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Type 2 diabetes is associated with increased mortality and
progression to heart failure. Recent studies suggest that diabetes
also impairs reparative responses after cell therapy. In this
study, we examined potential mechanisms by which diabetes
affects cardiac progenitor cells (CPCs). CPCs isolated from the
diabetic heart showed diminished proliferation, a propensity for
cell death, and a pro-adipogenic phenotype. The diabetic CPCs
were insulin-resistant, and they showed higher energetic reli-
ance on glycolysis, which was associated with up-regulation of
the pro-glycolytic enzyme 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3). In WT CPCs, expression of a
mutant form of PFKFB, which mimics PFKFB3 activity and
increases glycolytic rate, was sufficient to phenocopy the mito-
chondrial and proliferative deficiencies found in diabetic cells.
Consistent with activation of phosphofructokinase in diabetic
cells, stable isotope carbon tracing in diabetic CPCs showed dys-
regulation of the pentose phosphate and glycero(phospho)lipid
synthesis pathways. We describe diabetes-induced dysregula-
tion of carbon partitioning using stable isotope metabolomics-
based coupling quotients, which relate relative flux values
between metabolic pathways. These findings suggest that diabe-
tes causes an imbalance in glucose carbon allocation by uncou-
pling biosynthetic pathway activity, which could diminish the
efficacy of CPCs for myocardial repair.

Cell therapy is a promising treatment for restoring cardiac
function in heart failure patients. Transplantation of cells of
diverse origin, including cardiac progenitor cells (CPCs),” after
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myocardial infarction improves left ventricular ejection frac-
tion, diminishes scar size, and retains or increases viable tissue
(1-6). In rodent models of diffuse myocardial damage, endog-
enous CPCs have been suggested to restore cardiac function by
regenerating cardiac myocytes (7). In contrast, the results of
lineage tracing studies indicate minimal contribution of endog-
enous CPCs to the production of new cardiac myocytes,
although CPC-mediated angiogenesis was observed (8). Despite
these inconsistencies, results from several independent labora-
tories show that transplantation of exogenous CPCs into the
damaged heart promotes significant myocardial recovery in
several species (9—-14). Nevertheless, it remains unclear how
transplanted cells promote myocardial recovery, whether the
benefits of cell therapy have been maximized, and whether cell
therapy is effective for all heart failure patients. Preclinical
research is thus required to identify mechanisms that regulate
CPC biology and to assess how comorbid conditions affect out-
comes of cell therapy.

One critical issue is metabolic disease. In the United States,
most heart failure patients are overweight, and up to 65% have
diabetes (15-17). This is significant because diabetes inhibits
the ability of CPCs (18, 19), as well as other stem/progenitor
cells such as endothelial progenitor cells, mesenchymal stem
cells, and hematopoietic stem cells, to migrate, proliferate,
secrete paracrine factors, differentiate, and/or engraft (20 -28).
Thus, understanding the mechanisms by which transplanted
cells improve cardiac function and how diabetes affects cell
therapy could provide a new framework for improving the
reparative properties of transplanted cells.

Although it is known that diabetes inhibits cell therapy-me-
diated tissue repair in numerous contexts, the reasons for dia-
betes-induced loss of cell competence remain poorly under-
stood. Accordingly, the purpose of this study was to examine
how diabetes damages cells commonly isolated for cardiac
transplantation. Our results show that diabetes persistently
decreases the ability of isolated cells to proliferate, survive oxi-
dative insults, and differentiate, which can be explained at least
in part by an uncoupling of biosynthetic glucose metabolism
pathways. In addition, we define a novel method for relating
changes in flux between different metabolic pathways in the

kinase/fructo-2,6-bisphosphatase isoform; PPP, pentose phosphate pathway;
OCR, oxygen consumption rate; Pl, phosphatidylinositol; FTICR-MS, Fourier
transform ion cyclotron resonance-mass spectrometry.
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cell, which may be useful for understanding disease mecha-
nisms and developing targeted therapies. Optimizing the
metabolism of cells prior to their transplantation could provide
a new avenue to improve the effectiveness of cell therapy for
patients with diabetes.

Experimental Procedures

Materials—Antibodies used for immunoblotting and flow
cytometry are shown in supplemental Tables S1 and S2.
DMEM/F12 containing L-glutamine, D-glucose, and pyruvic
acid was purchased from US Biological (Swampscott, MA).
EmbryoMax® ES cell qualified fetal bovine serum, Embryo-
Max® ES cell qualified penicillin-streptomycin solution, and
ESGRO® LIF were purchased from Millipore (Darmstadt, Ger-
many). Recombinant human FGF basic was purchased from
Peprotech (Rocky Hill, NJ). Recombinant epidermal growth
factor was purchased from Sigma. Insulin-transferrin-selenium
(500X) was purchased from Lonza (Walkersville, MD). Humu-
lin R (used for insulin sensitivity experiments) was from Eli
Lilly. All other reagents were from Sigma-Aldrich, unless indi-
cated otherwise.

Cell Isolation and Culture—All animal procedures were per-
formed in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the University of Louisville Institutional Animal
Care and Use Committee. Murine CPCs were isolated from
2.5-3-month-old male B6.BKS(D)-Lepr®®/] (db/db) mice and
C57BL/6] (WT) (The Jackson Laboratory, Bar Harbor, ME).
After outgrowth, the CPCs were subjected to sequential sorting
for c-kit"/lin™ markers using magnetic immunobeads (29, 30).
As described previously (30, 31), the CPCs were cultured in
growth medium. Passages 3—9 were used for these studies.

Proliferation, Viability, and Differentiation Measurements—
Cell proliferation was assessed by counting cells using a hemo-
cytometer or a BD Accuri C6 flow cytometer, as described
previously (31). Cell viability was assessed by lactate dehydro-
genase assay, as described previously (31). Differentiation of
CPCs was assessed by quantitative RT-PCR after incubating
cellsin DMEM/F-12 medium containing 2% FBS, 1% penicillin/
streptomycin, and 10 nm dexamethasone (32-34).

Gene Expression and Protein Abundance Analyses—Com-
mitment to cardiovascular lineages was assessed by measuring
cell type-specific gene expression by quantitative RT-PCR. For
quantitative RT-PCR, mRNA was isolated from CPCs using
TRIzol reagent (Invitrogen), and RNA quantity and purity were
estimated by measuring absorbances at 260 and 280 nm using a
Nanodrop spectrophotometer (Thermo Scientific). 2 ul of
¢DNA was used in a reaction mixture containing SYBR green
(VWR, Radnor, PA) and oligo primers (Integrated DNA Tech-
nologies, Inc., Coralville, IA). Primers used for quantitative RT-
PCR are shown in supplemental Table S3. For Western blot-
ting, 0.5-50 pg of protein from crude CPC lysates were applied
to each lane of a 12.5 or 10.5—14% Bis-Tris-HCI gel and electro-
phoresed. The separated proteins were then electroblotted
onto a PVDF membrane, and immunoblotting was performed
as described (31). Immunoreactive bands were detected using a
Typhoon variable mode imager (GE Healthcare) or a Fuji LAS-
3000 Bio Imaging analyzer after exposure to ECL detection re-
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agent. Band intensities were quantified using TotalLab TL120
or ImageQuantTL software.

Extracellular Flux Analysis—Mitochondrial activity and sur-
rogate measures of glycolytic flux were measured in WT and
db/db CPCs, similar to that described previously (31, 35).

Mitochondrial Abundance Measurements—Mitochondrial
abundance in CPCs was estimated by mitochondrial DNA
abundance relative to nuclear DNA and by citrate synthase
activity, as described by us previously (36). Primers for cyto-
chrome b (mitochondrial DNA) and B-actin (nuclear DNA)
were used; the sequences are cytochrome b, 5'-TTGGGTT-
GTTTGATCCTGTTTCG-3" and 5'-CTTCGCTTTCCACT-
TCATCTTACC-3'; and B-actin, 5'-CAGGATGCCTCTCT-
TGCTCT-3" and 5'-CGTCTTCCCCTCCATCGT-3'. Citrate
synthase assay was performed in 100 mm Tris-HCI, pH 8.0,
containing 1 mm EDTA, 1 mm 5',5'-dithiobis 2-nitrobenzoic
acid, and 10 mm acetyl-CoA. The reactions were initiated by
addition of 10 mMm oxaloacetate. Absorbance at 420 nm was
measured for 10 min after the addition of protein from CPC
lysates. Citrate synthase activity is expressed as wmol/min/mg
protein.

Preparation of Replication-deficient PFK2 Adenovirus—
Adenoviral vectors were made and purified by Vector Biolabs
(Malvern, PA) using cDNA for a mutant form of rat liver
6-phosphofructo-2-kinase/Fru-2,6-P, bisphosphatase (i.e. the
PFKFBI isoform of PFK2). This bifunctional enzyme has been
re-engineered by site-directed mutagenesis to have single-
amino acid point mutations (S32A and H258A), which yield an
enzyme having phosphofructo-2-kinase activity and no bispho-
sphatase activity (37—40). A 1.4-kb BamHI/Nhel fragment of a
pLenti6 —3XFLAG-pd-PFK2 plasmid was subcloned into a
CCM(+) shuttle vector, which has dual CMV promoters to
drive expression of both GFP and the inserted gene. The back-
bone of the adenoviral vector is type 5 (dE1/E3). An Ad-GFP
control virus was also purchased from Vector Biolabs.

Radiometric Determination of Glycolytic Flux—Glycolytic
flux was determined by analyzing the conversion of [5-*H]glu-
cose to [?H],0, as described previously (31). Briefly, CPCs were
grown in 6-well plates to ~80% confluency. Reaction medium
(DMEM/E-12 medium containing 1 mMm L-glutamine, 5.5 mm
p-glucose, and 2 uCi/ml [5-*H]glucose (Moravek Biochemi-
cals)) was added and incubated at 37 °C for 3 h. Then 50 ul of
the reaction medium was pipetted into 1.5-ml microcentrifuge
Eppendorf tubes containing 50 ul of 0.2 N HCL. The microcen-
trifuge tubes, with the tube tops removed, were placed in 20-ml
scintillation vials containing 0.5 ml of distilled water. The vials
were sealed and incubated for 48 h at room temperature to
allow for evaporative diffusion of the [*H],O in the microfuge
tubes into the scintillation vials. To account for incomplete
equilibration of [*H],O and background, in parallel vials,
known amounts (uCi) of [5->H]glucose and [*H],O (Moravek
Biochemicals) were placed in microcentrifuge tubes, which
were also placed into separate scintillation vials containing 0.5
ml of distilled water. Following the incubation, the microcen-
trifuge tubes were removed, and 10 ml of scintillation fluid was
added to each vial. Radioactivity was then measured by scintil-
lation counting. Glucose utilization was calculated using the
formula reported by Ashcroft et al. (41), taking into account the
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specific activity of the [5-*H]glucose, incomplete equilibration,
and background, the ratio of unlabeled and labeled glucose, and
scintillation counter efficiency.

Stable Isotope Tracing—Isolated W'T and db/db CPCs were
incubated with 5 mm [**C,]glucose in 6-well plates for 3 or 18 h,
quenched in cold acetonitrile, and extracted in acetonitrile:
water:chloroform (v/v/v, 2:1.5:1), similar to that described pre-
viously (42—44), to obtain the polar, non-polar, and insoluble
proteinaceous fractions. The non-polar (lipid) layer was col-
lected, dried under a stream of nitrogen gas, and reconstituted
in 0.1 ml of chloroform:methanol:BHT (2:1 + 1 mm) mixture.
The extract was further diluted 10X with 1 mm BHT solution in
methanol and used for Fourier transform ion cyclotron reso-
nance-mass spectrometry (FTICR-MS) analysis.

For stable isotope nucleotide analysis, the samples were pre-
pared using a previously published protocol (43), with slight
modifications. Briefly, lyophilized polar extracts were reconsti-
tuted in 50 pul of 5 mm aqueous hexylamine (adjusted to pH 6.3
with acetic acid) (solvent A). Samples were then loaded onto a
100-ul capacity C18 tip (Pierce-Thermo Fisher Scientific) fol-
lowed by washing twice with 50 ul of solvent A. The metabolites
were eluted with 70% solvent A and 30% 1 mM ammonium
acetate in 90% methanol, pH 8.5 (solvent B). The resulting
eluates were diluted 3X with methanol and analyzed via
FTICR-MS.

FTICR-MS Analysis—Lipid and nucleotide spectra were
acquired using a hybrid linear ion trap-FT-ICR mass spectrom-
eter (Finnigan LTQ FT; Thermo Electron, Bremen, Germany),
equipped with a TriVersa NanoMate ion source (Advion Bio-
Sciences, Ithaca, NY) with an A electrospray chip (nozzle inner
diameter, 5.5 um). The TriVersa NanoMate was operated by
applying 1.5 kV with 0.5 psi head pressure in positive ion mode
and 1.6 kV and 0.7 psi in the negative mode. High mass accuracy
data were collected using the FT-ICR analyzer over a mass
range from 150 to 1600 Da (lipids; + and — mode) and 150 —
850 Da (nucleotides; — mode) for 15 min at the target mass
resolution of 400,000 at 400 m1/z. The LTQ-FT was tuned and
calibrated according to the manufacturer’s default standard
recommendations, to achieve mass accuracy of 2 ppm or less.

Stable Isotope Data Analysis—The FT-ICR MS spectra were
exported as exact mass lists into a spreadsheet file using Qual-
Browser 2.0 (Thermo Electron). Assignments of all isotopo-
logue peaks of metabolites were performed based on their accu-
rate mass matching (m/z window = 3 ppm), and natural isotope
abundance contributions from each of the isotopologues in the
MS data were stripped using MetSign.

Coupling quotients were calculated using fractional enrich-
ment values of isotopologues. For this, we calculated quotients
of isotopologue fractional enrichment values of two indepen-
dent pathways (e.g. the m + 5 isotopologue of UTP synthesized
via the pentose phosphate pathway and the [**C;]glycerol iso-
topologue of phosphatidylinositol synthesized via the glycer-
olipid pathway), which provides an index of relative metabolic
pathway coupling.

Statistical Analysis—The data are presented as means * S.E.
Multiple groups were compared using one-way or two-way
analysis of variance, followed by Tukey or Sidak post-tests.
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Unpaired Student’s ¢ test was used for two-group comparisons.
A p value = 0.05 was considered significant.

Results

Diabetic CPCs Show Persistent Defects in Competency—We
first compared the general phenotype of WT and db/db CPCs.
Similar to WT CPCs, db/db cells had a largely spindle-like mor-
phology (Fig. 14). As reported previously, the cells retained
only ~5-10% positivity for c-kit after sorting and culture (30,
31), and both nondiabetic and diabetic cells were >90% positive
for the mesenchymal cell marker CD29 and Scal and <<5% pos-
itive for CD45 (Fig. 1, B and D). Both nondiabetic and diabetic
cells showed relatively low surface expression of CD73, showed
relatively high expression of 105, and were largely negative for
CD31 and CD34 (Fig. 1D); both the WT and the db/db cells
were <0.1% positive for SSEA1, SSEA3, and SSEA4. There were
striking differences, however, in the expression of CD90 in dia-
betic cells. Diabetic CPCs showed nearly 80% positivity for
CD90 compared with only ~6% positivity in nondiabetic cells
(Fig. 1, Cand D).

We next examined common measures of cell competency.
Diabetic cells demonstrated lower rates of proliferation (Fig. 2,
A and B), as well as a decreased ability to withstand hydrogen
peroxide stress (Fig. 2C). Of note, in WT cells, the addition of
exogenous leptin had no effect on proliferative capacity of
CPCs (data not shown), suggesting that defective leptin signal-
ing is unlikely to contribute to the loss of competence in dia-
betic CPCs.

Although it is unlikely that differentiation of CPCs contrib-
utes directly to myocardial regeneration, differentiation of stem
cells has been suggested to reflect their capacity to invoke
reparative responses in injured tissue (22, 45). Therefore, we
next examined gene programs that might indirectly regulate
their restitutive actions during cell therapy. Compared with
WT CPCs, diabetic CPCs demonstrated lower expression of
markers of cardiac (Twnnt2), endothelial (Flk1), and smooth
muscle (Acta2) lineages upon exposure to differentiation con-
ditions (Fig. 2D). Although fibroblastic program markers
(Collal, Col3al, and Tgfbl) were not different between WT
and db/db CPCs, genes of the core preadipocyte gene program,
i.e. Cyp7b1 and Bhlhe22 (46), were remarkably higher in dia-
betic CPCs. In addition, Lox, which regulates cell commitment
to an adipocyte lineage (47—49) was elevated upon differentia-
tion only in diabetic cells (Fig. 2D). Collectively, these results
indicate that diabetes causes persistent losses in proliferation
and survival and disrupts the differentiation profile of CPCs.

Diabetic CPCs Are Insulin-resistant—Defective Akt signaling
is a characteristic feature of insulin resistance in diabetic cells
and tissues (50). To determine whether diabetes also causes
changes in insulin signaling in CPCs, we examined Akt signal-
ing after treatment with insulin. Insulin promoted concentra-
tion-dependent increases in Akt phosphorylation that became
largely apparent at concentrations =10 nMm (Fig. 34). Treatment
of cells with palmitic acid, which is known to lead to insulin
resistance (51), diminished insulin-induced Akt phosphoryla-
tion (Fig. 3B), suggesting that dyslipidemia could contribute to
insulin resistance in CPCs.
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FIGURE 1. Diabetic and nondiabetic CPCs display features characteristic of mesenchymal cells. Gross morphology and surface marker expression in CPCs
isolated from nondiabetic (WT) and diabetic (db/db) mice are shown. A, brightfield images of WT and db/db CPCs. Scale bars, 1000 wm. B, representative flow
cytometric dot plots of c-kit and Sca1. C, flow cytometric dot plots of CD90 and CD105. D, summary of surface marker expression. The data are representative
of three independent experiments. *, p < 0.05; ****, p < 0.0001 versus corresponding surface marker in the WT group.

To determine whether diabetes causes long lasting changes
in insulin signaling, we examined Akt signaling and insulin
receptor phosphorylation in WT- and db/db-derived CPCs. As
shown in Fig. 3C, diabetic CPCs showed significantly higher
basal Akt phosphorylation compared with WT CPCs, yet they
were incapable of significantly inducing Akt phosphorylation
further upon treatment with insulin. Interestingly, the basal
level of Akt phosphorylation in db/db CPCs was accompanied
by higher basal phosphorylation of tyrosine residues (Tyr''?%,
Tyr''*?, and Tyr''®®) of the insulin receptor, indicating
upstream deregulation of insulin signaling (Fig. 3D). Collec-
tively, these results indicate that diabetes diminishes insulin
responsiveness in CPCs yet causes persistent activation of the
insulin signaling cascade.

Diabetic CPCs Show Persistent Dysregulation of Glucose
Metabolism—To determine whether insulin resistance in dia-
betic CPCs is associated with changes in intermediary metabo-

SASBMB

JUNE 24, 2016+ VOLUME 291-NUMBER 26

lism, we examined both mitochondrial and glycolytic metabo-
lism in WT and db/db CPCs. Mitochondrial consumption of
oxygen was lower in db/db CPCs (Fig. 4A), whereas basal extra-
cellular acidification was modestly increased (Fig. 4B), leading
to a marked decrease in the basal oxygen consumption rate
(OCR)/extracellular acidification rate (ECAR) ratio (Fig. 4C),
an index of cellular reliance on mitochondrial versus glycolytic
metabolism. In db/db cells, the generally lower OCR levels and
the lower carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone-stimulated ECAR levels (which commonly derive from
protons linked with respiratory CO, production (52)) could
suggest lower abundance of mitochondria. To test this, we mea-
sured three markers of mitochondrial content: the abundance
of several key respiratory complex subunits under undifferen-
tiated and differentiated conditions; citrate synthase activity;
and relative mitochondrial DNA content. Although differenti-
ation in dexamethasone-containing medium promoted up-reg-
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ulation of several respiratory subunits (e.g. ATP synthase sub-
unit o, cytochrome c¢ oxidase subunit 1, and succinate
dehydrogenase subunit B), there were no differences in subunit
abundance between WT and db/db CPCs (Fig. 4D). Interest-
ingly, the diabetic CPCs showed ~30% higher citrate synthase
activity levels compared with WT cells (Fig. 4E); however, mito-
chondrial DNA content was not different between nondiabetic
and diabetic CPCs (Fig. 4F). Collectively, these results suggest
that the deficit in mitochondrial activity in diabetic CPCs is not
due to a lower abundance of mitochondria.

To determine whether increased reliance on glycolytic activ-
ity in diabetic CPCs may be due to remodeling of glucose
metabolism, we next measured the abundances of several key
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proteins in glucose metabolism and glycolysis by immunoblot-
ting. Although levels of glucose transporter 1, hexokinase 1 and
2, phosphofructokinase-bisphosphatase (PFKFB) 2, GAPDH,
pyruvate kinase M 1/2, and lactate dehydrogenase A were not
significantly different, the relative levels of glucose transporter
4 and PFKFB3 were higher in diabetic cells (Fig. 4, G-I). Col-
lectively, these data indicate that diabetes persistently increases
glycolysis in CPCs, which may be related to an increase in
PFKFB3.

Diabetes Causes Uncoupling of Biosynthetic Pathways in
CPCs—The up-regulation of PFKFB3 in diabetic CPCs would
suggest an increase in PFK1 activity, the rate-limiting enzyme
and committed step in glycolysis (53, 54). Because increased
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473)

activity at this critical step in glycolysis might affect ancillary compared with db/db CPCs. Moreover, the unlabeled pool of
pathways of glucose metabolism (e.g. Refs. 55-57), we next UTP was significantly higher in the diabetic CPCs (Fig. 6, E and
examined relative glucose carbon flux through an “upstream” F). Taken together, these data indicate that type 2 diabetes
biosynthetic pathway controlling nucleotide biosynthesis and  decreases PPP flux in CPCs.

redox state (the pentose phosphate pathway (PPP)) and a Next, we assessed the GLP, a pathway that uses 3-carbon
“downstream” pathway involved in esterified lipid biosynthesis  products of glycolysis (i.e. dihydroxyacetone phosphate) to syn-
(the glycerolipid pathway (GLP)) (Fig. 5). For this, the CPCs thesize glycerol; glycerol provides the backbone for esterifica-
were incubated with universally labeled (U) [**C]glucose for 3  tion of fatty acids into phospholipids (Fig. 74). Although there
or 18 h, and entry of glucose-derived '*C into end products of ~was no significant accumulation of '*C from U-['*C]glucose
the PPP and the GLP was examined by stable isotope-resolved  into the glycerol (m + 3) moiety of PI within 3 h (Fig. 7E), after
metabolomics (Fig. 6, A and D) (42—44, 58). Incorporation of 18 h of incubation, there was a ~50% increase in the '*C-la-
13C into the ribose (m + 5 isotopologue) moiety of the purine  beled glycerol portion of PI, and a corresponding decrease in
ATP was lower in db/db CPCs after 3 h of incubation with the unlabeled PI pool (Fig. 7, C, D, and F). Diabetes did not
U-["*C]glucose (Fig. 6C, inset), and after 18 h, there remained affect >C incorporation into fatty acids of PI or the levels of
significantly lower incorporation of '>C carbon in the m + 6 metabolites having '*C in both the glycerol moiety and fatty
and m + 7 isotopologues, which correspond to the adenine acids. Collectively, these data indicate lower glucose-derived
nucleoside portion of the molecule (Fig. 6, B and C). Similar  carbon flux through the PPP and relatively higher flux in the
results were observed for the purine nucleotide GTP (data not GLP.

shown). Although '*C incorporation into the pyrimidine UTP To estimate and compare metabolic pathway coupling in
appeared similar between W'T and db/db cells after 3h of incu- WT and diabetic CPCs, we calculated coupling quotients using
bation with U-[**C]glucose, by 18 h, WT CPCs showed mark-  isotopologue fractional enrichment values of metabolites syn-
edly higher incorporation of '*C into the ribose (m + 5) moiety thesized by each ancillary pathway (Table 1). Here, the *>C frac-
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represents three independent experiments. *, p = 0.05; **, p = 0.01 versus WT CPCs.

tional enrichment values of isotopologues of purine and pyrim-
idine nucleotides (e.g. ribose; m + 5 isotopologue) and
glycerophospholipids (glycerol) were used to calculate coupling
quotients, relating the PPP and GLP. Together, the stable iso-
tope tracing profile and coupling quotients appear to localize
the defect to steps relating the “preparatory” and “payoff”
phases of glycolysis, which is consistent with our other glucose
metabolism flux measurements, as well as our immunoblotting
data. Collectively, these results suggest that diabetes-induced
up-regulation of PFKFB3 increases glycolytic activity at the
PEK step of glycolysis, which uncouples ancillary biosynthetic
pathways of glucose metabolism.

Increasing Glycolysis Is Sufficient to Decrease Mitochondrial
Activity and Diminish Proliferation—PFKFB3 is an isoform of
PFK2 known to increase the glycolytic rate by promoting acti-
vation of PFK1 (Refs. 59 — 64 and Fig. 5). Interestingly, in addi-
tion to increasing glycolysis, PEKFB3 is capable of migrating to
the nucleus where it can regulate proliferation (65); other iso-
forms of PFKFB do not demonstrate nuclear localization.
Therefore, to determine specifically how activation of glycolysis
at the PFK step regulates CPC function, we expressed a mutated
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form of PFKFB1 (phosphatase-deficient PFK2; pd-PFK2) that
has no bisphosphatase activity (37—40). Like PFKFB3, the pd-
PFK2 enzyme has only phosphofructo-2-kinase activity, which
increases intracellular levels of fructose-2,6-bisphosphate to
activate PFK1. This mutant enzyme has been shown to increase
glycolysis in vitro and in vivo in multiple cell types including
cardiac myocytes (40) and liver (39, 66). The bicistronic vector
also contained GFP, which was used to determine relative
transduction efficiency (typically >75%) in CPCs (Fig. 84). As
shown in Fig. 8B, transduction of the cells with the mutant
PFK2 enzyme led to marked expression of the protein, which
was absent in non-transduced control and Ad-GFP-transduced
cells. As expected, transduction of CPCs with pd-PFK2
increased the glycolytic rate, as shown by increased ECAR val-
ues (Fig. 8C) and higher radiometric values of glycolytic flux
(Fig. 8D). Consistent with our previous study showing a glucose
concentration-dependent diminution of mitochondrial activity
in CPCs (31), high rates of glycolysis caused by expression of
pd-PFK2 decreased oxygen consumption by ~50% upon addi-
tion of glucose to the medium (Fig. 8E). In addition, high rates
of glycolysis caused by pd-PFK2 expression were sufficient to
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preparatory and payoff phases, is increased by the product of 6-phosphofructo-2-kinase (PFK2), fructose-2,6 bisphosphate (F-2,6-P,).

diminish CPC proliferation (Fig. 8F). Collectively, these data
suggest that elevation of glycolysis in diabetic CPCs is likely due
to an increase in the expression of PFKFB3 and that activation
of PFK in normal CPCs at least partially phenocopies diabetes-
induced impairment of CPCs.

Discussion

In this study, we describe a mechanism by which diabetes
causes metabolic dysfunction in cardiac progenitor cells. We
find that diabetes causes persistent changes in glucose metab-
olism in CPCs and that high reliance on glycolysis is associated
with poor CPC competence. Convergent evidence derived from
immunoblotting, isotope tracing, and extracellular flux mea-
surements indicates that diabetes up-regulates PFKFB3, the
product of which activates the rate-limiting and committed
step of glycolysis, F6P — fructose-1,6-bisphosphate. This step
is best positioned to coordinate and partition glucose-derived
carbons into biosynthetic pathways in the cell and could there-
fore contribute to diabetes-induced cell dysfunction. We find
also that diabetes constitutively activates the insulin signaling
pathway and diminishes mitochondrial activity. The increasing
glycolytic rate at the PFK step in nondiabetic cells leads to losses
in cell proliferation and mitochondrial activity redolent of dia-
betic CPCs. Additionally, these studies led to the development
of a novel and simple approach, based on stable isotope tracing,
to quantify the relationships between individual pathways of
intermediary metabolism and to estimate their degree of
uncoupling in disease. We propose that uncoupling of ancillary
pathways of glucose metabolism is a primary cause of CPC dys-
function in diabetes.
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Our findings are consistent with previous studies in the field
and deepen our understanding of how diabetes impairs cell
therapy-mediated myocardial repair. Two specific mechanisms
have been implicated in diminution of CPC repair capacity in
diabetes. Cells from type 1 diabetic models were shown to cause
mitochondrial-engendered oxidative stress in CPCs (18),
whereas type 2 diabetes was demonstrated to increase
advanced glycation end product generation (19). A heightened
rate of glycolysis could, in principle, be upstream of both mech-
anisms. Because extracellular glucose concentration contrib-
utes to glycolytic rate in CPCs (31), hyperglycemia would not
only increase glycolytic flux but it could also elevate mitochon-
drial reactive oxygen species, as well as glyceraldehyde-3-phos-
phate (GAP), which is known to be a precursor for the advanced
glycation end product, methyglyoxal (67). An increase in
PFKFB3, leading to heightened glycolytic rates, would also be
expected to increase the formation of GAP and elevate endog-
enous levels of reactive species. Additionally, the increase in
PFKFB3 appears to be sufficient to lower mitochondrial activity
in diabetic cells. Our previous studies show that exposure to
glucose decreases mitochondrial activity in CPCs (31), which
can be explained by the Crabtree effect (68, 69). Here, we dem-
onstrate that increasing glycolytic rate in CPCs by expressing
pd-PFK2 is sufficient to decrease mitochondrial activity and
phenocopy the effects of diabetes on proliferation.

Our study also shows that CPCs isolated from the diabetic
heart have a higher percentage of cells positive for CD90. This
finding is consistent with human studies showing that the
abundance of CD90™ cells is increased in cardiosphere-derived
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cells isolated from diabetic patients (70), and it is important
because CD90 positivity is associated with lower therapeutic
efficacy in myocardial cell therapy (70, 71). It remains unclear
how diabetes increases CD90 positivity in the CPC population
or whether its expression contributes to altered metabolic
pathways in hyperglycemic conditions.

We speculate that up-regulation of PFKFB3 may be an
attempt by the cell to utilize excess glucose under hyperglyce-
mic conditions; however, it is unclear why levels of the enzyme
remain high in CPCs after isolation from the diabetic heart.

13642 JOURNAL OF BIOLOGICAL CHEMISTRY

Interestingly, PFKFB3 is highly expressed in adipocytes (72, 73)
and cancer cells (54, 74), and it is up-regulated in diabetic liver
(60). The enzyme generates fructose-2,6 bisphosphate (F-2,6-
P,), the actions of which override inhibition of PFK1 by inhib-
itors such as ATP, citrate, and phosphoenolpyruvate (59 —64).
This promotes feed-forward stimulation of glycolysis that is
dependent primarily on glucose availability and uptake, which
are not limiting in CPCs because they express considerable lev-
els of glucose transporter 1 (Ref. 31 and Fig. 4). Interestingly,
PFKFB3 was recently suggested to participate in a positive feed-
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TABLE 1

Coupling quotients derived from stable isotope fractional enrichment
data

CPCs derived from WT or db/db CPCs were cultured in growth medium containing
[U-"*C]glucose. After 18 h, the cells were collected, and the polar and nonpolar
fractions were assessed for **C incorporation in nucleotides and lipids, respectively.
A relative coupling quotient between the PPP and the GLP was calculated by divid-
ing the fractional enrichment values of the m + 5 '*C isotopologue in the purines
ATP and GTP and the pyrimidine UTP by the m + 3 isotopologue of glycerol in
phosphatidylinositol (PI). The data represent three replicate samples/group.

Pathway
couple Metabolite couple wWT db/db
PPP:GLP ATP (5):PI (glycerol) 4.82 +0.13 3.04 = 0.25%
GTP (5):PI (glycerol) 4.25 + 0.05 2.80 = 0.13
UTP (5):PI (glycerol) 4.71 £ 0.10 2.00 + 0.07”

“ p =0.01 versus WT CPCs.
? p = 0.001 versus W'T CPCs.

back loop that causes hyperphosphorylation of Akt and
increases glucose transporter 4 translocation (75). We show
that Akt is hyperphosphorylated and that glucose transporter 4
abundance is elevated in diabetic CPCs, which may be caused
by PFKFB3 or elevated glycolytic rates in general.
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The question of how glycolysis regulates Akt and the insulin
signaling pathway in CPCs is deserving of further study. The
fact that both Ser*”? of Akt and the Tyr' '8, Tyr'*®2, and Tyr''®?
residues of the insulin receptor (76) showed higher phosphor-
ylation suggests that the entire IR/PI3K/Akt pathway is persis-
tently activated in diabetic CPCs. One possibility is that metab-
olites of glycolysis promote Akt phosphorylation. Lactate, for
example, has been shown to increase Akt by stimulating HIF1«
expression (77) or by activating receptors receptor tyrosine
kinases such as VEGFR2 (78), and it also activates G protein-
coupled receptor 81 (79). Furthermore, it is possible that parti-
tioning of glucose toward lactate (or ancillary biosynthetic
pathways) could prevent it from being oxidized in mitochon-
dria, thereby changing cellular redox signaling (80). The levels
of other metabolites such as acetyl CoA (81) and UDP-GIcNAc
(82) could also influence the activity of Akt, and both of these
are expected to be affected by altered glycolytic rates.

Metabolites synthesized through pathways ancillary to gly-
colysis are essential for energy provision, as well as the biosyn-
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detected using an anti-PFKFB1 antibody. C, ECAR trace of WT CPCs left untransduced (black circles) or transduced with 100 MOI of Ad-GFP (open circles) or
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thesis of lipids, nucleotides, and amino acids required for cell into the PPP in diabetic CPCs can be explained by an uncou-

growth, viability, and differentiation (83— 88). Thus, these path-
ways interconvert metabolites of sugar to the building blocks
required for cell growth and function (89). Enzymatic reactions
in the glycolytic pathway appear to coordinate flux through
these collateral pathways. For example, PFK activity has been
shown to regulate PPP flux in several cell types, which influ-
ences their proliferative capacity and sensitivity to oxidative
stress (55—57, 90). In our study, lower flux of glucose carbon
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pling of glycolysis, caused by elevated PFKFB3 levels, which
could directly contribute to changes in cell competence. Our
data suggest that, in CPCs, PFK activation quickly utilizes the
glycolytic intermediates glucose-6-phosphate and F6P, thereby
channeling glucose-derived carbons to the payoff phase (91) of
glycolysis and to those ancillary pathways that utilize 3-carbon
intermediates (e.g. the GLP). These results are consistent with
previous studies showing that dysregulation of the PPP dimin-
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ishes proliferation and survival of CPCs isolated from T1D mice
(92).

Our studies suggest that diabetic CPCs are poised to differ-
entiate into a preadipogenic phenotype. This is consistent with
previous studies showing that hyperglycemia can promote adi-
pogenic differentiation of muscle-derived stem cells (27). Inter-
estingly, cardiac-derived cells with a mesenchymal phenotype
are capable of differentiating into an adipocyte lineage in vivo
(22, 93), and fibroadiposis has been suggested to be a disease of
CPCs “gone awry” that occurs when they differentiate into adi-
pocytes (94). With respect to diabetes, hyperglycemia has been
shown to decrease the activity of GAPDH, which metabolizes
GAP to 3-phosphoglycerate. This increases upstream metabo-
lites, which could then flood ancillary pathways with glucose-
derived carbon (67). Because CPCs have little gluconeogenic
capacity, a hyperglycolytic phenotype may render the GLP as
the primary ancillary pathway in diabetic CPCs that would be
flooded because of excessive GAP and dihydroxyacetone phos-
phate (DHAP) accumulation. These metabolites and GLP
activity likely play a role in instigating a preadipogenic pheno-
type in CPCs. Our stable isotope tracing data suggest that high
levels of PFKFB3 would increase DHAP formation, which, in
addition to providing glycerol for esterifying fatty acids, could
trigger the adipogenic differentiation program by activating
protein kinase C (27).

To study metabolic changes in diabetic cells, we developed a
new approach to quantify changes in the coupling of flux
between metabolic pathways using stable isotope tracing tech-
niques. Typically, coupling refers to a connection between two
things or systems. In biology, a typical example is mitochondrial
(un)coupling, which is the relative (dis)connection of proton
dislocation (caused by electron flow through the respiratory
chain) with ATP production via mitochondrial ATP synthase.
In the current context, we invoke the use of “coupling” to define
metabolic pathway coupling, where the fluxes of metabolic
pathways are in a certain proportion to that of other pathways
in the network. In stable isotope metabolomics, the unique iso-
topologue patterns of metabolic products, which reflect the
biological and biochemical history of the metabolites, leads to
exact pathway assignment and assessment of relative changes
in flux through known metabolic pathways. Our approach inte-
grates this methodology and allows calculation of novel cou-
pling quotients that have the potential to help identify the sites
of metabolic uncoupling and to quantify the degree by which
biochemical pathways are (un)coupled. Because metabolic flux
configurations are a material cause of the catabolic and ana-
bolic activities in cells and tissues (which, in turn, regulate the
atomic composition and structural arrangement of the biolog-
ical system), describing and quantifying metabolic pathways
relative to one another could facilitate a quantitative evaluation
of the metabolic network in an organism and could explain
biological processes that cause diabetes and other diseases with
a metabolic basis, such as aging.

In summary, our studies support the hypothesis that diabetes
impairs CPC competence by uncoupling ancillary biosynthetic
pathways of glucose metabolism. This hypothesis has both pre-
dictive and explanatory power. Specifically, our results support
the notion that sustained up-regulation of PFKFB3 increases
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glycolytic rate in CPCs and causes disproportionate partition-
ing of glucose carbons into the PPP and GLP. The higher gly-
colytic phenotype appears to diminish their mitochondrial
activity and proliferative capacity and could decrease their abil-
ity to survive and differentiate. We define a novel method to
quantify metabolic pathway coupling in cells, which could be
used to obtain new information on how the metabolic network
changes with development, aging, and metabolic disease. This
information could be useful for predicting the relative compe-
tence of cells destined for transplantation and would enable
identification of loci responsible for metabolic dysfunction in
diseased cells.
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