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Abstract

Background/Aims: Hyperglycemia is an important risk factor for the most severe
cardiovascular diseases in patients with diabetes. It has been demonstrated that cardiac stem
cells (CSCs) play a pivotal role in the maintenance of cardiac homeostasis and regeneration.
However, the mechanism underlying the influence of diabetes on CSCs remains unclear. This
study demonstrated that hyperglycemia might promote adipogenesis in CSCs, which induces
a decline in myocardial regeneration capability in diabetes. Methods: CSCs were isolated and
cultured in high-glucose medium. The levels of B-catenin and TCF-4 in CSCs were determined
by immunofluorescence staining and western blot analysis. Adipogenic transcriptional factors
and CSCs markers were also examined by flow cytometry and western blot analysis after
adipogenesis induction. In addition, Oil Red O staining was performed to investigate lipid
droplet formation during adipogenesis induction with or without LiCl, a potent activator of
TCF/B-catenin-dependent transcription. Results: High-glucose conditions inhibited nuclear
translocation of [B-catenin/TCF-4 and promoted adipogenesis in CSCs. After adipogenesis
induction, expression of adipogenic transcriptional factors (PPARy, ADD1, and C/EBPa) were
increased (P < 0.01) and that of CSCs markers (c-Kit, Sca-1, MDR-1, and isl-1) were decreased
(P<0.01) in CSCs in the high-glucose group. Furthermore, lipid droplet formation was
increased in CSCs cultured with high glucose, while LiCl attenuated lipid droplet formation in
these CSCs (P < 0.01). Conclusion: These results demonstrated that hyperglycemia inhibited
the B-catenin/TCF-4 pathway and promoted CSCs adipogenesis. Our findings suggest a new
opportunity for future interventional strategie for abnormal myocardial regeneration and
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Introduction

Hyperglycemia is an important risk factor for the most severe cardiovascular diseases
that cause high morbidity and mortality in patients with type 2 diabetes [1, 2]. [t was reported
that after myocardial infarction, diabetic patients were at increased risk of heart failure and
cardiac structural changes such as left atrial enlargement over a 20-month follow-up period
[3]. Furthermore, diabetes was associated with increased myocardial triglyceride content
and epicardial fat [4, 5]. Individuals at high risk of cardiovascular events have more periaortic
fat than those at low risk, even after taking into account the body mass index [6]. Meanwhile,
epicardial fat was negatively correlated with systolic and diastolic strain rates and heart
failure [7, 8]. However, the mechanisms underlying the decline in cardiac regeneration and
increase in epicardial fat in diabetes remain unclear.

The adult heart has been traditionally viewed as a terminally differentiated post-
mitotic organ. However, the discovery of cardiac stem cells (CSCs), which have the capacity
to differentiate into the various cardiac cell lineages, has dramatically changed the
understanding of myocardial biology [9, 10]. A single adult heart contains numerous CSC
populations, which are divided into two types. One type of CSC population may include c-Kit*
cells, but this remains controversial; the other has been identified based on the expression
of Sca-1, MDR-1, or isl-1. These CSCs can differentiate into myocardial cells, endothelial cells,
and fibroblasts [11-13]. Although the resident CSC population is still unclear, with debate
continuing, several types of resident cardiac progenitor (or stem) cells have been reported
to reside in the adult heart [14]. These CSCs play a pivotal role in the maintenance of cardiac
homeostasis and regeneration [15]. After heart injury, CSCs are stimulated to propagate and
differentiate, then partially replace cardiomyocytes that have been damaged by ischemia
or myocardial infarction [16-18]. However, the specific signal pathways of hyperglycemia
that affect CSC differentiation, reduce myocardial regeneration capability, and increase the
amount of epicardial fat in diabetes remain unclear [19].

Based on the findings above, we proposed the new hypothesis that high glucose may
promote CSC adipogenesis, thus contributing to the low myocardial regeneration capability
and high epicardial fat content in patients with diabetes.

Materials and Methods

Animal studies

The experimental procedures were approved by the Animal Ethics Committee of Zhejiang University
(Hangzhou, China) and were performed according to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Isolation of CSCs and high-glucose treatment

CSCs were isolated from the hearts of 1- to 3-day-old neonatal Sprague-Dawley rats as we described
previously [20, 21]. CSCs at cell passage 1 were evaluated by flow cytometry using the Becton-Dickinson
FACSCaliber (BD Bioscience, San Jose, CA) with 10, 000 events collected to confirm the cells were
CSCs. CSCs were incubated with fluorochrome-conjugated primary antibodies against typical markers
of cardiac resident stem cells, including c-Kit*, Scal*, MDR-1* [22], and Isl-1* [23], as well as antibodies
against hematopoietic lineage surface marker CD34 and endothelial lineage surface marker CD31. Isotype
controls were run for each immunosubtype. A negative control was used to avoid false-positive results due
to the fluorescent secondary antibody on the cells by fluorescence-activated cell sorting.

CSCs then were exposed to glucose (9000 and 18, 000 mg/L) diluted in Iscove’s modified Dulbecco’s
medium (IMDM) containing 10% fetal bovine serum (FBS) for 72 h. Mannitol (9000 and 18, 000 mg/L) was
used as a control with the same osmotic pressure. CSCs were washed twice with phosphate-buffered saline
(PBS) and harvested for nuclear fractionation and western blot analysis.

B-Catenin and TCF-4 protein nuclear fractionation
CSCs were washed twice with PBS for 1 min and fractionated into cytoplasmic and nuclear fractions
using nuclear and cytoplasmic extraction reagents (Beyotime Institute of Biotechnology, Shanghai, China).
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In brief, cells were mixed with cytoplasmic protein extraction buffer, vortexed at maximum speed, and
then incubated for 15 min on ice. After centrifugation at 12, 000 x g for 5 min at 4°C, the suspension was
discarded. Then, the nuclear protein extraction buffer was added to the pellet and vortexed at maximum
speed. After incubation for 30 min on ice, the suspension was centrifuged for 5 min at 4°C at 12, 000 x g.
The supernatant comprised the nuclear fraction, which was immediately harvested and stored at -80°C.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde/PBS for 20 min, permeabilized with 0.2% TritonX-100/
PBS for 10 min, and then rinsed with PBS and immersed in blocking solution containing 1% bovine serum
albumin (BSA) and 0.3% Triton X-100 for 30 min. Cells were incubated overnight at 4°C with polyclonal
antibodies against 3-catenin (#8480; 1:1000; Cell Signaling Technology, Danvers, MA) and TCF-4 (ab76151;
1:300; Abcam Inc., Cambridge, MA). After washing three times, cells were incubated with DyLight 488 goat
anti-rabbit (green, 1:200, Abbkine, Wuhan, China) secondary antibody, then observed and photographed
using an inverted fluorescence microscope (Nikon, Tokyo, Japan).

Adipogenesis induction, flow cytometry, and western blot analysis

CSCs were treated with adipogenesis induction medium (20% Mesen Cult TMA dipogenic Stimulatory
Supplement in serum-free medium, STEMCELL Technologies, Vancouver, Canada) for 2 weeks with medium
changed every 2 to 3 days. After fat induction, CSCs were cultured with fluorochrome-conjugated primary
antibodies against c-Kit, Sca-1, MDR-1, isl-1, PPARy, ADD1, and C/EBPa (Santa Cruz Biotechnology, Inc.,
Dallas, TX) to determine the effects of high glucose on CSC differentiation by flow cytometry using the
Becton-Dickinson FACSCaliber with 10, 000 events collected.

Forwestern blotanalysis, CSCs were lysed in RIPA buffer (25 mmol /L Tris-HClpH 7.6, 150 mmol/L NaCl,
1% NP-40, 1% deoxycholate, 1% Triton X-100, 0.5% sodium dodecyl sulfate, 2 mmol/L EDTA, 0.5 mmol/L
phenylmethylsulfonyl fluoride, protease inhibitor cocktail). Protein was quantified using Bio-Rad protein
assay reagents (Bio-Rad Laboratories, Hercules, CA). Equal amounts of protein were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, MA). Blocking was performed at room temperature with 5% nonfat milk
powder prepared in tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h, and then the membranes
were incubated overnight at 4°C with the primary antibodies. Primary antibodies against Wnt11 (ab31962;
1:300; Abcam Inc.) and PPARy (SC-7273; 1:500, Santa Cruz Biotechnology, Inc.) were incubated at 4°C in
TBST supplemented with 3% BSA. After washing three times with TBST for 10 min, blots were incubated
with infrared-labeled secondary antibody (Li-COR Biosciences, Lincoln, NE). Image ] software (National
Institutes of Health, Bethesda, MD) was used to quantify the band intensity after normalization relative to
[-actin.

Adipogenesis induction with or without LiCl treatment and Oil Red O staining

LiCl (20 mM) solution (Sigma-Aldrich, St. Louis, MO) was added to IMDM containing 10% FBS. CSCs
at 80% confluence were treated with 20 mM LiCl in 9000 or 18, 000 mg/L glucose diluted in IMDM for 72
h. In the control group, 80% confluent CSCs were exposed to IMDM containing 10% FBS for 72 h before
adipogenesis induction.

Adipocyte differentiation was assessed by cell morphology and specific staining of lipid droplets with
0il Red O (Amresco, Solon, OH). The cells were stained with 0.3% Oil Red O diluted in 60% isopropanol and
simultaneously the CSCs were dyed with hematoxylin (Sigma-Aldrich). Stained lipid droplets were viewed
under a light microscope and photographed (Olympus, Tokyo, Japan) at x400 magnification. Oil Red O stain
was dissolved in 2-propanol (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and optical density
was measured at 520 nm.

Statistical analysis

All data are presented as the means + SEM. One-way analysis of variance with Student’s-Newman-
Keels test was used for statistical comparison when appropriate. P-values less than 0.05 were considered
statistically significant. GraphPad Prism (GraphPad Prism Software, Inc. La Jolla, CA) was used for all
statistical analyses.
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Results
A

Characteristics of CSCs : !
The CSCs showed a 5
typical morphology with
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strong  refraction  under S G e
light microscopy (Fig. 1A). <L I,

Flow cytometry analysis SRy
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positive for common stem @ £
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endothelial (CD31) markers § 5.

(Fig. 1B). Thus, we confirmed 2 - rog) A— o e )

in this study that these cells Cell count cell count
were CSCs, as in our previous
studies [20, 21].

MDR-1 Sca-1

High glucose inhibited the

nuclear translocation of

B-catenin/TCF-4 in CSCs

The cellular localization - . i L
and levels of both Cell count Cell count
B-catenin and TCF-4 were
examined  separately by
immunofluorescence staining
and western blot analyses.
Immunofluorescence staining
showed that (-catenin and
TCF-4 were localized in the " . - n . -
nucleus of CSCs in the control Cell count Cell count
group. However, when treated
with 9000 mg/L glucose,
some CSCs showed a lack of
B-catenin and TCF-4 nuclear
translocation, which indicated
that high glucose significantly
inhibited the nuclear translocation of $-catenin and TCF-4 in CSCs (P < 0.05; Fig. 24, 2B).
Western blot analysis of the nuclear fractions of cellular proteins also showed a significant
decrease in the amount of nuclear -catenin in the high-glucose group compared with the
control group (Fig. 2D, P < 0.05). Furthermore, decreased expression of TCF-4 was observed
in both groups (Fig. 2E, P < 0.05, P <0.01). However, compared with the control group,
the amount of -catenin or TCF-4 protein did not change in the 9000 and 18, 000 mg/L
mannitol groups. These findings suggested that high glucose suppressed the (3-catenin/TCF-
4 signaling pathway in CSCs.
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Fig. 1. Characteristics of CSCs. (A) Morphology of CSCs. Light
microscopy (scale bar: 50 um). (B) Representative flow cytometry
plots for stem cell (c-Kit, Sca-1, and MDR1), hematopoietic (CD34),
and endothelial (CD31) markers.

High glucose promoted adipogenic gene expression but decreased cardiogenic gene

expression during fat induction

After 1 week of fat differentiation, flow cytometry was used to examine the levels of gene
expression in CSCs with or without high glucose treatment. Our results showed that most
CSCs expressed c-Kit, Sca-1, MDR-1, and isl-1 (cardiogenic transcription factors) and few
CSCs expressed PPARy, CEBP/a, and ADD1 (adipogenic transcription factors) in the control
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Fig. 2. High glucose inhibited nuclear translocation of B-catenin/TCF-4 in CSCs. (A and B) CSCs were
exposed to glucose (9000 and 18,000 mg/L) in IMDM containing 10% FBS for 72 h. Immunofluorescence
staining was performed to determine the localization of B-catenin (A, green) and TCF-4 (B, green). Note the
significant lack of nuclear localization of $-catenin and TCF-4 in the glucose (18,000 mg/L) treatment group
(scale bar: 200 um). (C) CSCs were treated with high glucose or mannitol for 72 h after adherence and then
harvested for western blot analysis. (D and E) Corresponding densitometric analyses of the protein bands
of (D) B-catenin and (E) TCF-4 measured in the immunoblots and normalized to the signal of H3. Data are
presented as the mean + SEM (n = 3); *P<0.05, **P<0.01 vs control group.

group. After high-glucose treatment, the number of CSCs that expressed c-Kit, Sca-1, MDR-1,
and isl-1 was considerably decreased. The number of CSCs that expressed ADD1, PPARy, and
CEBP/a was markedly increased following fat induction (c-Kit, 89.43 £3.2% vs 38.8 £ 3.2%;
Sca-1,72.2 £ 2.7% vs 23.9 £+ 4.1%; MDR-1, 78.1 £ 0.35% vs 17.4 + 2.3%; isl-1, 67.5 £ 1.8% vs
17.1£4.3%; PPARY, 2.4+ 0.7% vs 40.7 £ 6.5%; ADD1, 1.1 £ 0.3% vs 27.6 + 1.9%; C/EBPq, 0.4
+0.1% vs 19.5 £ 2.2%; all P < 0.01, Fig. 3).

Western blotting analysis showed that the PPARy expression level was significantly
increased in the high-glucose group in a dose-dependent manner: in the 9000 mg/L glucose
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Fig. 3. High glucose decreased the expression of cardiogenesis gene transcripts but promoted adipogenesis
gene transcripts during fat induction. CSCs were exposed to glucose (18,000 mg/L) diluted in IMDM
containing 10% FBS for 72 h before fat induction. After 1 week of fat induction, CSCs were analyzed by
flow cytometry. (A) c-Kit, Sca-1, MDR-1, and isl-1 were decreased in the high-glucose treatment group,
while (B) adipogenic transcription factors, namely, PPARy, C/EBPa, and ADD1, were markedly increased
by high-glucose treatment compared with the control group. (C) A representative experiment from three
independent experiments is presented; results show the mean + SEM (n = 3). **P<0.01 vs control group.

group, it was increased to 2.02 £ 0.21-fold that in the control group, and in the 18, 000 mg/L
glucose group, it was increased to 3.56 £ 0.25-fold that in the control group (both P < 0.01).
The expression level of Wnt11 was significantly decreased in the high-glucose group: in the
9000 mg/L glucose group, it was decreased to 0.91 + 0.06-fold that in the control group, and
in the 18, 000 mg/L glucose group, it was decreased to 0.61 + 0.05-fold that in the control
group (both P < 0.01, Fig. 4). The expression level of PPARy was slightly increased in the
mannitol group (2.40 + 0.36-fold that in the control group, P < 0.01), while the expression
levels of Wnt11 were not significantly lower in the mannitol group compared with the control
group (1.15 = 0.11-fold that in the control group, P > 0.05, Fig. 4).

High glucose promotes adipogenesis in CSCs during fat induction

Next, adipogenesis of CSCs during fat induction was measured by Oil Red O staining to
determine whether CSCs were more likely into differentiate to adipocytes in a high-glucose
microenvironment (Fig. 5A). After 2 weeks of fat induction, fewer CSCs differentiated
into adipocytes in the control group. In the 9000 mg/L glucose group, adipogenesis was
significantly increased compared with the control group (P < 0.01, Fig. 5B), and Oil Red O
staining in the 18, 000 mg/L glucose group showed more lipid accumulation compared
with the control group (P < 0.01, Fig. 5B). However, when treated with LiCl, the degree of
adipogenesis in the 9000 mg/L glucose group was decreased significantly compared with
the corresponding cells without LiCl (P < 0.01, Fig. 5B). The results were similar to those in
the 18, 000 mg/L glucose group both with and without LiCL (P < 0.01, Fig. 5B).
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Fig. 5. (A) High glucose promoted adipogenesis in CSCs. CSCs were exposed to glucose (9000 and 18,000
mg/L) diluted in IMDM (with or without LiCL) containing 10% FBS for 72 h before fat induction. Mannitol
(18,000 mg/L) was used as a control for osmotic pressure. After 2 weeks of differentiation, intracellular
lipid was stained with Oil Red O and the nucleus was stained with hematoxylin. Scale bars: 50 uM. (B)
Quantification of lipid accumulation based on Oil Red O staining on day 14. The proportion of Oil Red O
staining in each treatment group relative to the control group. Data are presented as the mean * SEM (n =
5); **P<0.01 vs control group; #P<0.01 vs glucose 9000 or 18,000 mg/L treatment group.

Discussion

Recent autopsy findings demonstrated that diabetes significantly increases myocardial
lipid deposition. The increase in myocardial adipose tissue is a part of the diabetic
cardiomyopathy process [24, 25]. Furthermore, in the presence of hyperglycemia, the
myocardium was more vulnerable and more difficult to repair [26, 27]. However, the
mechanism underlying hyperglycemia-induced poor myocardial regeneration and increased
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epicardial fat in diabetes remains unknown. To our knowledge, the present results
demonstrated for the first time that high glucose inhibited nuclear translocation of -catenin/
TCF-4, promoted the expression of adipogenic transcriptional factors (PPARy, ADD1, and c/
EBPa), and suppressed CSCs markers (c-Kit, Sca-1, MDR-1, and isl-1), eventually increasing
lipid droplet formation during fat induction of CSCs.

Canonical Wnt signaling inhibits adipogenesis by stabilizing $-catenin. In the absence
of Wnt stimulation, cytoplasmic 3-catenin is phosphorylated by a multiprotein that targets
B-catenin for ubiquitination and proteasomal degradation. Wnt ligands promote the
dissociation of this destructive complex and thereby prevent (3-catenin from degradation,
which results in cytoplasmic B-catenin accumulation and translocation into the nucleus
where B-catenin co-activates the T-cell factor (TCF)/lymphoid enhancer factor family of
transcription factors to inhibit adipogenesis [28-30]. TCF-4, also known as transcription
factor 7 like-2, is an important transcription factor that triggers the downstream responsive
genes of WNT signaling [31]. Hence, the Wnt/f-catenin signaling pathway, which suppresses
adipocyte differentiation, is a molecular adipogenesis switch [29]. The present results
demonstrated that hyperglycemia inhibited nuclear translocation of -catenin to induce
adipogenesis, while the presence of LiCl, a potent activator of TCF/f3-catenin-dependent
transcription [32], attenuated adipogenesis under high-glucose conditions. Furthermore,
the induction of adipogenesis was consistent with the downregulation of both Wnt and
[-catenin.

The results of immunofluorescence staining and flow cytometry analysis were consistent
with suppression of the (-catenin/TCF-4 pathway in CSCs with induction of adipogenesis.
Following fat induction and high-glucose treatment, CSCs could activate three principal
regulators of terminal adipogenesis: PPARy, C/EBPq, and ADD1. In mammalian cells, these
factors are considered to be the key early regulators of adipogenesis [33]. Here, our results
suggested that CSCs treated with high glucose could decrease CSC markers (c-Kit, Sca-1,
MDR-1, and isl-1) and increase adipogenic transcription factors (PPARy, ADD1, and C/EBPa).
We also demonstrated that wnt11 expression decreased while PPARy expression increased,
indicating that CSCs had a tendency toward adipogenesis but not cardiac differentiation as
Wnt-11 is a regulator of noncanonical Wnt signaling in cardiogenesis [34]. Furthermore,
after 2 weeks of adipogenesis induction, Oil Red O staining showed that, following high-
glucose treatment, CSCs are more likely to differentiate into adipocytes and demonstrate an
increase in lipid droplet formation. Interestingly, LiCl attenuated the adipogenesis effect of
high glucose and reduced lipid droplet formation after adipogenesis induction.

Conclusion

The present results demonstrated that hyperglycemia significantly suppressed the
nuclear translocation of -catenin/TCF-4 and promoted adipogenesis in CSCs of the diabetic
heart. Our findings also indicated that CSCs could differentiate into adipocytes, increase
epicardial fat, and reduce the pool size of functionally competent CSCs, reduce myocardial
regeneration in diabetes. These results provide a possible explanation for abnormal
regeneration capability and epicardial fat in the diabetic heart.
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