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Abstract

Intrauterine growth rate is associated with body distribution in adulthood suggesting differential
response of fetal fat depots to nutritional modifications. We hypothesize that there is regional
differences in fetal adipogenesis, in part, due to depot-specific regulation of the availability of insulin
growth factors. In near-term baboon fetuses (n = 3-5), the subcutaneous abdominal vs. omental
preadipocytes had (1) more extensive lipid accumulation as assessed by BODIPY (lipid staining) to
DAPI (nuclei) absorbance ratios (mean + SEM; 0.51 + 0.21, 0.35 £ 0.09, p < 0.05), (2) lower (p <
0.05) secretion of IGF-binding protein 4 (9.6 £ 1.2 vs. 17.4 + 2.8 ng/ml) and its protease pregnancy
associated plasma protein A (24.6 £ 1.9 vs. 39.1 + 6.3 plU/ml), (3) lower protein expression of IGF2
“clearance” receptor in cell lysate (0.28 + 0.03 vs. 0.53 + 0.02 OD U/mm?, p < 0.05); all variables
were intermediate in femoral preadipocytes. The regional variation of the adipogenesis and the IGF
regulatory pathway set the stage for differential responsiveness of fat depots to external signals.
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Fat accumulation in the upper body is associated with metabolic abnormalities in obese adult
individuals [1] whereas preferential accumulation of fat in the lower body seems to be less
detrimental or even protective against adverse metabolic effects [2]. Therefore, studying
mechanisms regulating differential regional adipose expansion is important. Previous studies
in human adults have reported that in vitro cellular kinetic properties of preadipocytes vary
among fat depots in favor of higher adipogenic capacity of preadipocytes from abdominal
subcutaneous (SQ ABD) vs. femoral (FEM) [3] and visceral fat depots [4,5]. IGF1, a potent
stimulator of adipogenesis, acts in an autocrine/paracrine fashion when in free form [6,7].
Preadipocyte differentiation in response to this growth factor varies among fat depots [8].
Furthermore, evidence of depot-related differences in the transcription of IGF1 binding protein
2 (IGFBP-2) [9] and pregnancy associated plasma protein (PAPP-A), a protease that cleaves
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IGFBP2/IGFBP4 and decreases their affinity to bind IGF1 [10], suggests that regional variation
in regulation of IGF1 bioavailability may play a role in body fat distribution.

Epidemiological studies and animal research have demonstrated an association between
restriction of fetal growth and development of upper-body fat distribution later in life
suggesting that fetal development of adipose tissue may be a critical period in regards to
subsequent fat distribution [11,12]. Both IGF1 and IGF2 are important for adipose tissue
growth during fetal development [13]. However, the cellular kinetics of preadipocytes and the
regulation of IGF1/IGF2 bioavailability in various fetal adipose depots are unknown.

In this study, we used near-term baboon fetuses, a non-human primate model whose
developmental anatomy and physiology are closer to humans than that of other animal models
[14], to measure the cellular Kinetics of preadipocytes isolated from SQ ABD, omental (OM),
and FEM depots. We also measured the secretion of IGFBP-4 and PAPP-A, and the protein
levels of IGF1 and -2 receptors (IGF1R and IGF2R, respectively) in cultured fetal
stromovascular cell cultures.

SV cultures—Adipose tissue samples from OM, SQ ABD, and FEM were collected from
six near-term (165 days gestation; term gestation is 184 days) baboon fetuses (1 female and 5
males) from ad libitum fed pregnant baboons at the Southwest Foundation for Biomedical
Research (SFBR, San Antonio TX). Details of housing and environmental enrichment have
been published elsewhere [15]. Cesarean sections were performed under general anesthesia
using standard techniques as previously described [16]. All procedures were approved by the
SFBR and University of Texas Health Science Center, San Antonio Institutional Animal Care
and Use Committees. Adipose tissue was removed from the fetus under aseptic conditions,
placed in HBSS buffer and shipped at room temperature to the Pennington Biomedical
Research Center.

Within ~24 h from collection, the adipose tissue was digested enzymatically and the isolated
stromovascular (SV) cells were cultured as previously described [17]. Third passages were
frozen until samples from all fetuses were available for batch processing in a single assay.

Preadipocyte kinetics

Adipogenesis—Cells in 10% FBS/DMEM-F12 (1:1) medium were seeded in duplicate onto
fibronectin (2.5 pg/cm?)-coated 96 well plates (1.5 x 104 cells/cm?2). After 24 h, preadipocytes
were differentiated using serum-free, chemically-defined medium as described previously
[18] with modifications: DMEM-F12 (1:1) medium plus 10 mg/mL transferin, 33 uM bioatin,
17 uM calcium pantothenate, 0.5 uM insulin, 0.1 uM dexamethasone, 0.2 nM triiodothyronine,
0.5 UM Roziglitazone, and 540 uM IBMX (the last two components for the first 2 days only)
for 9 days. Cultures were stained for lipids (BODIPY, 10 pg/ml) and DNA (DAPI, 300 nM);
both reagents from Invitrogen, Carlsbad, CA. The absorbance from BODIPY and DAPI was
measured on a FlexStation 3 fluorescent microplate reader and the BODIPY-to-DAPI (B:D)
absorbance ratio was calculated.

Proliferation—Cells in 10% FBS/DMEM-F12 were seeded in triplicates separately in two
96-well plates (0.5 x 104 cells/cm?). DNA content of each well was quantified using CyQuant®
NF Cell Proliferation Assay Kit (Invitrogen, Carlsbad, CA) after 1 (plate one) and 4 (plate two)
days. The percent change in fluorescence intensity of the nuclei dye [(day 4-day 1) x 100/day
1] was used as an index of proliferation.
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Apoptosis—Cells in 10% FBS/DMEM-F12 were seeded in 2 sets of triplicates in a 96 well
plate (1.0 x 104 cells/cm?) and grown to confluence. Apoptosis was induced in one set of the
triplicates by switching to serum-free DMEM-F12 (1:1) medium enriched with 10 nM TNFa
and 10 pg/ml cycloheximide for 4 h as previously described [7]. The levels of cytoplasmic
nucleosomes were measured using Roche’s Cell Death Detection ELISAPLYS kit (Roche
Applied Science, Indianapolis, IN). The ratio of the absorbance in the induced to the respective
non-induced cultures provided an index of apoptosis.

Secretion of IGFBP-4 and PAPP-A

Media conditioned by confluent cultures from one female and three male fetuses for 72 h were
collected and frozen at —80 °C until assayed. The levels of the IGFBP-4 and PAPP-A were
determined using RayBio®Human IGFBP-4 ELISA Kit (RayBiotech Inc., Norcross, GA) and
ultra sensitive PAPP-A ELISA (provided to Dr. Conover by Diagnostic Systems Laboratories,
Inc., Webster, TX) and normalized for DNA content (DAPI absorbance). To verify that
secretion of PAPP-A corresponds to its activity, conditioned media from 2 fetuses was
incubated with 125IGFBP-4 in the absence and presence of IGF2 at 37 °C for 24 h. IGF2 binds
to 1251GFBP-4 increasing its susceptibility to cleavage by PAPP-A [19]. The cleaved 18-kDa
radio-labeled fragments and the residual intact PAPP-A were separated by SDS-PAGE and
visualized by auto-radiography.

Immunoblotting for IGF receptors

Cells cultured in 10% FBS/DMEM-F12, were lysed on ice in 50 mM Hepes, 15 mM NaCl, 1
mM MgCl,, 1 mM CaCly, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 5 uL/mL protease
inhibitors (phosphotase 1, phosphotase 2 cocktails), and 3 mg/mL benzamidine. The lysates
were stored at —80 °C until assayed. Protein concentrations were determined by bicinchoninic
assay (Pierce, Rockford, IL). Samples (30 ug for IGF1R and 25 ug for IGF2R) were loaded
onto a precasted minigels (7.5% for IGF1R and 4-15% gradient for IGF2R; Criterion/BioRad,
Hercules, CA) and electrotransferred onto the polyvinylidene difluoride membranes (Roche,
Indianapolis, IN). The membranes were incubated in 0.1% TBS-T buffer containing mouse
monoclonal antibodies against IGF1R (1:100, Calbiochem, San Diego, CA) or IGF2R (2 pg/
mL; Abcam, Cambridge, MA). Rabbit polyclonal B-actin (1:1000, Cell Signaling Technology,
Danvers, MA) or mouse monoclonal glyceraldehyde 3-phosphate dehydrogenase (0.12 g/
mL; Biogenesis, Poole, UK) antibodies (suitable for the pore sizes of the gels used) were
applied as loading controls. Antigen—antibody complexes were detected using respective
secondary antibodies coupled with horseradish peroxidase (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ) and the Pierce enhanced chemiluminescence detection system (Thermo Fisher
Sci., Waltham, MA). The density of the bands on the X-ray film were measured using Quantity
One® software and a VersaDoc Imaging System (Model 3000; BioRad, Hercules, CA) and
the ratios of IGF1R-to-B-actin and IGF2R-to-GAPDH densities were analyzed.

Statistical analysis

The data were analyzed using SAS statistical software version 9.1.3 (Cary, NC). All values are
expressed as means + SEM. Differences among depots were tested using analysis of variance
with identification data and replicates within depot as random effects and depot as fixed effect.
P values less than 0.05 were considered statistically significant.
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Results

Regional preadipocyte kinetics

The adipogenesis in SQ ABD SV cultures was greater (p < 0.05) than that in FEM and OM
depots as assessed by B:D ratios (Table 1). However, we found no difference in the indices for
proliferation and sensitivity to apoptotic stimuli among depots.

Secreted proteins

The differences in the secretion of IGFBP-4 among depots had a similar profile as those of the
PAPP-A (Table 2). Omental SV cultures secreted significantly (p < 0.05) larger amounts of
IGFBP-4 and PAPP-A than SQ ABD. The levels of IGFBP-4 and PAPP-A secreted by FEM
SV cultures were intermediate. The cleavage of 121I-IGFBP-4 by secreted PAPP-A in a cell-
free assay resulted in loss of intact IGFBP-4 and generation of 18-kDa radio-labeled fragments
to the highest degree in media conditioned by OM SV cultures (Fig. 1). This proteolysis
occurred in the absence of exogenous IGF2 and did not change after addition of IGF2.

Protein expression of IGF receptors

The Western blot analyses (Fig. 2) show the protein bands of IGF1R [~260 kDa (A)] and IGF2R
[~180 kDa (B)]. The quantification of the density of the protein bands (Fig. 2, bar graphs) after
normalization revealed no differences in the IGF1R expression among fat depots (A) but higher
(p < 0.05) expression of IGF2R in cultures from OM than SQ ABD and FEM depots (B).

Discussion

We report that, in near-term baboon fetuses, the main difference in the preadipocyte kinetics
among depots was in the adipogenesis. The observed higher rate of lipid accumulation in
subcutaneous vs. omental preadipocytes is consistent with previous studies in fetal lambs
[20], adult pigs [21], and in some [22,23] but not all [24,25] investigations in humans.
Evaluating the composition of the differentiation media suggest that in preadipocytes with high
propensity for differentiation, i.e. from pigs and sheep, differences can be detected under
“suboptimal” conditions of media lacking PPARY agonists. Adding PPARYy agonists to the
differentiation cocktail [20,21] likely drives the differentiation to its maximal degree that
overrides potential differences. In contrast, human SV cultures appear to have a weaker
capacity to differentiate as differences among depots cannot be detected when “suboptimal”
medium is employed [24,25] but is apparent with the addition of PPARYy agonists [22,23].
Baboon fetal SV cells resemble those of humans, as they required PPARYy agonists for
differentiation. Recent gene expression studies report depot-differences in the transcription of
genes regulating adipogenesis which are involved fundamentally in embryonic development
and pattern specification [10,26-29]. This suggests that the differences in the preadipocyte
dynamic among anatomical sites may be, to some extent, innate regional variations in
adipogenesis. Our data in fetal preadipocytes further supports this notion. We only observed
a trend for higher proliferation rates in SQ ABD compared to OM and FEM depots. Others
have been able to detect differences between OM and SQ ABD in children after at least 7 days
of mitogenic stimulation of SV cultures with serum containing medium [8].

IGF1 and IGF2 are important regulators of intrauterine growth and adipose tissue development.
IGF1 mediates the effect of extrinsic factors including those of adipogenic hormones and
nutrient manipulations [6,11]. Modifications of IGF2 expression due to genetic variations
affect fetal growth and adipose tissue development leading to higher adiposity later in life
[30-32]. IGF1 and IGF2 exert their biological effects by binding to IGF1R [33] only when
they are in free forms. The IGF1/IGF2 bioavailability is controlled by binding to IGFBPs,
which in turn is regulated by proteases such as PAPP-A. PAPP-A increases IGF-I
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bioavailability indirectly, via degradation of the inhibitory IGFBP-2, -4, -5. Among the six
IGFBPs, IGFBP-4 has been shown to play a role in regulating differentiation of fetal
preadipocytes [34] and is the main substrate for PAPP-A. To our knowledge, this is the first
report of higher secretion of IGFBP-4 in OM than SQ ABD preadipocytes. Since IGFBP-4
binds IGF1, a decrease in free IGF1 available to bind IGF1R is expected. This mechanism
would explain the lower level of preadipocyte differentiation in OM vs. SQ ABD depot given
similar levels of PAPP-A. However, the secretion of PAPP-A had a similar profile of inter-
depot differences as IGFBP-4 with higher concentrations in media from OM preadipocytes
than SQ ABD preadipocytes. These data is consistent with the previously reported higher
protein and gene expression of PAPP-A in OM vs. SQ ABD preadipocytes in human adults
[10,35]. Our data also suggest that the higher secretion of PAPP-A by OM preadipocytes
translates into higher in vitro 122IGFBP-4 protease activity. However, the proteolytic activity
of PAPP-A may be further regulated by other factors including a membrane bound PAPP-A
[36] and by the physiologic inhibitor the precursor form of Eosinophil Major Basic Protein
[37]. The functional relevance of the interaction between IGFBP-4 and PAPP-A in the
regulation of IGF1 bioavailability needs to be addressed in future functional studies.

IGFBPs bind also to IGF2. In addition, IGF2 bioavailability is also controlled by its “clearance”
when bound to IGF2R. It is known that IGF2R plays a role in internalization, lysosomal
trafficking, and degradation of IGF2 [38]. The higher levels of the protein expression of IGF2R
in the OM vs. SQ ABD preadipocytes may lead to lower bioavailability and activity of IGF2
resulting in the observed restrained differentiation in this depot. Furthermore, it is known that
IGF2R may degrade other proteins, in addition to IGF2, including leukemia inhibitory factor
[38] and may activate proteolytically transforming growth factor p [39], both of which also
inhibit adipogenesis or lipid accumulation [40,41] providing supplementary mechanisms of
regulating adipogenesis.

In conclusion, the distinct adipogenesis and protein expression of components of the IGF
regulatory system in preadipocytes from different fat depots is apparent during late-term fetal
development. This suggests that fat distribution phenotype may have in part developmental
genetic origin and that it may be influenced by potential regional variation in the preadipocyte
responsiveness to adaptive changes in IGFs and other growth factors as a result of alterations
in maternal or postnatal nutrition or disease.
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Fig. 1.

1251.1GFBP-4 protease activity of PAPP-A. Conditioned media from OM, SQ ABD, and FEM
SV cultures from 2 baboon fetuses were incubated with 1251-IGFBP-4 and 5 nM IGF-11 at 37
°C for 24 h. The radio-labeled fragment (18 kDa) resulting from the proteolysis of 12°]-
IGFBP-4 by PAPP-A and the remaining intact 1251-IGFBP-4 were separated on SDS gel and
visualized by auto-radiography. Conditioned media from OM SV cultures exhibited IGF-11
independent greatest loss of intact 1251GFBP-4s coupled with greatest generation of 18-kDa
fragments indicating highest PAPP-A proteolytic activities.
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Fig. 2.

Immunoblots for IGF receptors in adipose-derived SV cultures by fat depots (n =4). (A) IGF1R
protein expression was similar among depots. Mean + SEM; SQ ABD, 0.69 £ 0.24; FEM, 1.00
+0.24; OM, 0.65 + 0.24 U/mm? (B) IGF2R protein expression was higher in OM compared
to both SQ ABD and FEM fat depots. Mean + SEM: SQ ABD, 0.28 + 0.03%; FEM, 0.34 +
0.042%: OM, 0.53 + 0.02° U/mm?2. Different letters in the superscripts indicate a difference
among depots, p < 0.05.
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Table 1
Cell kinetics of baboon fetal SV cultures by fat depot.

Omental

Differentiation (n = 4)

Lipid content per well, AU of BODIPY-to-DAPI Fluorescence 0.35 + 0.092
Proliferation (n = 5)

Percent increase in DNA amount, AU of “CyQuant” fluorescence 111+ 11
Apoptosis (n = 5)

Induced fold increase in cytoplasmic nucleosomes 1.10+0.07

Subcutaneous
abdominal

051+0.21P 0370072

185+ 38

143+0.21

Femoral

143+ 25

1.22+0.07

Data are means + SEM.

a'bp < 0.05 between depots.
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Table 2
Concentrations of IGFBP-4 and PAPP-A in media conditioned by baboon fetal SV confluent cultures by fat depot (n

= 4).

Omental Subcutaneous Abdominal  Femoral
IGFBP-4, ng/ml  17.4 +2.8% 9.6+1.2° 12.9+1.3%
PAPP-A, plU/ml 39.1 +6.3% 24.6 £1.9° 27.8+1.2%

Data are means + SEM. Different letters in the superscripts indicate a difference among depots, p < 0.05.
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