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Abstract

Proliferation and differentiation of preadipocytes, and other cell types, is accompanied by an
increase in glucose uptake. Previous work showed that a pulse of high glucose was required during
the first 3 days of differentiation 7n vitro, but was not required after that. The specific glucose
metabolism pathways required for adipocyte differentiation are unknown. Herein, we used 3T3-L1
adipocytes as a model system to study glucose metabolism and expansion of the adipocyte
metabolome during the first 3 days of differentiation. Our primary outcome measures were
GLUT4 and adiponectin, key proteins associated with healthy adipocytes. Using complete media
with 0 mM or 5 mM glucose, we distinguished between developmental features that were
dependent on the differentiation cocktail of dexamethasone, insulin and isobutylmethylxanthine
alone or the cocktail plus glucose. Cocktail alone was sufficient to activate the capacity for 2-
deoxglucose uptake and glycolysis, but was unable to support the expression of GLUT4 and
adiponectin in mature adipocytes. In contrast, 5 mM glucose in the media promoted a transient
increase in glucose uptake and glycolysis as well as a significant expansion of the adipocyte
metabolome and proteome. Using genetic and pharmacologic approaches, we found that the
positive effects of 5 mM glucose on adipocyte differentiation were specifically due to increased
expression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), a key regulator
of glycolysis and the ancillary glucose metabolic pathways. Our data reveal a critical role for
PFKFB3 activity in regulating the cellular metabolic remodeling required for adipocyte
differentiation and maturation.
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INTRODUCTION

Adipose tissue plays an important role in maintaining insulin sensitivity by providing both a
metabolically safe place to store lipid and a source of insulin-sensitizing adipokines such as
adiponectin (1, 2). The increased prevalence of obesity and obesity-related diseases has
emphasized our need to understand the mechanisms that underlie adipose development both
in the perinatal period and in adult obesity, with the goal of understanding the factors that
promote the development of this tissue. Normal adipose tissue development occurs in the
perinatal period at a time later than other organs that regulate whole body metabolism.
Unlike other tissues, there is significant expansion of adipose depots in post-natal life and
adult life as a result of changing energy balance (3). The development of adipose tissue
begins with the recruitment and differentiation of adipocyte progenitors (APS) in response to
positive energy balance. The specific signals that trigger this process /n vivo are not
completely known, but they are likely a combination of hormonal and nutrient signals. /n
vitro, transformed preadipocytes and primary APs can be differentiated to adipocyte-like
cells over a period of days using a two to three-day pulse with minimal hormonal cocktail of
dexamethasone, insulin, and isobutylmethylxanthine to start the process (4, 5). This supports
the notion that hormone signaling is critical to adipose development, but this standard in
vitro protocol does not necessarily explain the exact role that nutrients play in this process.

Our most detailed understanding of adipocyte differentiation is with the complex
transcriptional cascade following hormone cocktail stimulation that leads to expression of
PPAR-v, the central regulator of adipogenesis (6-8). This transcriptional cascade is part of
the intracellular response to extracellular signals transmitted to the adipocytes and APs to
regulate development and function. However, extracellular signaling is not sufficient to
support optimal development. Work from our lab and others have shown that the availability
of glucose in combination with a hormone cocktail are needed for adipocyte development to
proceed /n vitro (4, 9). The specific requirement for glucose in adipocyte development is
unclear because it precedes the established anabolic role of glucose to support the
accumulation of lipid droplets and triglyceride storage (10).

Glucose is metabolized in preadipocytes by two main pathways, glycolysis and the pentose
phosphate pathway (PPP) (11). Glycolysis generates ATP and pyruvate while the PPP
generates NADPH and precursors for nucleotide synthesis. As such, both pathways play
unique roles in cellular growth and development. In our previous work, we showed that a
pulse of high glucose was required during the first three days of differentiation to proceed to
a mature adipocyte (4). However, an unanswered question that remained from that study was
to determine the mechanisms that regulated glucose metabolism over the three-day
differentiation period. We hypothesize that glucose uptake and glucose metabolism would be
increased during differentiation. To test this hypothesis, we have studied glucose uptake and
metabolism during the early stages of differentiation. Herein, we demonstrate glucose is
required for expansion of the metabolome. Using pharmacologic and genetic inhibitors of
the PPP and glycolysis, our data demonstrate that the initial increase in glucose uptake
supports an increase in the PPP, with upregulation of glycolysis following 24-48h later. A
glucose-dependent spike in glucose uptake at day 3 of differentiation was accompanied by
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an increase in the expression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3), a phosphofructokinase 2 (PFK2) isoform that regulates the production of
fructose-2,6-bisphosphate to allosterically activate phosphofructokinase 1 (PFK1), the rate
limiting step for glycolysis. PFKFB3 is one of four PFK2 isoforms known to regulate
glycolysis. It is frequently overexpressed in cancer cells and has shown to be essential for
growth and oncogenesis, likely due to its role for accelerating glycolysis and promoting
anabolic pathways (12). This is the first study to show that PFKFB3 upregulation is an
essential component of AP differentiation and metabolome expansion.

MATERIALS AND METHODS

Cell culture and animals

3T3-L1 cells (American Tissue Culture Collection, Manassas, VA; RRID:CVCL_0123)
were cultured and differentiated in Minimum Essential media-alpha formulation (MEM-
alpha) without ribonucleosides (12000-063,GIBCO). For experiments that varied glucose
and glutamine, we used a custom MEM-alpha that did not contain either nutrient (Boca
Scientific, CUSTMEDIAKIT). When using the custom media, glucose and glutamine were
added as indicated to match the standard MEM-alpha formulation. Preadipocytes were
grown to confluence in standard medium containing 5 mM glucose, 2 mM glutamine and
supplemented with 10% calf serum. Differentiation was stimulated by changing to media
containing 10% fetal bovine serum and a cocktail of 175nM insulin, 1uM dexamethasone,
0.5mM isobutyl-1-methylxanthine. After three days in this differentiation media, cells were
then changed to media containing 10% fetal bovine serum without the cocktail, and
harvested three days later (day 6 post-differentiation). Cells were treated at indicated times
and concentrations with AZ67 (5742, Tocris), 6-aminonicotinamide (A68203, Millipore
Sigma), or TEPP46 (505487, Millipore Sigma).

Primary mouse preadipocytes were cultured from the stromal vascular fraction of inguinal
fat pads from male C57BL6 mice. The stromal vascular fraction was isolated by differential
centrifugation following collagenase digestion of adipose pads as previously described (13).
Stromal vascular cells were counted, and 150,000 cells were plated on 35 mm Pur Col ™
collagen-coated dishes (#5073, Advanced BioMatrix) and grown to confluence in alpha-
MEM media supplemented with 10% FBS. Two days post-confluence, cells were switched
to differentiation media as described for 3T3-L1 preadipocytes. Three biological replicates
were studied by isolating SVF from 3 mice/ biological replicate for a total of 9 mice. For
each biological replicate, 5 35-mm dishes were plated to obtain samples for day 0, 3 and 6
post-differentiation without and with AZ67 treatment as indicated.

Five-month-old male C57BL6 mice were used for fasting and refeeding studies. Mice group
housed with 2—4 mice per cage and maintained on standard chow diet with a 12-hour dark
cycle from 6 pm to 6 am each day. Food was removed at 5 pm until 9 am the next morning.
At that time, half of the mice were killed by CO2 asphyxiation to harvest tissues, and half
were fed standard chow diet for the next 4 hours, after which they were killed. Tissues were
weighed and snap frozen in liquid nitrogen and stored at —80C until further analysis. All
procedures using animals were approved by the Institutional Animal Care and Use
Committee at the University of Oklahoma Health Sciences Center.
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Whole cell lysates and immunoblots

Whole cell extracts were prepared in lysis buffer containing 20mM HEPES, 1% NP40, 2mM
EDTA, 10mM sodium fluoride, 10mM sodium pyrophosphate, 1mM sodium orthovanadate,
1mM molybdate, protease inhibitor cocktail (complete Mini EDTA-free Protease Inhibitor
Cocktail, Roche), 1 mM PMSF and 50 mM DTT. Protein concentrations were determined by
using a Coomassie Plus (Bradford) Assay Kit (Pierce). Lysates were fractionated using SDS-
PAGE, and proteins transferred to Immobilon-FL polyvinylidene fluoride membrane (EMD
Millipore Corporation, Billerica, MA, US.) Membranes were stained with anti-GLUT4
antibody (ab33780, ABCAM; RRID:AB_2191441), anti-adiponectin antibody (a gift from
Philipp Scherer, UT Southwestern Medical Center, Dallas TX), anti-GLUT1 antibody
(ab196357, Abcam; RRID:AB_2832207), , anti-MCT4 antibody (ab180699, Abcam), anti-
HKII antibody (ab104836, Abcam), anti-PFKFB3 (ab181861, Abcam), anti-PFKFB4
(ab71622, Abcam; RRID:AB_1269727) or anti-a/B-tubulin antibody (2148, Cell Signaling)
and visualized with appropriate secondary antibodies conjugated with AlexaFluor 680
(Invitrogen). Fluorescence was quantified with a Li-Cor Odyssey imager (Li-Cor
Biosciences, USA). Protein expression data were compared to tubulin as a loading control.

RNA extraction and real time quantitative PCR

Total RNA was isolated from snap frozen fat pads using guanidinium isothiocyanate
extraction followed by CsCl purification and samples were stored at —20°C as ethanol
precipitates as described previously (14). Real-time reverse transcription PCR (QRT-PCR)
analysis was performed using the following primers: mouse pfkf35’
AGAACTTCCACTCTCCCACCCAAA-3’ (forward), 5°-
AGGGTAGTGCCCATTGTTGAAGGA-3’ (reverse); mouse 3684, 5’-
CTGAGTGATGTGCAGCTGAT-3’ (forward), 5’-AGAAGGGGGAGATGTTCAG-3’
(reverse) and mouse actin, 5’-CCTCACTGACTACCTGATGA-3’ (forward), 5°-
AGCTCATAGCTCTTCTCCAG- 3’ (reverse). All gRT-PCR were run using a CFX96 real-
time PCR detection system thermal cycler (Bio-Rad). 36B4 and actin were used as
housekeeping genes for ddCt calculations.

Glucose uptake assay, ATP levels and total protein

Basal glucose uptake, ATP concentration and total protein were measured in the same cell
cultures propagated in 12-well culture dishes under conditions described. When indicated
AZ67 was added either 39 hours (chronic) prior to the assay or 2 hours (acute) prior to the
assay Basal glucose uptake assay was performed in day 3 or day 6 adipocytes using the
Glucose Uptake-Glo bioluminescent assay kit (Promega Corporation, Madison WI). For
basal and insulin-dependent glucose uptake, cells were serum starved in 0 mM glucose
media containing 0.2% BSA for 2 hours at 37°C. Insulin (100 nM) was added during the
final 30 minutes of starvation prior to beginning the glucose uptake assay. Cell number was
determined by counting trypan blue excluded cells in a parallel. ATP content was determined
using the CellTiter Glo Cell viability assay (Promega Corporation). Total protein was
determined using the Pierce lonic Detergent Compatibility Reagent added to the Pierce 66
nm Protein Assay Reagent (Thermoscientific Co.)
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Analysis of Extracellular acidification rate (ECAR) for glycolytic capacity

ECAR measurements were performed using a Seahorse XFe24 Analyzer running Wave
2.5.0.6 (Agilent) as previously described with minor modifications (15, 16). Day 3 or day 6
cells were differentiated as indicated. When indicated, AZ67 was added either 39 hours
(chronic) prior to the assay or 2 hours (acute) prior to the assay. The basal glycolysis rate
was defined as the difference between ECAR following the glucose (10mM) injection and
basal (glucose independent) ECAR. Glycolytic capacity was defined as the difference
between ECAR following the injection of 1uM oligomycin (Sigma, 75351) and the basal
ECAR reading. All experiments were performed at 37°C. Each measurement cycle consisted
of a mixing time of 2 minutes, an equilibrating phase of 2 minutes, and a data acquisition
period of 2 minutes (12 data points). After each XFe24 Analyzer experiment, the assay
media was removed and cells were digested in 50uL of RIPA buffer (Sigma, R0278) at 4°C
for 10min. BCA protein determination of each well was performed for normalization. ECAR
data points refer to the average rates during the measurement cycles and each treatment
group consisted of 5 wells. ECAR are reported as absolute rates (mpH/min for ECAR) after
protein normalization, or expressed as a percentage of the control ECAR values.

Metabolic profiling

Metabolic profiling was performed on 3T3-L1 cells 3 days post-differentiation. Cells were
grown on 60mm plates and differentiated as indicated. When used, AZ treatment was carried
out for the final 39 hours of differentiation. Media was aspirated, the cells were quickly
washed twice with pre-warmed (37°C) ultra-pure water, snap-frozen with liquid nitrogen
and stored at —80°C until further extraction. Frozen cells were scraped, and metabolites were
extracted using methanol:chloroform:water (2:1:1) solution as previously described (17).
Prior to the extraction, 20mg/ml of ribitol was added to each sample as an internal standard.
A 400pL aliquant of each extract were completely dried by SpeedVac and subjected to two-
step derivatization procedure as previously described (17). Three quality controls (QCs)
(prepared by pooling an equal volumes of each sample), analytical standards of malonate,
lactate, glucose and leucine, and two blank samples were included to the analysis on Agilent
Gas Chromatography — Mass Spectrometry instrument.

Detected peaks were annotated in Agilent MassHunter software (vsB.07.01/Build7.1.524.0)
according to the integrated NIST library and external analytical standards. The relative
abundance of metabolites was calculated by peak areas and normalized by the internal
standard. Statistical analysis was performed using multiple Student’s t-tests using a False
Discovery Rate correction set at 1%.

Oil red O staining

Oil red O staining was performed on cells that had been washed twice in PBS prior to
fixation by 10% formalin for 30 minutes at room temperature. After fixation, the cells were
washed twice with PBS. The cells were then stained with a filtered 0.3% solution of Oil Red
O in 60% isopropanol for 15 minutes at room temperature. The Oil Red O solution was
removed and cells were washed 5 times with water or until the rinse water ran clear. The Qil
Red O stain was eluted with 99% isopropanol and absorbance at 500nM was recorded. The
cells were washed twice with water, and counterstained with 5 mg/mL solution of crystal
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violet in water for 30 minutes at room temperature. Crystal violet stain was removed and
cells were washed 5 times with water or until rinse water ran clear. The stain was eluted in
methanol. The absorbance at 540nM was recorded. The data were presented as a ratio of oil
red O absorbance/crystal violet absorbance

Statistical analysis

RESULTS

Data are expressed as the mean and standard deviation. Comparisons among groups were
performed with GraphPad Prism software using one-way or two-way ANOVA with
Dunnett’s multiple comparison tests when comparing to a single control or a Tukey’s test
when making multiple comparisons within a single experiment. Two sample experiments
were analyzed using Student’s t-tests.

Glucose is required for optimal adipocyte maturation

We have previously shown that high glucose was required for optimal maturation of 3T3-L1
adipocytes and mouse stromal vascular cells differentiated in vitro (4). In that study,
standard culture conditions using Dulbecco’s modified Eagle medium (DMEM)
supplemented with 25 mM glucose were compared to 5 mM glucose. In the current study,
cells were propagated and differentiated using alpha-minimum essential medium (MEM),
which supported adipocyte differentiation at a more physiologic glucose concentration of 5
mM glucose. To determine if glucose and glutamine, two of the most abundant soluble
macronutrients in the circulation are interchangeable for adipocyte development, we
differentiated preadipocytes with 0 or 2 mM glutamine and 0 or 5 mM glucose added to the
base media (Fig. 1A). To confirm that serum supplementation did not contribute significant
glucose or glutamine to complete media, we performed GC-MS analysis of the media with
and without glucose, and glucose and glutamine standards. The results were in line with our
assumption, showing no glucose in low glucose medium, and no glutamine in either media
(Suppl. Fig. 1). Cells were harvested 6 days post-differentiation, and maturation was
assessed by measuring expression of cell-associated GLUT4 and adiponectin as well as the
ability of adiponectin to be secreted into the media. Expression of GLUT4 and adiponectin
were increased only when glucose was present in the media, regardless of glutamine (Fig.
1A and B). GLUT1 expression was decreased in the presence of 5 mM glucose, but not
impacted by glutamine. Taken together, we concluded that 5 mM glucose, but not 2 mM
glutamine, was required for adipocyte maturation.

Our previous work showed that a pulse of high glucose was required for adipocyte
maturation only during the first 3 days of adipocyte differentiation (D-Phase) when DII
cocktail was present, and this condition also required activity of the pentose phosphate
pathway (4). To clarify the role played by glucose, we carried out a time course over the first
3 days of differentiation in cells treated with 0 mM or 5 mM glucose. 2-Deoxyglucose
uptake was measured on day 0, day 1, day 2 and day 3 post-differentiation. Glucose uptake
was increased after day 1 of differentiation under both 0 mM and 5 mM glucose (Fig. 1C).
Glucose treatment increased ATP levels beginning on day 1(Fig. 1D). On day 3, there was
an additional glucose-dependent increase in glucose uptake that was mirrored by an increase
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in total cellular protein, a measure of increased anabolism (Fig. 1E). To determine glycolytic
rates, we measured the extracellular acidification rate (ECAR) by Seahorse XF analysis on
preadipocytes and differentiating adipocytes at 1, 2, and 3 days post-differentiation in 5 mM
glucose containing media (Fig. 1F). This assay measures ECAR basally (non-glycolytic
acidification), upon the addition of glucose (glycolysis), and maximally upon the addition of
oligomycin (glycolytic capacity). ECAR was significantly elevated by days 2 and 3 post-
differentiation, indicating that cells become glycolytic two days after treatment with the
hormone cocktail.

The increase in ATP and total protein prompted an investigation of the role of glucose in
development of the adipocyte metabolome, in particular the glucose dependent changes in
amino acids and glucose metabolic intermediates. Soluble extracts from three biological
replicates each of day 3 adipocytes differentiated with 0 or 5 mM glucose were analyzed by
GC-mass spectrometry to determine relative concentrations of metabolites. Thirty-seven
peaks were identified as unique metabolites with the high probability using NIST library.
Lactate, glucose, and leucine were confirmed by external standards. Two out of 37
metabolites were detected only in 1 group: lysine in 0 mM glucose, and fructose-6-
phosphate in 5 mM glucose (Suppl Tables 1 and 2). The global scale analysis of the
metabolic profiling data was performed by principal component analysis (Suppl. Figure 2).
Consistent with an increase in total protein, a majority of the amino acid metabolome, both
essential and non-essential amino acids, was significantly increased by 5 mM glucose in the
media (Fig. 1G). The exceptions were glutamine, which was not different between media,
and aspartate, which was significantly reduced in 5 mM glucose media. As expected, 5 mM
glucose increased lactate, alanine, citrate, fumarate and malate (Fig. 1H).

To begin to understand the molecular underpinnings of the glucose-dependent increase in
glucose uptake on day 3 of differentiation, we carried out a time-course from day 0 through
day 3 of cells differentiated in 0 or 5 mM glucose. The lysates were probed for some key
regulators of glucose uptake and glycolysis. We observed that PFKFB3 and GLUT1 were
the only proteins that showed a time-dependent pattern of expression that was also
dependent on the carbohydrate content of the media (Fig. 2A and B). Interestingly, GLUT1
was increased by 0 mM glucose media while PFKFB3 was increased in 5 mM glucose
media. The mono-carboxylate transporter 4 (MCT4), which serves as a lactate transporter,
and pyruvate carboxylase (PC), an anaplerotic enzyme, also increased in a time-dependent
fashion, independent of media glucose concentration (Figures 2A and B). Hexokinase 11
(HKII) and pyruvate dehydrogenase (PDH) trended up as a function of time, but they did not
reach statistical significance under these conditions. To determine if 0 mM glucose was
inhibiting initiation of differentiation, we immunoblotted lysates for Pref-1, a
transmembrane protein expressed in preadipocytes, which is downregulated as cells progress
through differentiation (18). Down-regulation of Pref-1 was dependent on DII-cocktail, but
not dependent on the media glucose concentration (Figure 2A and B).

The differential response of key glycolytic enzymes prompted us to ask if glucose exposure
alone impacted the development of glycolytic capacity in differentiating adipocytes. We
therefore measured ECAR in cells differentiated with 0 or 5 mM glucose. A parallel set of
cells were cultured with 0 or 5 mM glucose without the DIl cocktail. DIl cocktail alone
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upregulated the capacity for cells to carry out glycolysis even in cells differentiated in 0 mM
glucose, and 5 mM glucose in the media further increased the capacity of the cells for
glycolysis (Fig. 2C). The upregulation in glycolysis is consistent with the differentiation-
dependent changes of key regulators of glycolysis such as MCT4, which was upregulated
independently of glucose. Importantly, differentiation in 5 mM glucose further increased the
glycolytic capacity and is consistent with the increase in total (phosphorylated and non-
phosphorylated) PFKFB3 protein expression in the 5 mM glucose cells. The PFKFB3
antibody is directed toward the C-terminal end of the protein, allowing identification of all
known PFKFB3 splice variants.

Glucose uptake and glycolysis is transiently up-regulated on day 3 differentiation.

A requirement for glucose during early differentiation implies that glucose uptake and/or
glycolysis is increased specifically during D-phase. To test this hypothesis, we measured
basal 2-deoxyglucose uptake in cells on day 3 and day 6 post differentiation and found that
basal glucose uptake was highest on day 3 (Fig. 3A). Increased glucose uptake was
accompanied by an increase in ATP and total protein (Fig. 3B and C). Glycolysis, as
measured by ECAR, was significantly upregulated in day 3 cells, and reduced in day 6 cells
(Fig. 3D). To determine enzymes or transporters that might be responsible for transient
increase in glucose uptake and glycolysis, we probed protein extracts from 3T3-L1 cells at
days 3 and 6 post-differentiation for key regulators of these processes (19). The only
molecule that was specifically upregulated in day 3 cells compared to day 6 was PFKFB3
(Fig. 3E), potentially accounting for the transient increase in glucose uptake and glycolysis.
To quantify the changes in expression between day 3 and day 6, we determined the ratio of
proteins for each independent experiment. Only PFKFB3 was significantly lower on day 6
compared to day 3 (Fig. 3F). In contrast, GLUT4 and MCT4 were significantly increased in
day 6 compared to day 3 cells, while GLUT1 and HK 1 were not significantly changed.

Inhibition of PFKFB3 inhibits adipocyte maturation

PFKFB3 was the only key regulator of glycolysis that was upregulated (data shown in Fig.
2A and B and summarized in Figure 4A) in a glucose-dependent manner causing us to
hypothesize that the increase in glucose-uptake and glycolysis were dependent on this
enzyme. PFK-1 protein, the target of PFKFB3 activity, was not measured. To test the
hypothesis, we used both genetic and pharmacological approaches to determine if PFKFB3
activity was required for glucose uptake and adipocyte maturation. Genetic knockdown of
PFKFB3 was accomplished using pooled PFKFB3 siRNAs transfected into preadipocytes
followed by treatment with DIl in 5 mM glucose media adipocytes (Figure 4B). At day 3
post-differentiation, the gene knockdown resulted in an 80% decrease in immunostaining of
PFKFB3 (Fig. 4C and B). On day 3, the PFKFB3 knockdown resulted in a 23% decrease in
glucose uptake, presumably due to the decrease in glycolysis (Fig. 4D). At day 6 post-
differentiation, the gene knockdown resulted in reduced expression of GLUT4, cell-
associated adiponectin and secreted adiponectin (Fig. 4E and F). These data support the
hypothesis that PFKFB3 protein is playing a role in adipocyte maturation.

To further confirm the importance of PFKFB3 in adipocyte maturation, we employed
pharmacologic inhibition using AZ67, a compound that reduces fructose 2,6-bisphosphate
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concentrations in a dose dependent manner and with minimal off-target effects (20). Because
we determined that PFKFB3 was transiently upregulated by day 3 of differentiation, AZ67
treatment was pulsed for different periods during D-phase to identify when PFKFB3 activity
was most important. Three different treatment protocols were used for this study (Fig. 5A).
Cells were treated with 30 uM AZ67 in DIl media containing 5 mM glucose for the first 33
hours of DII treatment (Pulse A); last 39 hours of DIl treatment (Pulse B); or the full DIl
treatment period (Pulse C). Differentiation media was replaced with 5 mM glucose media
containing 10% FBS and cells were harvested on day 6. We first determined that AZ67-
treatment did not inhibit initiation of differentiation by probing cell lysates for Pref-1
(Figure 2B and C). Cell lysates were then probed for GLUT4, PFKFB3 and tubulin, while
both lysates and cell medium were probed for adiponectin (Fig. 5D and E). Pulse A of
AZ67did not alter expression of GLUT4 or adiponectin, our key markers of adipocyte
maturation. In contrast, treatment by pulse B and pulse C both inhibited expression of both
GLUT4 and adiponectin, indicating that expression of these markers is dependent on
PFKFB3 activity in the last 39 hours of DIl treatment. PFKFB3 expression itself was not
inhibited by AZ67 treatment.

To determine how PFKFB3 inhibition altered glucose uptake, we measured 2-deoxyglucose
uptake on day 3 of DII treatment in cells treated with 30 uM AZ67 chronically (Pulse B) or
acutely for 1 hour prior to the assay. As expected, chronic AZ67 treatment reduced 2-
deoxyglucose uptake 3.8-fold, while the acute treatment reduced glucose uptake by 20%
(Fig. 5F). Chronic, but not acute treatment with AZ67 decreased both ATP levels and protein
concentration (Fig. 5G and H), which supports the notion that PFKFB3 activity is required
specifically between day 2 and 3 to upregulate the capacity for cells to expand the
metabolome. Consistent with the 2-deoxyglucose uptake, chronic exposure to AZ67
prevented upregulation of the glycolytic machinery, as determined by ECAR. Chronic
treatment completely ablated glycolysis while acute treatment inhibited by approximately
20% (Fig. 51). To determine if chronic AZ67 treatment altered the adipocyte metabolome,
soluble extracts from five biological replicates each of day 3 adipocytes treated without or
with 30 uM AZ67 chronically (Pulse B) were analyzed by GC-mass spectrometry to
determine relative concentrations of metabolites. Forty-four peaks were identified as unique
metabolites with high probability using NIST library. Lactate, glucose, pyruvate, alanine and
leucine were confirmed by external standards (Suppl Tables 3 and 4). The global scale
analysis of the metabolic profiling data was performed by principal component analysis
(Suppl. Figure 3). Chronic exposure of cells to AZ67 decreased the glycolytic products
pyruvate and lactate, as well as other TCA intermediates (Fig. 5J). This is consistent with a
role of PFKFB3 in accelerating glycolysis and anaplerosis.

Previously, we showed that inhibiting glucose metabolism through the PPP also diminished
adipocyte development (4). To determine if inhibition of PPP followed the same time course
as PFKFB3 inhibition, we treated cells with 30 pM 6-aminonicotinamide (6-AN), an
inhibitor of both 6-phosphogluconate dehydrogenase and glucose-6-phosphate
dehydrogenase, using the same timing strategy as for PFKFB3 inhibition (Fig. 6A). We first
determined that 6-AN-treatment did not inhibit initiation of differentiation by probing cell
lysates for Pref-1 (Figure 3B and C). In contrast to AZ67 treatment, 6-AN treatment
inhibited adipocyte maturation when given both in the first 33 hours of differentiation or the
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final 39 hours of differentiation (Fig. 6D and E). Cell-associated adiponectin appeared to
increase with 6-AN treatment, but this was likely a result of decreased secretion of
adiponectin into the media. These data indicate that the requirement for PPP-dependent
glucose metabolism precedes the requirement for PKFFB3-dependent glucose metabolism.

To determine if PFKFKB3 activity is required for differentiation of non-transformed mouse
preadipocytes, we cultured preadipocytes derived from the stromal vascular fraction of
mouse inguinal fat pads. Unlike 3T3-L1 preadipocytes which are grown to confluence in
media supplemented with 10% calf serum, primary preadipocytes were grown to confluence
in media supplemented with 10% fetal bovine serum. Once the cells were two days past
confluence, differentiation was initiated with DIl media for the next 72 hours. Cells were
treated without or with 30 UM AZ67 for the final 39 hours of DIl treatment (Pulse B)
(Figure 7A). Cells were harvested at days 0, 3 and 6 post-differentiation and immunolabeled
for Pref-1, PFKFB3, Glut4, adiponectin and tubulin (Fig. 7B and C). Media from day 6 cells
was immunolabeled for adiponectin. Chronic treatment with AZ67 for the final 39 hours of
differentiation inhibited adipocyte maturation as was observed for differentiation of 3T3-L1
cells. Day 0 primary preadipocytes did not express high levels of Pref-1, reflecting a
potential difference in the specific population of preadipocytes in the confluent primary
adipocytes compared to 3T3-L1 preadipocytes. PFKFB3 expression was induced in the
differentiated primary adipocytes, and expression was highest at day 6 in both control and
AZ67 treated cells.

PFKFB3 regulates adipocyte function in mature adipocytes

Interestingly, in adult mice, the highest levels of PFKFB3 mRNA are found in adipose tissue
(21). This indicates a role for PFKFB3 in glucose metabolism in mature adipocytes. To test
this, we treated 3T3-L1 adipocytes beginning on day 4 of differentiation with either 0 or 30
UM AZ67 for the next 48 hours. Cells were harvested on day 6 post-differentiation and cell
lysates were probed for GLUT4, PFKFB3, and tubulin, while both lysates and cell medium
were probed for adiponectin (Fig. 8A and B). AZ67 treatment significantly decreased
GLUT4 expression. Intracellular adiponectin was unchanged but was significantly decreased
in the media. PFKFB3 content was increased, suggestive of a compensatory mechanism. Oil
red O staining showed that neutral lipid staining on day 6 adipocytes treated with AZ67 was
reduced 10% compared to controls (Fig. 8C). This is likely due to decreased
glyceroneogenesis for glycerol backbones given that branch chain amino acids are the main
carbon source for de novo lipogenesis (22). To determine if AZ67 inhibited either basal or
insulin-dependent glucose uptake in the mature cells, we carried out 2-deoxyglucose uptake
in day 6 adipocytes that were treated without or with 30 uM AZ67 since day 4. Basal 2-
deoxyglucose uptake was increased by AZ67 treatment, while the insulin-mediated glucose
uptake was completely inhibited (Fig. 8D). Qil red O-staining was measured in basal cells,
therefore, the increase basal 2-deoxyglucose uptake in the treated cells was not likely
supporting triacylglycerol synthesis in the AZ67-treated cells.

These findings suggest that PFKFB3 may also play a role in the insulin/fed state dependent
increase in adipocyte glycolysis and glyceroneogenesis 7 vivo (23). To begin testing this
possibility, we measured PFKFB3 protein expression in mice during the fed and fasted states
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in epididymal (EPI) and inguinal (SQ) fat. We found that PFKFB3 was significantly lower in
both fat pads of fasted animals and higher after 4 hours of refeeding fasted mice (Fig. 9A
and B). A small, but significant difference was observed for PFKFB4 in the EPI, but not SQ
fat. The changes in PFKFB3 protein expression were not due to changes in pfkfb3 mRNA,
indicating that a translational or post-translational mechanism regulated protein expression
in the fasted and refed conditions (Fig. 9C). In conclusion, our results indicate PFKFB3
plays an essential role in glucose mediated adipocyte differentiation and in regulating
glucose metabolism in mature adipocytes /n vitro. Changes in PFKFB3 protein levels in
fasted and refed fat predict that glucose metabolism /in vivo may be regulated, in part, by
PFKFB3.

DISCUSSION

Our data reveal an important interaction between hormone signaling and glucose availability
in development of mature 3T3-L1 adipocytes. Glucose, but not glutamine, was specifically
required for development indicating that the glucose effect is different than the Warburg
effect often observed in cancer cells (24) Within the first day of differentiation, we observed
a 20-fold increase in the capacity for glucose uptake that was instigated by the addition of
the hormone cocktail. 2-Deoxyglucose uptake was further enhanced when 5 mM glucose
was present in the media (Fig 2A). Differentiation hormone cocktail with no glucose added
to the media was able to increase expression of several key proteins that are known to
regulate glucose uptake and glycolysis, including hexokinase Il and the lactate transporter
MCT4 (19). Hormone signaling alone was also able to suppress expression of Pref-1, a
marker of very early stage preadipocytes, which is highly expressed in 3T3-L1
preadipocytes indicating that differentiation was activated (Fig. 2) (25, 26). Hormonal
signaling was also sufficient to produce some of the cellular machinery to support glycolysis
when substrate becomes available. Importantly, hormone-dependent and glucose-dependent
signals were required for increased expression of PFKFB3, an isoform of the bifunctional
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase family that plays a key role
in regulating cellular fructose 2,6-bisphosphate (Fru-2,6-BP), an important allosteric
activator of phosphofructokinse-1 (PFK-1). These data support the notion that, following the
initiation of the differentiation, preadipocytes require a carbohydrate signal to proceed
through the differentiation program.

PFKFB3 expression was transiently upregulated on day three of differentiation, a time that
coincided with both an increase in basal glucose uptake and a significant increase in the
cellular proteome and the amino acid content of the maturing adipocytes. These data support
the notion that a transient acceleration in glucose uptake and glycolysis may serve to
enhance amino acid uptake and/or decrease amino acid catabolism, thus increasing protein
synthesis. While the mechanism for these functions is not known, it is possible that
epigenetic changes in gene expression, differential posttranslational acetylation, and/or
glycosylation of key proteins may be responsible for these changes (27).

3T3-L1 cells are a transformed cell line representing a very early clonal line of
preadipocytes that were derived from Day 17-19-day-old Swiss 3T3 mouse embryos and
may be metabolically different than preadipocytes from adult mouse adipose depots (28). In
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previous work from our lab, we confirmed that differentiation of adult mouse primary
preadipocytes were also dependent on glucose supplementation for differentiation (4). In the
current paper, we confirmed that differentiation of the adult mouse preadipocytes were also
dependent on PFKFB3 activity for maturation. There were some notable differences
between the 3T3-L1 adipocytes and mouse preadipocytes. Mouse preadipocytes expressed
lower levels of Pref-1 compared to 3T3-L1 preadipocytes (Fig. 7). This may be due to the
fact that 3T3-L1 cells are embryonic and the inguinal preadipocytes were from adult mice.
The temporal pattern of PFKFB3 expression was also different during development of the
mouse inguinal adipocytes. In mouse preadipocytes cells, the highest level of expression was
seen at day 6 post differentiation (compare Fig. 3E and Fig, 7). This temporal pattern of
PFKFB3 expression was also reported several years ago by Atsumi et al, who found
PFKFB3 protein was upregulated in 3T3-L1 adipocytes reaching its highest level at day 6
(29). The glucose concentration used to culture 3T3-L1 adipocytes was not specified and
other markers of differentiation were not shown. For this reason, it is difficult to compare
our differentiation time course with the previous work.

PFKFB3, like other members of the PFKFB family, is a bifunctional enzyme that can
catalyze both the production and consumption of Fru-2,6,-BP. The kinase activity of
PFKFB3 is dominant over the phosphatase activity which means that it favors the production
of Fru-2,6-BP content (30). This shunts glucose catabolism towards glycolysis and away
from other ancillary glucose metabolic pathways. We observed a glucose-dependent increase
in ATP concentration on day 1 of differentiation. It is likely that this increase in ATP
concentration was due to the expansion of the adenine nucleotide pool, a product of the
pentose phosphate pathway, rather than a change in the energy charge of the cells. Our
previous study demonstrated that the energy charge of the cells differentiated in low glucose
was the same as cells differentiated in high glucose (4). In that study, we also observed that
the total pool size of nicotinamide adenine dinucleotide (NAD) was glucose-dependent.

The expansion of the nucleotide pool prior to the upregulation of PFKFB3 suggests that the
initial increase in glucose uptake is directed towards the pentose phosphate pathway. This is
further supported by our observation that a pulse of 6-AN, which inhibits the pentose
phosphate pathway, completely blocked differentiation when applied during the first 33
hours of differentiation. In contrast, a similarly-timed pulse of AZ67, which inhibits
PFKFB3 activity, had no effect on differentiation. AZ67 treatment inhibited differentiation
when added during hours 34-72 of the differentiation period, consistent with the timing of
the increased PFKFB3 expression. Taken together, the temporal difference in the effects of
glucose metabolism by 6-AN and AZ67 suggest that flux through the pentose phosphate
pathway is more important at the onset of differentiation. The upregulation of glycolysis
plays a critical role between day 2 and day 3 of differentiation, leading to production of
additional metabolites, proteins, or cellular structures that are important for the mature
adipocyte.

PFKFB3 is highly upregulated in proliferating cells and in many types of cancer (31).

Human epidermal growth factor receptor-2 (HER2) positive breast cancer cells express high
levels of PFKFB3 protein. The expression of PFKFB3 can be decreased by inhibiting HER2
with a neutralizing antibody, indicating that PFKFB3 is a target of tyrosine kinase signaling
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(32). In adipocyte differentiation, PKFKB3 expression requires both hormone cocktail
stimulation and glucose in the media, indicating hormone stimulation of glucose uptake may
be the key to the upregulation of PFKFB3 as differentiation proceeds. When glucose is not
added to the media, hormone signaling is not able to increase glucose uptake into the cell,
providing the needed signal to increase expression of PFKFB3. It is unclear if the
requirement for carbohydrate is also present for PFKFB3 expression in cancer cells.

In adult mice, pfkfb3 MRNA and protein is very highly expressed in white adipose tissue
and appears to play an important role in adipocyte development and adipocyte inflammation
(Fig. 9) (21, 33). Whole body heterozygous knockout of PFKFB3 in mice resulted in
reduced adipocyte cell size, increased adipocyte inflammation and decreased glucose
tolerance under high fat feeding (21). Adipocyte-specific overexpression of PFKFB3 under
the control of the AP2 promoter increased lipid storage in adipose tissue, improved insulin
resistance and reduced inflammation in high fat fed mice (33). These data demonstrate a key
role for PFKFB3 in adipose tissue development, but do not specifically address the
pathway(s). Our findings support multiple roles that PFKFB3 may play in adipocyte
metabolism. During early stages of adipocyte development, we demonstrated that PFKFB3
was associated with increased glucose uptake and glycolysis. In mouse adipose tissue, we
observed that PFKFB3 expression appeared to be regulated by nutritional state. PFKFB3
protein was lower in fasted mice compared to when the fasted mice were refed for 4 hours,
consistent with changes in glucose uptake expected with the transition between fasting and
refeeding. The decrease of PFKFB3 content in response to fasting is similar to what we have
previously reported for PFKFB2 expression in the heart (34). In that case, we found that
PFKFB2 is rapidly degraded by multiple pathways in the absence of insulin, presumably as
part of a glucose sparing program. The data presented here are consistent with the
observation that pharmacologic inhibition of PFKFB3 activity in mature 3T3-L1 adipocytes
inhibited AKT signaling and insulin-dependent GLUT4 translocation (35). While it is clear
that increased translocation of GLUT4 to the plasma membrane increases glucose uptake,
these data when combined with our observation that PFKFB3 is upregulated within 4 hours
of refeeding suggest that PFKFB3 enzyme activity coordinates with GLUT4 translocation to
increase glucose uptake and glycolysis.

A specific role that PFKFB3 might play in fed state regulation of glucose metabolism could
be to divert glucose away from pentose phosphate pathway to promote glycolysis and
glyceroneogenesis for triglyceride synthesis (23). We show that chronic inhibition of
PFKFB3 in 3T3-L1 adipocytes from day 4 to day 6 post-differentiation reduced
accumulation of triacylglycerol, presumably through decreased glyceroneogenesis as this in
the major pathway through which glucose contributes to lipogenesis (22, 36). Importantly,
the oil Red O staining was carried out in mature cells that were stimulated with 10% fetal
bovine serum, but not exogenous insulin between day 4 and day 6. We showed that basal
glucose uptake was increased on day 6 in AZ67-treated mature adipocytes (Fig. 8). This
further supports the notion that PFKFB3-dependent glycolysis plays a significant in
regulating normal adipocyte metabolism.

While we have specifically studied the role of glucose metabolism in adipocyte
differentiation, it is likely that transient upregulation of glucose metabolism and glycolysis is
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part of the differentiation program in other tissues and in some cancers. For example, T cell
activation and immunologic activity was accompanied by increased energy demand and
cellular biosynthesis which was fueled by a rapid increase in glucose and glucose
metabolism (37, 38). Increased glucose metabolism in activated T-cells is accompanied by
increased expression of PFKFB3 that is induced by growth factor activation (39); however,
the role of exogenous glucose in PFKFB3 upregulation was not studied.

In conclusion, we have shown that there is an important developmental metabolic program
that supports the transition from a preadipocyte to a mature adipocyte. The initial hormonal
switch upregulates glucose uptake that first serves the pentose phosphate pathway to build
up the nucleotide pool to support the clonal expansion of preadipocytes that occurs during
the first 24 hours of 3T3-L1 differentiation (11). The capacity for cells to undergo glycolysis
develops by day 2 of differentiation. Our data support the notion that interventions that blunt
the upregulation of glycolysis or deprive glycolytic substrate prevent the further
development into mature adipocytes, at least with regard to expression of key adipocyte
proteins. While our previous work supported the role of the pentose phosphate pathway
during the early stages of adipocyte differentiation, the current work shows that both pentose
phosphate pathway and glycolysis are each required at different, times during the
differentiation program.
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ECAR extracellular acidification rate

EPI epididymal adipose pad
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Glucose and glucose metabolism are required for 3T3-L1 adipocyte maturation. A)
Immunoblotting of cell lysates differentiated in media containing either 0 or 5 mM glucose
and 0 or 2 mM glutamine for the first 3 days of differentiation. All cells were switched to
media plus 5 mM glucose and 2 mM glucose days 4 through 6 and harvested on day 6.
Media and cell lysates were immunolabeled with indicated antibodies and a representative
blot of n=3 independent trials is shown. B) Quantification of n=3 independent experiments.
Letter “a” indicates significant difference compared to 0 mM glucose and 0 mM glutamine
by one-way ANOVA and Dunnett’s multiple comparison test (p < 0.001). C) 2-deoxyglucose
uptake, D) ATP concentration and E) total protein in day O (preadipocytes), day 1, day 2 and
day 3 3T3-L1 adipocytes differentiated in media with 0 mM or 5 mM glucose and 2 mM
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glutamine. Histograms marked by different letters indicate statistical differences from all
other conditions (n=5 replicates) (p < 0.01). Data were analyzed using two-way ANOVA and
Tukey’s post-hoc test. F) Glycolysis stress test measuring extracellular acidification rate
(ECAR) at day 0 (preadipocytes), day 1, day 2 and day 3 post-differentiation in media
supplemented with 5 mM glucose and 2 mM glutamine. The first graph shows the trace for
the acidification experiment with additions labeled and the second graph shows the
quantification of the area under the curve for non-glycolytic acidification, glycolysis and
glycolytic capacity, respectively. Letter “a” indicates statistical difference compared to the
corresponding component of the stress test in preadipocytes. Data analyzed by one-way
ANOVA and Dunnett’s multiple comparison test (p < 0.01). G) Ratio of relative
concentration of amino acids (A alanine, C cysteine, W tryptophan, P proline, T threonine, S
serine, Y tyrosine, | isoleucine, F phenylalanine, L leucine, V valine, G glycine, E
glutamate, D aspartate) in day 3 adipocytes differentiated in media supplemented with 0 mM
or 5 mM glucose and 2 mM glutamine. The ratio was derived from the average of n=4
replicates per condition. * indicates when the ratio was significantly different from unity
using multiple Student’s t-tests as described in methods (p < 0.001). H) Key organic acids,
lactate (Lac), citrate (Cit), alpha-ketoglutarate (a-KG), fumarate (Fum) Malate (mal), and
succinate (Suc) from day 3 adipocytes differentiated with 0 mM or 5 mM glucose and 2 mM
glutamine. Relative differences between conditions (n=3) were analyzed by Student’s t-test
using a False Discovery Rate correction as described in methods and q value is indicated.
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Figure 2.

Glucose and hormone dependent expression of key glycolytic metabolites. A) 3T3-L1 cells
differentiated in 0 mM or 5 mM glucose and 2 mM glutamine were harvested on day 0
(preadipocytes), day 1, day 2 or day 3 post-differentiation. Cell lysates were immunolabeled
as indicated. B) Quantification of n=3 independent experiments. Statistical differences
between days and conditions were determined by two-way ANOVA and Tukey’s post-hoc
test. The p-values are shown. C) Glycolysis stress test measuring extracellular acidification
rate (ECAR) at day 3 post-differentiation in media supplemented with 0 mM 5 mM glucose
and 2 mM glutamine with or without added differentiation hormone cocktail (DII). The first
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graph shows the trace for the acidification experiment with additions labeled and the second
graph shows the quantification of the area under the curve for non-glycolytic acidification,
glycolysis and glycolytic capacity, respectively. Letters indicate statistical differences
compared to the corresponding component of the stress test in 0 mM glucose cells without
DIl. Data analyzed by one-way ANOVA and a Tukey’s post hoc test (p < 0.01).
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Figure 3.

Glucose uptake and glycolysis are transiently upregulated on day 3 of differentiation. A) 2-
deoxyglucose uptake, B) ATP concentration and C) total protein in day O (preadipocytes)
and day 3 and day 6 3T3-L1 adipocytes differentiated in media with 5 mM glucose and 2
mM glutamine. Statistical differences (n=3 replicates) are one-way ANOVA and Tukey’s
post-hos test. D) Glycolysis stress test measuring extracellular acidification rate (ECAR) at
day 3 and day 6 post-differentiation as described above. The first graph shows the trace for
the acidification experiment with additions labeled and the second graph shows the
quantification of the area under the curve for non-glycolytic acidification, glycolysis and
glycolytic capacity, respectively. Differences between day 3 and day 6 (n=>5 replicates) were
compared for each component of the stress test using Student’s t-test and indicated by the
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letter “a” (p < 0.01). E) Immunoblot analysis of key proteins that regulated glycolysis in
cells at day 3 and day 6 post-differentiation. F) Quantification the ratio of expression of key
proteins on day6/day 3 of n=3 independent experiments. The ratios for each protein were
compared to the ratio for our loading control, tubulin. The p values are given for ratios that
differed from tubulin.
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Figure 4.
Genetic knockdown of PFKFB3 inhibited glucose uptake and adipocyte maturation. A)

schematic summary of key regulators of glycolysis during the first 3-days of differentiation

3T3-L1 cells. B) Transfection of adipocytes on day 1 of differentiation (in 5 mM glucose

and 2 mM glutamine) with PFKFB3 siRNA or scrambled (Sc) siRNA were harvested on day
3. Lysates were immunolabeled for PFKFB3 and tubulin. B) Relative densitometry of the 3
replicates shown. D) Basal 2-deoxy glucose uptake in day 3 adipocytes transfected on day 1

with PFKFB3 siRNA or Sc siRNA. Analysis of n=6 replicates was carried out using a
Student’s t-test. E) 3T3-L1 adipocytes differentiated in media supplemented with 5 mM

glucose and 2 mM glutamine and transfected with PFKFB3 siRNA or Sc siRNA on day 1

were harvested on day 6. Lysates and media were immunoblotted as indicated F)
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Quantification of immunoblots. Differences were determined using Student t-tests and p
values are shown.
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Figure5.
Chronic inhibition of PFKFB3 during the final 39 hours of D-phase prevented adipocyte

maturation. A) Schematic depiction of the experimental design. B) 3T3-L1 cells
differentiated in media supplemented with 0 or 5 mM glucose and 2 mM glutamine were
treated with AZ67 as indicated. Cell lysates were prepared on day 6 post-differentiation and
lysates and media were immunoblotted as indicated. C) Quantification of immunablots of
n=3 independent experiments were analyzed by one-way ANOVA using a Tukey’s post-hoc
test to compare 5 mM glucose with different AZ67 pulses, p value is indicated. D) 3T3-L1
cells differentiated in media supplemented with 0 or 5 mM glucose and 2 mM glutamine
were treated with AZ67 as indicated. Cell lysates were prepared on day 6 post-
differentiation and lysates and media were immunoblotted as indicated. E) Quantification of
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immunoblots of n=3 independent experiments were analyzed by one-way ANOVA using a
Tukey’s post-hoc test to compare 5 mM glucose with different AZ67 pulses. Histograms
marked with different letters are significantly different from all other conditions for a given
immunolabel. F) 2-deoxyglucose uptake, G) ATP and H) total protein for day 3 adipocytes
differentiated with media containing 5 mM glucose and 2 mM glutamine and treated with
AZ67 as indicated. Analysis of n=6 independent replications was analyzed by one-way
ANOVA and tukey’s post-hoc test. 1) Glycolysis stress test performed in day 3 adipocytes as
described for F-H. The first graph shows the trace for the acidification experiment with
additions labeled and the second graph shows the quantification of the area under the curve
for non-glycolytic acidification, glycolysis and glycolytic capacity, respectively. Letters
indicate statistical differences compared to the corresponding component of the stress test.
Data analyzed by one-way ANOVA and a Tukey’s post hoc test (p < 0.01). H) key
metabolites in day 3 adipocytes differentiated as described for F-H. Differences are indicated
as determined by multiple t-tests. J) Key organic acids, lactate (Lac), pyruvate (Pyr), citrate
(Cit), fumarate (Fum) Malate (mal), and succinate (Suc) from day 3 adipocytes
differentiated with 5 mM glucose and 2 mM glutamine and treated with AZ67 Pulse B
protocol. Relative differences between conditions (n=5) were analyzed by Student’s t-test
using a False Discovery Rate correction as described in methods and q value is indicated.
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Inhibition of pentose phosphate pathway inhibited adipocyte maturation. A) Schematic
depiction of the experimental design. B) 3T3-L1 cells differentiated in media supplemented
with 0 or 5 mM glucose and 2 mM glutamine were treated with 6-AN as indicated. Cell
lysates were prepared on day 6 post-differentiation and lysates and media were
immunoblotted as indicated. C) Quantification of immunoblots of n=3 independent
experiments were analyzed by one-way ANOVA using a Tukey’s post-hoc test to compare 5
mM glucose with different AZ67 pulses, p value is indicated.D) 3T3-L1 cells differentiated
in media supplemented with 5 mM glucose and 2 mM glutamine were treated with 6-AN as
indicated. Cell lysates were prepared on day 6 post-differentiation and lysates and media
were immunolabeled as indicated. E) Quantification of immunoblots of n=3 independent
experiments were analyzed by one-way ANOVA using a Tukey’s post-hoc test to compare 5
mM glucose with different 6-AN pulses. Histograms marked with different letters are
significantly different from all other conditions for a given immunolabel.
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Chronic inhibition of PFKFB3 during the final 39 hours of D-phase prevented adipocyte
maturation of primary inguinal preadipocytes. A) Schematic depiction of the experimental
design. B) Inguinal adipose tissue preadipocytes were differentiated in media supplemented
with 5 mM glucose and 2 mM glutamine were treated with AZ67 as indicated. Cell lysates
were prepared on day 0, 3 and 6 post-differentiation and lysates and media were
immunoblotted as indicated. C) Quantification of immunoblots of n=3 independent
experiments were analyzed by one-way ANOVA using a Tukey’s post-hoc test to compare
control cells and AZ67 treated cells over the time-course. Bars indicated by the letter “a”
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indicate a significant difference compared to day O cells (p < 0.01). The letter “b” indicates a
significant difference between control and AZ67 cells (p < 0.01).
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Figure 8.

PFKFB3 activity regulates mature adipocyte function. A) Immunoblot analysis of indicated
proteins from day 6 adipocytes treated for the previous 48 hrs without or with 30 uM AZ67.
B) Quantification of immunoblots from n=3 independent experiments analyzed by Student’s
t-test. C) Oil red O staining in day 6 adipocytes treated for the previous 48 hrs without or
with 30 UM AZ67. Data are presented as the ratio of absorbance of oil red O/ crystal violet
eluates. Data from n=6 independent replicates were analyzed by Student’s t-test.
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Figure9.
PFKFB3 expression is dependent on fasting/refeeding cycle. A) immunoblot analysis of cell

lysates from fasted and 4 hr refed epididymal (EPI) and inguinal subcutaneous fat (SQ). B)
Quantification of n=4 independent experiments are shown. Differences between fasted a
refed for EPI and SQ were analyzed using Student’s t-tests. C) PFKFB3 mRNA from fasted
and 4 hour refed male mice n=4 to 10 replicates. Differences between fasted a refed for EPI
and SQ were analyzed using Student’s t-tests.
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