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Abstract

Diabetes mellitus affects the adipose tissue and mesenchymal stem cells derived from the adipose
stroma and other tissues. Previous reports suggest that bone morphogenetic protein (BMP)4 is
involved in diabetic complications, at the same time playing an important role in the maintenance
of stem cells. In this study, we used rats transgenic for human islet amyloid polypeptide (HIP rats),
a model of type 2 diabetes, to study the effect of diabetes on adipocyte-derived stem cells, referred
to as dedifferentiated fat (DFAT) cells. Our results show that BMP4 expression in inguinal
adipose tissue is significantly increased in HIP rats compared to controls, whereas matrix Gla
protein (MGP), an inhibitor of BMP4 is decreased as determined by quantitative PCR and
immunofluorescence. In addition, adipose vascularity and expression of multiple endothelial cell
markers was increased in the diabetic tissue, visualized by immunofluorescence for endothelial
markers. The endothelial markers co-localized with the enhanced BMP4 expression, suggesting
that vascular cells play a role BMP4 induction. The DFAT cells are multipotent stem cells derived
from white mature adipocytes that undergo endothelial and adipogenic differentiation. DFAT cells
prepared from the inguinal adipose tissue in HIP rats exhibited enhanced proliferative capacity
compared to wild type. In addition, their ability to undergo both endothelial cell and adipogenic
lineage differentiation was enhanced, as well as their response to BMP4, as assessed by lineage
marker expression. We conclude that the DFAT cells are affected by diabetic changes and may
contribute to the adipose dysfunction in diabetes.
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INTRODUCTION

The presence of diabetes mellitus is an important consideration in preparing stem cells from
donors and predicting the behavior of stem cells in recipients. The reservoir of stem cells in
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subcutaneous adipose tissue is known to change in diabetes. Adipose-derived stem cells
(ASCs), derived from the stromal vascular fraction, exhibit impaired viability and
differentiation (Ferrer-Lorente et al., 2014a; Ferrer-Lorente et al., 2014b), including
endothelial cell (EC) and angiogenic differentiation potential (Koci et al., 2014; Policha et
al., 2014; Rennert et al., 2014). Diabetes is also known to limit the therapeutic potential of
endothelial progenitor cells (EPCs) and bone marrow-derived progenitor cells (BMPCs)
(Fadini et al., 2006; Li et al., 2006; Tepper et al., 2002), and has been proposed to have
deleterious effects on stem cells due to oxidative stress (Saki et al., 2013).

Multiple signaling pathways, several of which are involved in stem cell maintenance, are
affected by diabetes in adipose tissue, including the Notch, Wnt, fibroblast growth factors
(FGF) (Ferrer-Lorente et al., 2014a; Ferrer-Lorente et al., 2014b), and the bone
morphogenetic proteins (BMPs) (Dunn, 2008; Qian et al., 2013). The BMPs are important
for both adipose tissue development and vascular formation (Dyer et al., 2014; Schulz and
Tseng, 2009; Tang and Lane, 2012), and recent studies suggest that BMP expression is
altered in response to diabetes in multiple tissues. For example, BMP2 and BMP4 are
induced in diabetic aortas together with the BMP inhibitors matrix Gla protein (MGP) and
Noggin (Bostrom et al., 2010; San Martin et al., 2007), BMP4 is induced in diabetic
saphenous vein grafts (Hu et al., 2013), BMP4 levels are increased in the glomeruli of
diabetic kidneys (Tominaga et al., 2011), and BMP2 is induced in diabetic retinopathy
(Hussein et al., 2014). Conversely, a low serum level of circulating BMP7, a BMP that can
be protective against vascular calcification (Li et al., 2004), is a predictor of renal
progression in diabetic patients (Wong et al., 2013). In addition, BMP4-BMPR1a signaling
in pancreatic beta cells is required for and augments glucose-stimulated insulin secretion
(Goulley et al., 2007), and BMP4 and BMP9 affect glucose homeostasis (Chen et al., 2003;
Qian et al., 2013; Zhang et al., 2010).

In this study, we used a rat model for type 2 diabetes mellitus, the most common form of
diabetes, frequently associated with obesity and changes in adipose vascularity (Pasarica et
al., 2009; Spencer et al., 2011). We examined the effect of progressive diabetes on adipose
BMP4 expression and the characteristics of stem cells derived from white mature
adipocytes, referred to as dedifferentiated fat (DFAT) cells (Jumabay et al., 2014;
Matsumoto et al., 2008), focusing on cell proliferation and potential for adipogenic and
endothelial cell differentiation.

METHODS

Collection of adipose tissue

The generation of rats transgenic for human islet amyloid polypeptide (HIP rats) has been
previously described (Butler et al., 2004). The rats were housed individually and fed Rodent
Diet 8604 (50% carbohydrate, 24% protein, and 4% fat; Harlan Teklad, Madison, W1) ad
libitum. All animals were subjected to the standard 12-h light-dark cycle. The studies were
reviewed by the Institutional Review Board and conducted in accordance with the animal
care guidelines set by the University of California, Los Angeles. For collection of rat
adipose tissue for cell isolation, HIP or wild type rats were euthanized at 2, 6, or 12 months
of age by inhalation of isoflurane (5-30%) and adipose tissues were collected postmortem.
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The studies were reviewed and approved by the Institutional Review Board and conducted
in accordance with the animal care guidelines set by the University of California, Los
Angeles. The investigation conformed to the National Research Council, Guide for the Care
and Use of Laboratory Animals, Eighth Edition (Washington, DC: The National Academies
Press, 2011).

Isolation of adipocytes and culture of DFAT cells

Lipid-filled mature adipocytes and adipose stromal cells (ASCs) were isolated from 2 grams
of rat inguinal adipose tissue as previously described (Jumabay et al., 2014). Briefly, prior to
adipocyte isolation, the adipose tissue was washed repeatedly with phosphate-buffered
saline (PBS) until the PBS washes were clear. After the adipocytes had been isolated, they
were washed three times in culture medium (DMEM supplemented with 20% fetal bovine
serum (HyClone) and 0.5% of antibiotic-antimycotic solution (Mediatech) before they were
used for further analysis or culture. If the adipocytes were used for generation of DFAT
cells, they were pre-incubated (floated) on top of medium in culture dishes or 50 ml plastic
tubes with loosened caps for 24 hours to allow for any remaining non-adipocytes to detach
and sink to the bottom. Adipocytes (30-50 ul of the top creamy layer) were then added to
culture medium in 6-well plates fitted with 70 um-filters and incubated for 5 days. DFAT
cells generated from the adipocytes passed through the filters and attached to the bottom of
the dishes. After 5 days, the filters with remains of the adipocytes were removed. We used a
minimum of three DFAT preparations from each time point, and the cells were used
between passages 0-3, mostly passage 1.

RNA analysis

Quantitative (q)PCR and RT-PCR were performed as previously described (Jumabay et al.,
2012; Yao et al., 2006). The primers and probes used for gPCR for rat BMP4, rat
peroxisome proliferator-activated receptor gamma (PPARgamma), rat CCAAT/enhancer-
binding protein (C/EBP)alpha, rat Adiponectin, rat CD34, rat CD31, rat MGP, rat vascular
endothelial growth factor (VEGF), rat VEGF receptor 2 (VEGFR?2), rat VE-Cadherin, rat
SRY (sex determining region Y)-box 2 (SOX2), and rat POU homeodomain protein Oct3/4
were pre-designed and obtained from Applied Biosystems (Foster City, CA) as part of
Tagman® Gene Expression Assays.

Immunohistochemistry and immunocytochemistry

Immunostaining was performed as previously described in detail (Jumabay et al., 2012).
Briefly, cells grown in chamber slides were fixed in 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, blocked with 10% goat serum and 1% BSA in PBS, and incubated
over night at 4°C with the appropriate primary antibodies or non-specific 1gG control
antibodies, diluted 1:200 in 1% BSA in PBS. The next day, cells were incubated with
secondary AF-488-conjugated (green fluorescence) or AF-594-conjugated (red
fluorescence) goat anti-mouse or anti-rabbit secondary antibodies (Molecular Probes). The
cells were washed with PBS, the nuclei stained with 4',6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich), and visualized by fluorescence microscopy. The non-specific IgG control
antibodies showed no staining and are not included in the figures.
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We used the following antibodies for immunostaining: hamster anti-CD31, rabbit anti-vone
Willebrand Factor (vWF) (both from Dako), goat anti-BMP4, goat anti-MGP, rabbit anti-
VEGF, rabbit anti-VE-Cadherin (all from Santa Cruz Biotechnology), mouse anti-Perilipin
(Cell Signaling Technology).

Proliferation Assay

DFAT cells were seeded in 24-well plates at a density of 100,000 cells per well, and allowed
to attach for 4-6 hours. 3H-Thymidine was added at 1 uCi/ml for 3 days, and 3H-thymidine
incorporation was determined as previously described (Lee et al., 2000).

Statistical analysis

Data were analyzed for statistical significance by two-way analysis of variance with post
hoc Tukey’s analysis using the GraphPad Instat® 3.0 software (GraphPad Software, San
Diego, CA). P-values less than 0.05 were considered significant. All experiments were
repeated a minimum of three times.

RESULTS

Diabetes mellitus enhances BMP4 expression and vascularity in adipose tissue

Our previous studies showed induction of BMP4 in diabetic aortas (Bostrom et al., 2010).
Since BMP4 is essential in angiogenesis and adipogenesis (Dyer et al., 2014; Tang et al.,
2004), we hypothesized that BMP4 may be induced in diabetic white adipose tissue (WAT)
and contribute to changes in both tissue and adipocyte-derived stem cells.

To study the effect of diabetes on expression of BMP4, MGP and endothelial lineage
markers, we obtained subcutaneous inguinal WAT from HIP rats, a type 2 diabetes model
(Butler et al., 2004) and wild type controls aged 3, 6, and 12 months. The glucose levels of
the rats increased with age as shown in Table 1. The results showed a progressive increase in
BMP4 expression by qPCR in the diabetic WAT, as compared to wild type WAT (Figure
1A). Matrix Gla protein (MGP) is a known BMP inhibitor able to counteract BMP4 in
vascular endothelium (Yao et al., 2008), and its expression decreased in diabetic fat (Figure
1A). Immunostaining for BMP4 and MGP in WAT from 12 months old wild type and HIP
rats confirmed the increase in BMP4 and the decrease in MGP by (Figure 1B). It also
showed areas of co-localization of BMP4 and MGP (Figure 1B) supporting a close
relationship between these two factors. Interestingly, the expression of Noggin, another
BMP inhibitor, did not change significantly by gPCR (data not shown). DAPI was used to
visualize the nuclei. We also co-stained for BMP4 and vWF (EC marker), and found that
BMP4 in part co-stained with VWF, suggesting that at least some of the BMP4 expression
occurs in ECs (Figure 1C). The staining suggested an overall increase in vascularity in the
diabetic adipose tissue. This was further examined by gPCR and immunostaining for
endothelial markers. The results showed a progressive and significant increase in CD34 (EC
progenitor marker), CD31 (EC marker) and VEGF by qPCR, as compared to wild type
controls (Figure 2A). The increase in CD31 was also detected by immunostaining for CD31
at 12 months of age (Figure 2B). Perilipin was used to visualize adipocytes.
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We then prepared DFAT cells from the inguinal WAT of wild type and HIP rats aged 6
months. DFAT cells are adult stem cells derived from isolated white adipocytes that
spontaneously differentiate into ECs and white adipocytes (Jumabay et al., 2014; Jumabay et
al., 2012; Matsumoto et al., 2008). We examined the expression of BMP4 and MGP by
gPCR in DFAT cells derived from the inguinal WAT. Interestingly, BMP4 expression
decreased in the HIP DFAT cells, as compared to wild type (Figure 3, left), which is
opposite to the results in WAT (Figure 1A). The results for MGP, on the other hand, were
similar to the findings in WAT in that MGP decreased dramatically in the HIP DFAT cells
(Figure 3, right). We also examined DFAT cells derived from a different, visceral fat depot,
and again found that both BMP4 and MGP expression decreased (Figure 3). Based on the
co-localization of BMP4 and VWF in Figure 1C, it is possible that the BMP4 in the tissue
derived from the vascular cells, which are removed prior to the preparation of DFAT cells
from adipocytes.

Glucose and BMP4 promotes cell proliferation in DFAT cells

Based on the tissue results, we hypothesized that DFAT cells from diabetic rats would have
an enhanced ability to proliferate and undergo endothelial and adipogenic differentiation.
We prepared DFAT cells from wild type and HIP rats aged 3, 6, and 12 months and
determined cell proliferation by 3H-thymidine incorporation after 3 days. The results
showed significantly increased proliferation rate at 6 and 12 months of age as compared to
wild type (Figure 4A,B). We then treated the DFAT cells with increasing levels of glucose
(5.5-35.5 mM) or BMP4 (0-80 ng/ml) for up to 3 days. The proliferation rate of wild type
DFAT cells responded significantly to both glucose and BMP4, whereas the HIP DFAT
cells showed increased baseline proliferation and a diminished response to both glucose and
BMP4 (Figure 4C,D).

Enhanced endothelial and adipogenic differentiation in DFAT cells from diabetic rats

We next examined spontaneous endothelial and adipogenic differentiation in the DFAT cells
from wild type and HIP rats aged 6 months. The cells were allowed to differentiate in
regular culture medium for up to 10 days, and expression of EC and adipogenic markers was
determined. The results showed a 2-5 fold increase in the expression of the EC markers
CD31, VE-cadherin and VEGF in the HIP DFAT cells by gPCR, as compared to wild type
(Figure 5A). The increase was also detected by immunostaining for the respective EC
markers (Figure 5B). We detected occasional cells in both wild type and HIP DFAT cells
with co-staining for CD31 and perilipin (Figure 5C), supporting that the CD31-expressing
cells were derived from the DFAT cells.

Furthermore, the results showed a 3—7 fold increase in the expression of the adipogenic
markers PPARgamma and C/EBPalpha by qPCR in the diabetic DFAT cells compared to
wild type DFAT cells (Figure 6A). Perilipin staining also showed an increased number of
lipid-containing adipocytes in the diabetic DFAT cells (Figure 6B). Together, the results
suggest that spontaneous endothelial and adipogenic differentiation is enhanced in DFAT
cells derived from the diabetic animals.
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Effect of BMP4 on endothelial differentiation in DFAT cells from diabetic rats

Since BMP4 is important for endothelial differentiation (13-15), we determined the effect of
BMP4 on endothelial differentiation in DFAT cells from wild type and HIP rats aged 6
months. We treated the DFAT cells with BMP4 (0-100 ng/ml) for 5 days, and determined
the expression of CD34 and VEGFR2. The results showed that wild type DFAT cells
increased expression of both markers in response to all concentrations of BMP4 (Figure
7A). However, the HIP DFAT cells had a higher expression of EC markers at baseline,
which did increase in response to the low BMP4 concentrations (<60 ng/ml), but decreased
at high BMP4 concentrations (Figure 7A). The results suggest that DFAT cells from HIP
rats have a “shift” in their response to BMP4 treatment, possibly due to high BMP4
exposure in the WAT. Interestingly, the expression of adipogenic markers PPARgamma, C/
EBPalpha, and Adiponectin also differed between wild type and HIP DFAT cells in
response to BMP4. The HIP DFAT cells showed higher expression than wild type cells
without BMP4 treatment, whereas the expression trended downwards when BMP4 (60
ng/ml) was added (Figure 7B).

Finally, we tested the DFAT cells for expression of multipotency markers, previously
detected in mouse and human DFAT cells (Jumabay et al., 2014). DFAT cells from wild
type and HIP rats were tested at passage 1, which was the most common passage used in our
study. The results showed increased expression of the multipotent markers SOX2 and
Oct3/4 in the HIP DFAT cells compared to wild type (Figure 7C), which is consistent with
the altered characteristics of the diabetic DFAT cells.

Altogether, our results show that diabetes affect BMP4 signaling in WAT and cause
alterations in the characteristics of adipocyte-derived stem cells.

DISCUSSION

Our study suggests that the development of diabetes affects the adipose expression of BMP4
in rats. The BMP4 in the diabetic adipose tissue co-localized in large part with ECs, where it
was associated with reduced levels of MGP. Furthermore, proliferation and ability to
undergo EC and adipogenic differentiation were enhanced in DFAT cells isolated from
diabetic animals.

Previous studies indicate that BMP4 stimulates both endothelial and adipogenic
commitment in progenitor cells (Dyer et al., 2014; Schulz and Tseng, 2009; Tang and Lane,
2012), which in adipose tissue may give rise to both cells types (Planat-Benard et al., 2004),
and could play an important role in modulating the balance between vascularity and
adipogenesis. MGP is highly induced in ECs undergoing angiogenic resolution (Sharma and
Albig, 2013) and preadipocytes (Mutch et al., 2009) although its role in the latter cells is
unclear. We previously found that BMP4 enhanced the expression of MGP in vascular
endothelium through the induction of the activin receptor-like kinase 1 (ALK1) (Yao et al.,
2006), and that MGP in turn provided negative feedback regulation of BMP4. However, the
MGP expression in diabetic adipose tissue responded differently in that it decreased, which
might dysregulate both EC and adipogenic differentiation. The importance of adipose BMP4
is supported by other studies where BMP4 was either overexpressed or deleted from
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adipocytes in mice (Qian et al., 2013), which altered adipogenic differentiation in the
adipose tissue. Enhanced BMP4 expression in the adipocytes caused a reduction in size and
a shift towards characteristics of brown or beige adipocytes, whereas diminished BMP4
expression increased the adipocyte size (Qian et al., 2013). It is likely that diabetes affects
multiple pathways that separately or together regulate the expression of BMP4 and MGP,
thereby influencing adipose tissue-derived stem cells and the composition of the adipose
tissue as diabetes progresses. It is also possible that BMP4 is induced in specific cell types,
such as adipose ECs, which are exposed to high glucose in the blood stream, but are
removed prior to DFAT cell preparation. This might explain our finding that the diabetic
DFAT cells have less BMP4 expression than wild type DFAT cells. In addition, it would be
consistent with our previous finding that BMP4 is induced in the aortic endothelium in
diabetic animals (Bostrom et al., 2010).

Our data showed that diabetic DFAT cells had higher proliferation than control cells, but a
dampened response to BMP4 and glucose, possibly due to BMP4 excess stimulation already
in the tissue. On the other hand, the diabetic DFAT cells had enhanced ability to undergo
endothelial and adipogenic differentiation in response to low levels of exogenous BMP4 in
the culture medium, possibly due to having been primed to undergo such differentiation in
vivo, prior to isolation.

The DFAT have similarities to ASCs, which are isolated from the stromal vascular fraction
of adipose tissue, but constitute a more homogenous cell population than the ASCs
(Jumabay et al., 2012). Indeed, our previous lineage tracing suggest that part of the ASCs
may be derived from the white adipocytes (Jumabay et al., 2012). Therefore it is not
surprising that the ASCs also have been shown to have altered viability and differentiation
potential in diabetes (Ferrer-Lorente et al., 2014a; Ferrer-Lorente et al., 2014b), including
angiogenic potential (Koci et al., 2014; Policha et al., 2014; Rennert et al., 2014). These
reports together with our findings in DFAT cells have implications for pathological changes
in WAT due to diabetes, and for the behavior of stem cells prepared from or delivered to
diabetic patients.
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Figure 1. Increased expression of BM P4 and decreased expression of MGP in diabetic
subcutaneous adipose tissue
Inguinal adipose tissue was collected from wild type and HIP rats at 3, 6, and 12 months of

age.
(A) Expression of BMP4 and MGP as determined by gPCR and compared to expression in
wild type rat at 3 months of age.

(B, C) Expression of BMP4 and MGP (B) and BMP4 and the endothelial marker von
Willebrand factor (vWF) (C) in adipose tissue as visualized by immunofluorescence. DAPI
was used to visualize the nuclei.

Asterisks indicate statistically significant differences between wild type and HIP rats.
*<0.05, **<0.01, ***<0.001, Tukey’s test (n=3).
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Figure 2. Enhanced expression of endothelial cell markersin diabetic subcutaneous adipose
tissue

Inguinal adipose tissue was collected from wild type and HIP rats at 3, 6, and 12 months of
age.

(A) Expression of CD34, CD31, and VEGF as determined by qPCR and compared to
expression in wild type rat at 3 months of age.

(B) Expression of CD31 and Perilipin in adipose tissue as visualized by
immunofluorescence. DAPI was used to visualize the nuclei.

Asterisks indicate statistically significant differences between wild type and HIP rats.
*<0.05, **<0.01, ***<0.001, Tukey’s test (n=3).
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Figure 3. Expression of BMP4 and MGP in DFAT cells
DFAT cells were prepared from inguinal (Ing) and visceral (Visc) adipose tissue from wild

type and HIP rats aged 6 months. Expression of BMP4 (left) and MGP (right) as determined
by gPCR and compared to expression in wild type inguinal adipose tissue.

Asterisks indicate statistically significant differences between wild type and HIP rats.
*<0.05, ***<0.001, Tukey’s test (n=3).
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Figure 4. Glucose and BM P4 promotes cell proliferation in DFAT cells
DFAT cells were prepared from inguinal adipose tissue from wild type and HIP rats aged 3,

6, and 12 months.

(A) Cell proliferation as determined by 3H-thymidine incorporation for 3 days.

(B) Bright field microscopy of DFAT cells after 3 days of culture.

(C) Proliferation in response to glucose (5.5-35.5 mM) (left) or BMP4 (0-80 ng/ml) (right)
as determined by 3H-thymidine incorporation.

Asterisks indicate statistically significant differences between DFAT cells from wild type
and HIP rats (A), or compared to the lowest concentration of glucose or BMP4 (C).
*<(0.05, **<0.01, ***<0.001, Tukey’s test (n=3).
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Figure5. Enhanced endothelial differentiation in diabetic DFAT cells
DFAT cells were prepared from inguinal adipose tissue from wild type and HIP rats aged 6

months.

(A) Expression of CD31, VE-cadherin (VE-Cdn) and VEGF, as determined by gPCR and
compared to expression in wild type DFAT cells.

(B) Expression of CD31, VE-cadherin, and VEGF in DFAT cells as visualized by
immunofluorescence. DAPI was used to visualize the nuclei.

(C) Co-immunofluorescence for CD31 (green) and Perilipin (red).

Asterisks indicate statistically significant differences between DFAT cells from wild type
and HIP rats.

**<0.01, ***<0.001, Tukey’s test (n=3).
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Figure 6. Enhanced adipogenic differentiation in diabetic DFAT cells
DFAT cells were prepared from inguinal adipose tissue from wild type and HIP rats aged 6

months.

(A) Expression of PPARgamma and C/EBPalpha, as determined by gPCR and compared to
expression in wild type DFAT cells. DAPI was used to visualize the nuclei.

(B) Expression of Perilipin in DFAT cells as visualized by immunofluorescence. Asterisks
indicate statistically significant differences between DFAT cells from wild type and HIP
rats.

**<0.01, ***<0.001, Tukey’s test (n=3).
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Figure 7. Differentiation markersin wild type and diabetic DFAT cellsin responseto BMP4
(A, B) DFAT cells were prepared from inguinal adipose tissue from wild type and HIP rats

aged 6 months. The cells were treated with BMP4 (0-100 ng/ml) for 5 days, and expression
was determined by qPCR and compare to wild type cells treated with no BMP4. (A)
Expression of VEGFR2 (left) and CD34 (right). (B) Expression of PPARgamma, C/
EBPalpha, and Adiponectin. (C) Expression of multipotent markers SOX2 and Oct3/4 in
wild type and diabetic DFAT cells, passage 1, after 3 days in culture without BMPA4.
Asterisks indicate statistically significant differences between DFAT cells from wild type
and HIP rats.

*<0.05, **<0.01, ***<0.001, Tukey’s test (n=3).
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Table 1

Serum levels of glucose in wild type and HIP rats, aged 3-12 months.

Rats Glucose (mg/dl)3 months | Glucose (mg/dl) 6 months | Glucose (mg/dl) 12 months
Wild type | 79.0+11.5 99.0+7.4 90.3+12.8
HIP 104.7+19.9" 139.3+38.5™" 292.1+99.8*F

Asterisks indicate statistically significant differences between wild type and HIP rats.

*
<0.05,

*

*
<0.01,

Fok

3
<0.001, Tukey’s test (n=6 for glucose).
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