% reported. Increasesin all 3 parameters
would explain increased plasma levels of ASP (as has been
demonstrated in obese men).3¢ The circulating levels, however,
may underestimate the concentrations in the adipose tissue bed
of interest. Local tissue concentrations of these factors (as
autocrine/paracrine effectors) and local generation of ASP are
likely more important than general circulating levels. We have
demonstrated that the in situ increase in ASP in the adipose
tissue bed is greater than the circulating plasma ASP level,
especialy postprandially.5556 Thus, in the obese men, the local
adipose tissue A SP concentration may be much higher than that
seen in circulation.

Thisis particularly relevant as adipose tissue binding studies
have indicated that the affinity of the ASP receptor is lower in
OM versus SC adipose tissue, markedly so in males.?® In fact,
subjects with coronary artery disease that are characterized by
increased plasma apoB (hyperapoB) have increased plasma
ASP,37 delayed triglyceride clearance,364 and a reduced bind-
ing and cellular response to ASP.55 A local increase in ASP
concentration could overcome the limited cellular response due
to decreased receptor affinity, particularly since physiological
concentrations are within the range of receptor affinity (nano-
molar range).

Imbeault et a have demonstrated that SC C3 expression was
greater in middle-aged versus younger men of comparable
BMI.31 This difference was present even when corrected for
differencesin percent body fat between the 2 groups. They also
noted an increase in mMRNA of HSL, which contrasted with
decreased activity of HSL. They speculated that upregulation of
C3 expression may indirectly explain the impaired adipose
tissue lipolytic capacity, since increased C3 may lead to in-
creased ASP and ASP has been shown to inhibit basal and
norepinephrine-stimulated fatty acid release from adipocytes
through effects on re-esterification and lipolysis.6®

Koistinen et a aso demonstrated an increase in C3 mRNA
in adipose tissue from obese men compared to lean men.33
While these obese men only demonstrated a slight but not
significant increase in plasma C3, they did have a substantial
increase in plasma ASP. Interestingly, the level of C3 mRNA
correlated inversely with glucose disposal rate but positively
with BMI and postprandial triglyceride clearance.
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Finaly, an interesting phenomenon in the present study was
that the regulation of C3, factor B, and adipsin in SC and OM
tissues were distinctly different, such that changesin one tissue
were not necessarily seen in the corresponding tissue from the
other site. In all cases, the OM/SC ratio of al factors was
greater than 1.0 (indicating greater relative expression in OM
tissue). In addition, the ratio of OM/SC tended to increase with
increasing BMI. Thus, in women, the factors were downregu-
lated to a lesser extent in OM tissue (therefore OM/SC ratio
increased). In men, there was a preferential upregulationin OM
versus SC tissue (again OM/SC increased). Similarly, Duserre
et al demonstrated that “ASP” (in fact C3) expression in OM
was higher than SC at al BMI studied.32 By contrast Montague
et a found expression of adipsin to be comparable in men
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versus women, with no difference in OM and SC.#¢ This may
be because only lean subjects were examined, and the largest
differencesin the present study were the effects of obesity, with
adipsin changing according to BMI.

In conclusion, the changes in C3, factor B, and adipsin in
females are consistent with a downregulation to limit an ASP
responsive tissue, while the changesin menin factor B, C3, and
adipsin are consistent with an upregulation in order to compen-
sate for decreased response or a proposed “ASP resistance” in
OM tissue.
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