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Expansion of adipose tissue in response to a positive energy
balance underlies obesity and occurs through both hypertrophy
of existing cells and increased differentiation of adipocyte pre-
cursors (hyperplasia). To better understand the nutrient signals
that promote adipocyte differentiation, we investigated the role
of glucose availability in regulating adipocyte differentiation
and maturation. 3T3-L1 preadipocytes were grown and differ-
entiated in medium containing a standard differentiation hor-
mone mixture and either 4 or 25 mM glucose. Adipocyte matu-
ration at day 9 post-differentiation was determined by key
adipocyte markers, including glucose transporter 4 (GLUT4)
and adiponectin expression and Oil Red O staining of neutral
lipids. We found that adipocyte differentiation and maturation
required a pulse of 25 mM glucose only during the first 3 days of
differentiation. Importantly, fatty acids were unable to substi-
tute for the 25 mM glucose pulse during this period. The 25 mM

glucose pulse increased adiponectin and GLUT4 expression and
accumulation of neutral lipids via distinct mechanisms. Adi-
ponectin expression and other early markers of differentiation
required an increase in the intracellular pool of total NAD/P.
In contrast, GLUT4 protein expression was only partially
restored by increased NAD/P levels. Furthermore, GLUT4
mRNA expression was mediated by glucose-dependent activa-
tion of GLUT4 gene transcription through the cis-acting
GLUT4 –liver X receptor element (LXRE) promoter element. In
summary, this study supports the conclusion that high glucose
promotes adipocyte differentiation via distinct metabolic path-
ways and independently of fatty acids. This may partly explain
the mechanism underlying adipocyte hyperplasia that occurs
much later than adipocyte hypertrophy in the development of
obesity.

The prevalence of obesity and of obesity-related diseases
such as type 2 diabetes mellitus, cardiovascular disease, and
metabolic syndrome has dramatically increased in the past 20
to 30 years. Adipose tissue is thought to play an important role
in the development of these diseases because of the changes in

adipocyte function and adipokine secretion that occur with
obesity. During the onset of obesity, expansion of the adipose
mass occurs initially through cellular hypertrophy, during
which the size of individual adipocytes is increased. As obesity
progresses, continued expansion of the fat pad occurs through
hyperplasia, during which the generation of new adipocytes is
increased (1–3). In genetic models of obesity, rounds of adi-
pocyte hyperplasia occur with a periodicity of �55 days (4). It is
unclear what triggers the periodic increase in adipogenesis dur-
ing the progression of obesity.

A primary function of adipose tissue is to increase uptake of
both glucose and fatty acids from a meal in response to insulin
signaling (5, 6). The insulin-responsive glucose transporter
GLUT4 is responsible for the insulin-dependent glucose uptake
in fat cells and plays a significant role in whole-body glucose
homeostasis (7). GLUT4 is up-regulated as the adipocyte differ-
entiates and matures as GLUT1, a non-insulin-responsive
transporter, is down-regulated (8). Under obesogenic condi-
tions, GLUT4 levels are markedly reduced in adipose tissue (9).
Reduced GLUT4 expression and reduced insulin-dependent
glucose uptake are markers of adipocyte dysfunction in hyper-
trophic adipose tissue (for a review, see Ref. 10).

A second important function of healthy adipocytes is the
production and secretion of adipokines, such as adiponectin.
Adiponectin acts on a variety of tissues, enhancing their insulin
sensitivity through signaling pathways, such as AMP kinase,
and transcriptional regulators, such as PPAR� (11–14). Adi-
ponectin expression increases 3 to 4 days post-differentiation
and is considered to be a late marker of a mature adipocytes (15,
16). Similar to GLUT4, the expression of adiponectin is greatly
reduced in obesity (16), thus serving as another biomarker of
adipocyte dysfunction.

Hyperplastic expansion of adipose is preferable to hyper-
trophic expansion, as it is known that adipose hypertrophy is
highly associated with metabolic disease (17). Although it is
clear that hyperplastic adipose expansion occurs after a period
of hypertrophic growth, the signals that promote adipogenesis
in the expanding fat pad are unknown (3, 4, 17). We hypothe-
sized that elevated levels of glucose in the extracellular fluid of
Glut4-deficient, hypertrophic fat may be providing the nutrient
requirement to support adipogenesis. Our hypothesis predicts
that adipogenesis in vitro is regulated by glucose concentration
in the culture medium. To test this, we used gain-of-function
and loss-of-function approaches to determine how glucose reg-
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ulates differentiation of 3T3-L1 adipocytes in vitro. Our data
demonstrate that a brief pulse of high glucose is required early
in differentiation for development of the cellular pools of
NAD/P, and increased pentose pathway activity is required for
development of mature adipocytes. Thus, these data support
the hypothesis that adipocyte hyperplasia is regulated by extra-
cellular glucose concentrations that may increase as a result of
decreased insulin-dependent glucose uptake in obese, hyper-
trophic fat cells. Importantly, these findings demonstrate that
extracellular signaling is not sufficient to promote adipogene-
sis. Differentiation requires both extracellular signaling and
appropriate nutritional support (or nutrient excess) for produc-
tion of cellular metabolites, such as NAD/P, that are required
for differentiation and maturation to proceed.

Results

GLUT4 expression is glucose-dependent

Two defining features of healthy, mature adipose tissue adi-
pose tissue are the ability to mediate Glut4-dependent glucose
uptake and to secrete adiponectin (18, 19). Both of these func-
tions rely on maximal expression of both GLUT4 and adiponec-
tin in the mature adipocyte. To understand the metabolic con-
ditions that result in maximal expression of these important
adipocyte proteins, the expression pattern of GLUT4 and adi-
ponectin protein was measured as a function of time after dif-
ferentiation. The protocol (Fig. 1A) for differentiation began at
day 0 with a growth-arrested plate of 3T3-L1 preadipocytes
grown to confluence in 25 mM glucose-containing medium
supplemented with 10% calf serum (standard conditions). To
initiate differentiation, medium was changed at day 0 to 25 mM

glucose medium supplemented with 10% fetal bovine serum,
175 nM insulin, 1 �M dexamethasone, and 0.5 mM isobutyl-1-
methylxanthine. After 3 days of differentiation, the medium
was changed to 25 mM glucose medium supplemented with
only 10% fetal bovine serum to allow maturation of the adi-
pocytes for the following 6 days. Cells were harvested each day
for 9 days for measurement of GLUT4 and adiponectin protein
(Fig. 1B). GLUT4 was first expressed at low levels on day 5 and
reached maximal expression by day 9. Adiponectin expression
was first detected at day 4, 1 day earlier than GLUT4.

3T3-L1 adipocytes have traditionally been grown and differ-
entiated in DMEM containing 25 mM glucose, a supraphysi-
ological concentration. We wanted to learn whether high levels
of glucose were required for adipocyte differentiation and mat-
uration to occur. To test this, cells were cultured in medium
containing either 4 mM (Lo) or 25 mM (Hi) glucose during their
proliferation (P)2 phase, differentiation (D) phase, and matura-
tion (M) phase (as indicated in Fig. 1A). Maximal expression of
GLUT4 at day 9 post-differentiation required Hi glucose during
the 3-day D phase. 25 mM glucose in either the P or M phases
was not required (Fig. 1C). In contrast, adiponectin expression
was optimal when cells were pulsed with Hi glucose during

either the D phase or M phase (Fig. 1C). These data suggest that
the role for glucose in adipocyte development and gene expres-
sion may impact multiple signaling pathways during the devel-
opmental program. Glucose-dependent gene expression was
also observed during differentiation of primary stromal vascu-
lar cells isolated from subcutaneous fat from mice (Fig. 1D),
indicating that the glucose requirement was not unique to the
transformed 3T3-L1 cells.

Because glucose is used for de novo lipogenesis in rodent
adipose tissue (20), we determined whether fatty acids could
compensate for Hi glucose during the D phase. Cells differen-
tiated in Lo glucose medium were pulsed with either palmitic
acid or oleic acid during the D phase (Fig. 1E). Neither fatty acid
was able to compensate for Hi glucose in the D phase to pro-
mote differentiation. These data suggest that plasma carbohy-
drate levels are more important than plasma lipid levels for
activating differentiation of adipocyte progenitors.

Next, we sought to determine whether direct addition of glu-
cose metabolites during the D phase is sufficient for adipocyte
maturation. To do this, we supplemented Lo glucose medium

2 The abbreviations used are: P, proliferation; D, differentiation; M, matura-
tion; Pyr, pyruvate; Lac, lactate; Ac, sodium acetate; PPP, pentose phosphate
pathway; PRPP, phosphoribosyl pyrophosphate; PARP, Poly(ADP-ribose)poly-
merase; qRT-PCR, quantitative real-time PCR; 6-AN, 6-aminonicotinamide;
NAM, nicotinamide; NAMPT, nicotinamide phosphoribosyltransferase.

Figure 1. GLUT4 and adiponectin expression are glucose-dependent. A,
schematic of the three major phases of 3T3-L1 adipocyte cell culture. B,
3T3-L1 adipocytes grown under standard medium conditions and harvested
every day post-differentiation induction with dexamethasone, isobutylmeth-
ylxanthine, and insulin (DII). C, 3T3-L1 adipocytes cultured in either 4 mM

glucose-containing (L) or 25 mM glucose-containing (H) medium during the
different phases of adipocyte cell culture as indicated. D, preadipocytes iso-
lated from the stromal vascular fraction of mouse subcutaneous adipose tis-
sue were induced for differentiation and pulsed with varying concentrations
of glucose. E, 3T3-L1 adipocytes were induced for differentiation and pulsed
with 25 mM glucose (Hi), 4 mM glucose (Lo), 50 �M palmitic acid and 4 mM

glucose (PA) or 50 �M oleic acid and 4 mM glucose (OA) and cultured in Lo
glucose medium during the P and M phases of their cell culture. Protein from
whole-cell lysates of day 9 adipocytes were separated via SDS-PAGE and
immunoblotted for GLUT4, adiponectin, and tubulin. Data shown are repre-
sentative of n � 3 independent experiments

Glucose regulation of adipocyte differentiation

J. Biol. Chem. (2017) 292(45) 18556 –18564 18557



with equal carbon equivalents of intermediate glucose metab-
olites. Lo glucose, D phase medium was pulsed with 42 mM

pyruvate (Pyr), 42 mM lactate (Lac), or 42 mM sodium acetate
(Ac) (Fig. 2A). The pulsed cells were returned to Lo glucose
medium during the M phase and harvested at day 9 post-differ-
entiation. Pyr was able to rescue expression of adiponectin (Fig.
2A). In contrast, Pyr only partially rescued GLUT4 protein lev-
els (Fig. 2A). Lactate and sodium acetate had no effect on either
GLUT4 or adiponectin.

To determine the extent to which Pyr was able to compen-
sate for Hi glucose, we measured glut4 mRNA expression as
well as mRNA for ap2 and ppar�, early markers of adipocyte
differentiation (Fig. 2, B–D). Pyr fully supported the expression
of the two early differentiation markers but not glut4 mRNA.
These data suggest that there is a nutrient-dependent regula-
tion of GLUT4 expression that is independent of other markers
of adipocyte differentiation and maturation.

We next determine whether Lo glucose inhibited differenti-
ation because of glucose starvation. We first measured the
change in glucose concentration from day 0 through day 3 in D
phase cells pulsed with Hi, Lo, or Pyr medium (Fig. 3A). The
glucose concentration in Lo cells at day 3 was greater than 1
mM, indicating no glucose starvation. The magnitude in change
of the glucose concentration was significantly greater in Hi glu-
cose cells, indicating that a significant portion of glucose in the
medium was consumed during the D phase. A Pyr pulse showed

the least change in glucose concentration, consistent with the
notion that glucose is partly used for production of pyruvate.
We next determined whether maintaining glucose concentra-
tions in cells pulsed with in Lo or Pyr during the D phase would
restore differentiation. We found that glucose supplementation
to maintain constant 4 mM glucose had no effect on differenti-
ation in Lo and Pyr cells (Fig. 3B). These data suggested that
a sustained glucose concentration of greater than 4 mM is
required for differentiation. Finally, a glucose dose response
revealed that at least 15 mM glucose was required during the D
phase for full differentiation (Fig. 3C).

Low glucose exhibits reduced total NADH/P levels

We hypothesized that Hi glucose might be required for ana-
bolic metabolism mediated by flux through the pentose phos-
phate pathway (PPP) for either NADPH regeneration, nucleo-
tide biosynthesis via generation of phosphoribosyl pyrophosphate
(PRPP), or both. To assess the importance of the PPP, cells

Figure 2. Pyruvate partially restores GLUT4 expression in the absence of
Hi glucose and fully supports adiponectin expression. 3T3-L1 adipocytes
were induced for differentiation and pulsed with Hi glucose, Lo glucose, 42
mM sodium pyruvate and 4 mM glucose (Pyr), 42 mM lactate and 4 mM glucose
(Lac), or 42 mM sodium acetate and 4 mM glucose (Ac) and cultured in Lo
glucose medium during the P and M phases of their cell culture. A, protein
from whole-cell lysates of day 9 adipocytes were separated via SDS-PAGE and
immunoblotted for GLUT4, adiponectin, and tubulin. B–D, mRNA isolated
from day 9 adipocytes were analyzed via qRT-PCR for the relative expression
of glut4, pparg, and ap2. 95% confidence intervals were used to determine
statistical differences in immunoblot densitometry. One-way analysis of vari-
ance was used to identify significant differences (p � 0.05 for n � 3 indepen-
dent experiments) in expression data. *, differences compared with Hi glu-
cose cells; #, differences compared with Lo glucose cells.

Figure 3. 4 mM glucose does not inhibit differentiation as a result of glu-
cose starvation. A, glucose concentration in medium on days 0, 1, 2, and 3 of
the D phase. *, p � 0.001 for n � 4 independent experiments, a significant
difference from day 0 glucose concentration. One-way analysis of variance
was used to identify significant differences in glucose concentration. 3T3-L1
cells were grown in 4 mM glucose and pulsed with 4 mM glucose (Lo), 25 mM

glucose (Hi) or 4 mM glucose � 42 mM pyruvate (Pyr) during the D phase.
Glucose was added (�glucose) on day 2 to restore glucose levels at starting
concentrations. B, a representative cohort. C, quantification of three repli-
cates of the cohort. Data were analyzed by one-way analysis of variance (p �
0.05 for n � 3 independent cohort experiments. *, significant difference com-
pared with Hi glucose cells; #, significant difference compared with Lo glu-
cose cells. D, glucose pulse dose response during D phase. Protein from
whole-cell lysates of day 9 adipocytes were separated via SDS-PAGE and
immunoblotted for GLUT4, adiponectin, and tubulin in both B and D.
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treated during the D phase in Hi, Lo, or Pyr medium without or
with 6-AN, a potent inhibitor of the PPP that targets 6-phos-
phogluconate dehydrogenase, were harvested at day 9 post-dif-
ferentiation. 6-AN treatment during the D phase completely
inhibited the ability of the 3T3-L1 preadipocytes to differenti-
ate (Fig. 4A), indicating that the PPP is required during the D
phase for differentiation and maturation of adipocytes.

The energy charge of the cells under each of the nutrient
conditions was found to be within the normal, expected range
(Fig. 4B), supporting that changes in ATP, ADP, and AMP lev-
els are not mediating the differential effects of Lo versus Hi
glucose. Because 6-AN is known to decrease cellular NAD lev-
els (21), we next measured total NAD and NADP pools. Cells
treated with Lo glucose during D phase exhibited a significant
reduction in their total NAD and NADP pools, whereas Pyr
maintained levels equivalent to that of cells differentiated under
Hi conditions (Fig. 4, C and E). Despite differences in total NAD
levels, there were no significant differences in the NADH/
NAD� ratio (Fig. 4D), consistent with the measures of energy
charge. In contrast, the NADPH/NADP� ratio was decreased
in Lo glucose cells, suggesting that the capacity for reductive
biochemistry is reduced.

Nicotinamide promotes adipocyte differentiation and
adiponectin

To begin to determine why Lo glucose in the D phase led to
lower total NAD/P levels, we evaluated several aspects of the of
the NAD/P synthesis pathway (Fig. 5A). Expression of nadk
mRNA, which encodes NAD kinase, which produces NADP

from NAD�, was unaffected by nutrient conditions during the D
phase (Fig. 5B). In contrast, expression of NAMPT protein,
responsible for regeneration of NAD from NAM in the salvage
pathway, was significantly reduced under both Lo and Pyr nutrient
conditions (Fig. 5C). This suggested that these cells had a reduced
ability to produce NAD through the salvage pathway (22). Simi-
larly, the total pool of PRPP was significantly reduced under both
Lo and Pyr conditions when measured on day 3 at the end of the D
phase (Fig. 5D). Taken together, neither reduced NAMPT expres-
sion nor reduced PRPP levels were limiting for the synthesis of
NAD/P in the maturing adipocytes pulsed with Pyr.

We next treated the cells with NAM, a bioavailable precursor
for NAD synthesis, during the D phase to promote flux through
the pathway and increase the total NAD pool (Fig. 6A). This
successfully increased the levels of NAD in the Lo glucose cells
at day 3 of differentiation. Interestingly, we discovered that
NAM treatment of Lo glucose cells partially recovered GLUT4
expression and, more importantly, completely rescued adiponec-
tin (Fig. 6B). Taken together, these data suggest that NAD is
required for adipocyte differentiation and maturation, as deter-
mined by expression of adiponectin when, at day 3 of differentia-
tion, total NAD levels matched the levels found under Hi glucose
conditions. NAM was only partially able to restore glut4 mRNA
and protein levels in Lo glucose cells to match those found in Pyr-

Figure 4. Lo glucose– differentiated cells exhibit a reduced NADH/P
ratio. A, 3T3-L1 adipocytes were induced for differentiation and pulsed with
Hi glucose, Lo glucose, or Pyr without or with 5 mM 6-AN and cultured in Lo
glucose medium during the P and M phases of their cell culture. Protein from
whole-cell lysates of day 9 adipocytes were separated via SDS-PAGE and
immunoblotted for GLUT4, adiponectin, and tubulin. B–F, 3T3-L1 adipocytes
were induced for differentiation and pulsed with Hi glucose, Lo glucose, or
Pyr and cultured in Lo glucose medium during the P and M phases of their cell
culture. Day 9 adipocytes were collected and lysed accordingly, and the
supernatants were analyzed via HPLC purification and subsequent spectro-
fluorophotometry. One-way analysis of variance was used to identify signifi-
cant differences (p � 0.05 for n � 3 independent experiments) in expression
data. *, differences compared with Hi glucose cells; #, differences compared
with Lo glucose cells.

Figure 5. Reductions in both NAMPT and PRPP levels were not sufficient
to impair NAD synthesis in Pyr cells. A, diagram of NAD/P synthesis meta-
bolic pathways. 3T3-L1 adipocytes were induced for differentiation and
pulsed with Hi glucose, Lo glucose, or Pyr and were cultured in Lo glucose
medium during the P and M phases of their cell culture. B, mRNA isolated from
day 9 adipocytes was analyzed via qRT-PCR for the relative expression of
nadk. C, protein from whole-cell lysates of day 9 adipocytes were separated
via SDS-PAGE and Western-blotted for NAMPT. D, day 9 adipocytes were col-
lected and lysed accordingly, and the supernatants were analyzed via ELISA
for levels of PRPP. 95% confidence intervals were used to determine statistical
differences in immunoblot densitometry. One-way analysis of variance was
used to identify significant differences (p � 0.05 for n � 3 independent exper-
iments) in expression and ELISA data. *, differences compared with Hi glucose
cells; #, differences compared with Lo glucose cells.
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treated cells but not Hi glucose (Fig. 6, B and C). Finally, NAM
treatment was sufficient to restore ppar� and aP2 mRNA in Lo
glucose cells, indicating that NAM was limiting for early markers
of adipocyte differentiation (Fig. 6, D and E).

Loss of LXRE in the GLUT4 promotor blocks the glucose effect

Expression of GLUT4 mRNA and protein were only partially
restored by either NAM or pyruvate pulses in the D phase,
indicating an alternative glucose-dependent pathway leading to
Glut4 expression. To determine whether the reduction of glut4
mRNA was due to a transcriptional mechanism, we performed
an in vitro glut4 promoter/luciferase reporter (-895-hGLUT4-
Luc) transcription assay in day 6 adipocytes grown in Lo glu-
cose and pulsed with Hi glucose or Pyr during the D phase. As
expected, luciferase activity was highest in cells with the Hi
glucose pulse and intermediate in cells pulsed with Pyr (Fig. 7).
Previous studies from our laboratory have shown that meta-
bolic signals regulate glut4 promoter activity in 3T3-L1 adi-
pocytes through the LXRE element in the Glut4 gene promoter
(23). To test the role of the glut4 LXRE, we tested a mutant
version of -895-hGLUT4-Luc that carried a loss-of-function

mutation in the LXRE (�LXRE-Luc). The glucose-dependent
activity of the mutated �LXRE-Luc probes was lost, and expres-
sion of the mutant probe remained at the basal level of activa-
tion. These data suggest that Hi glucose activates glut4 tran-
scription through the LXRE.

Differentiation in low glucose inhibits lipogenesis

A key function of an adipocyte is to convert and store excess
nutrients in lipid droplets. Oil Red O staining of day 9 adi-
pocytes showed that Lo glucose cells exhibited a significant
reduction in their ability to accumulate neutral lipid (Fig. 8, A
and B). Pulsing cells with high glucose resulted in an increased
number of cells incorporating neutral lipid and clearly more
neutral lipid per cell. Interestingly, Pyr-differentiated cells dis-
played an intermediate effect with numerous cells incorporat-
ing less neutral lipid per cell. To determine whether this Pyr
effect is an artifact of partial adipocyte differentiation, we deter-
mined whether the enzymes and organelles required for lipo-
genesis were intact. Expression of fas and srebp1c mRNAs was
significantly reduced in Lo glucose cells, whereas their expres-
sion was fully supported with a Pyr pulse (Fig. 8, C and D).
Similarly, mitochondrial and peroxisomal levels, as determined
by succinate dehydrogenase and peroxisomal catalase, were
indistinguishable when cells were pulsed with either Hi glucose
or Pyr (Fig. 8E). Although pyruvate supplementation of Lo glu-
cose levels during differentiation was able to support the
machinery needed for lipogenesis to proceed, total lipid accu-
mulation was lower, consistent with the lower levels of GLUT4
expression. Collectively, these results support the notion that a
brief exposure to high glucose is required, in combination with
relevant hormonal signals, to initiate a program of adipocyte
differentiation and maturation of new adipocytes.

Figure 6. NAM supplementation partially rescues GLUT4 expression and
fully supports adiponectin expression. 3T3-L1 adipocytes were induced
for differentiation and pulsed with Hi glucose, Lo glucose, or Pyr without or
with 15 mM NAM and cultured in Lo glucose medium during the P and M
phases of their cell culture A, day 3 adipocytes were collected and lysed
accordingly, and the supernatants were analyzed via ELISA for levels of total
NAD. B, protein from whole-cell lysates of day 9 adipocytes were separated
via SDS-PAGE and immunoblotted for GLUT4, adiponectin, and tubulin. C–E,
mRNA isolated from day 9 adipocytes were analyzed via qRT-PCR for the
relative expression of glut4, pparg, and ap2. 95% confidence intervals were
used to determine statistical differences in immunoblot densitometry.
One-way analysis of variance was used to identify significant differences
in expression and ELISA data. *, differences compared with Hi glucose
cells; #, differences compared with Lo glucose cells. ‡, difference compar-
ing NAM treatment with the untreated control.

Figure 7. The LXRE region of the glut4 promoter is required for glucose-
dependent differentiation. Shown is a schematic of the luciferase reporter
gene under the regulator control of two different glut4 promotors, differing
only by their inclusion of the LXRE region. 3T3-L1 adipocytes were induced for
differentiation and pulsed with Hi glucose, Lo glucose, or Pyr and cultured in
Lo glucose medium during the P and M phases of their cell culture. Day 6
adipocytes were collected and lysed accordingly, and the supernatants were
analyzed for luciferase expression. 95% confidence intervals were used to
determine statistical differences (p � 0.05 for n � 3 independent experi-
ments. *, differences compared with Hi glucose cells; #, differences compared
with Lo glucose cells with the same glut4 promoter region.
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Discussion

We have shown that a Hi glucose (25 mM) pulse early in
differentiation plays a critical role in the regulation of adipocyte
development in vitro. When differentiation is initiated, matu-
ration of the adipocyte is no longer dependent on 25 mM glu-
cose but, rather, proceeds normally at 4 mM glucose. We
showed that there is a critical role for the PPP during the D
phase of differentiation. This finding was supported by the
observation that the NADPH/NADP� ratio was significantly
lower in cells pulsed with 4 mM glucose during the D phase.
This strongly suggests that there is a burst of anabolic metabo-
lism required during the D phase of adipocyte development.
The burst of anabolic metabolism is driven by high levels of
nutrients, in this case glucose, exactly as one would expect for
expansion of adipocytes under chronic positive energy balance.

We looked specifically at several important functions of a
differentiated and mature adipocyte that are regulated uniquely
by the availability of glucose during the initial days of differen-
tiation. The first is the expression of GLUT4, which is required

in the mature adipocyte to properly clear glucose from the
blood and store it in the form of triglycerides. The second func-
tion related to GLUT4 function is de novo lipogenesis and accu-
mulation of neutral lipid in mature adipocytes. Both of these
functions were dependent upon glucose availability during the
D phase (days 0 –3) of adipocyte development in vitro. Pulsing
cells with pyruvate instead of high glucose (4 mM glucose and 42
mM pyruvate) only partially compensated for 25 mM glucose
with intermediate promotion of GLUT4 expression and accu-
mulation of neutral lipids at day 9 of development. Interest-
ingly, 3T3-L1 adipocytes differentiated in medium containing
only pyruvate as the primary carbon source (no glucose and 50
mM pyruvate) showed a complete lack in their ability to differ-
entiate (data not shown). Therefore, the pyruvate supplemen-
tation is likely serving to spare what little glucose is available
during the D phase, allowing it to be directed where it is needed
for adipocyte differentiation to occur.

Another very important adipose function is the production
of adipokines, such as adiponectin. This secreted protein func-
tions primarily in sensitizing tissues to insulin stimulation and
is important for whole-body glucose homeostasis (14). In con-
trast to the nutrient storage functions of adipose tissue, we
found that adiponectin expression was fully compensated by
supplementation of low-glucose medium with pyruvate. Fur-
thermore, this was mechanistically linked to the redox reac-
tions of the cell because supplementation of 4 mM glucose
medium with NAM to increase NAD/P levels restored adi-
ponectin expression.

Interestingly, Wellen et al. (24) reported a glucose depen-
dence for differentiation of 3T3-L1 adipocytes. By knocking
down ATP-citrate lyase, they demonstrated that glucose was
required for production of cytosolic acetyl-CoA to be used for
histone acetylation and full expression of GLUT4 mRNA as of
day 4 of differentiation. Under these conditions, supplementa-
tion with sodium acetate was able to restore GLUT4 expres-
sion. In our studies, a pulse of sodium acetate was not able to
compensate for 25 mM glucose for either GLUT4 or adiponec-
tin expression in cells harvested after 9 days of differentiation
and maturation. Thus, glucose is playing a role in additional
pathways during differentiation.

GLUT4 and adiponectin regulation are both glucose-depen-
dent, but their regulation by glucose is not by the same mecha-
nism. Adiponectin expression and early markers of differentia-
tion were rescued in Lo glucose by pulsing with NAM. Because
we found that total NAD levels were already rising in 3T3-L1
adipocytes on day 3 of the pulse with 25 mM glucose or 42 mM

pyruvate, it is possible that NAD� was limiting in the Lo glu-
cose cells, preventing differentiation from proceeding. These
data are consistent with Shapiro et al. (25), who found that
NAM was required for development of ppar-� mRNA expres-
sion in umbilical cord– derived mesenchymal stem cells differ-
entiation in vitro in 4 mM glucose.

GLUT4 expression was only partially restored by pulsing
cells with NAM and/or Pyr. We showed that transcriptional
activity of the glut4 promoter in vitro required a 25 mM glucose
pulse and that a loss-of-function mutation in the glut4 LXRE
was no longer responsive to glucose availability. It is unclear
how a glucose-dependent signal is transduced through the

Figure 8. Neutral lipid accumulation is glucose-dependent. 3T3-L1 adi-
pocytes were induced for differentiation and pulsed with Hi glucose, Lo glu-
cose, or Pyr and cultured in Lo glucose medium during the P and M phases of
their cell culture. A and B, day 9 adipocytes were fixed and stained with Oil Red
O (A), which was then eluted for detection of absorbance at 500 nm (B). C and
D, mRNA isolated from day 9 adipocytes were analyzed via qRT-PCR for the
relative expression of srebp1c and fas. E, protein from whole-cell lysates of day
9 adipocytes were separated via SDS-PAGE and immunoblotted for succinate
dehydrogenase, peroxisomal catalase, and actin. 95% confidence intervals
were used to determine statistical differences in immunoblot densitometry
and Oil Red O absorbance. One-way analysis of variance was used to identify
significant differences (p � 0.03 for n � 3 independent experiments) in
expression data. *, differences compared with Hi glucose cells; #, differences
compared with Lo glucose cells.
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glut4 LXRE. In 3T3-L1 adipocytes, the glut4 LXRE is partially
occupied by LXR-� (26 –28). Glucose has been shown to be a
direct activator of LXR and LXR target genes in the liver (29). It
is uncertain whether LXR isoforms serve as positive activators
of the glut4-LXRE in adipose tissue. LXR-�/� knock-out mice
have increased glut4 mRNA expression in the perigonadal fat
pads (30). Thus, it is an open question what binds to the glut4-
LXRE and how signaling through high glucose is transduced
through this promoter element.

NAM supplementation increased the total pool of NAD
available in Lo glucose– cultured cells. In addition to regulating
the redox state of the cell, NAD is key to enzymatic function of
sirtuins and PARPs, which convert NAD� to NAM to either
deacetylate or PARylate target proteins, respectively (22, 31).
Because Sirt1 and Sirt2 have both been shown to inhibit adipo-
genesis, we do not favor that an increase in NAD� required for
increasing sirtuin activity is occurring during the D phase (32,
33). NAD�-dependent PARylation through PARP1 activity
may play a specific role in adipogenesis; however, the literature
supporting this role is conflicting. Whole-body knockout of
PARP1 has revealed a drastic reduction of adipocyte differenti-
ation, complete loss of PPAR�2, aP2, and adiponectin in vitro,
and reduced adiposity in mice in vivo (34, 35). In contrast Luo et
al. (36) showed that conditional knockdown of PARP1 activity
in adipose tissue during the first 48 h of adipocyte differentia-
tion might be a key regulator of the transcriptional program
that underlies adipocyte differentiation. These papers highlight
both a permissive role and an inhibitory role for NAD� PARP1
activity. Our data suggested that NAD metabolism was permis-
sive for adipogenesis, presumably through regulation of the
NADP pool size and NADPH/NADP� ratio. Because the signal
for expansion of the adipose pad arises from nutrient excess, an
allosteric mechanism for promoting differentiation is relevant.
Further investigation is warranted to elucidate the precise
mechanism through which glucose and NADP metabolism are
mediating these effects.

Our findings may explain, in part, why adipocyte hyperplasia
occurs later than adipocyte hypertrophy in the progression of
obesity (3, 4, 17). Obesity leads to decreased expression of
GLUT4 protein in adipose tissue (9). In the hypertrophic adi-
pose pad, decreased GLUT4-dependent glucose uptake and
higher plasma glucose levels may provide an optimal environ-
ment for increasing the rate of differentiation of adipocyte pro-
genitors in the fat pad. Obese patients with impaired ability to
increase adipose hyperplasia during the development of obesity
may be at higher risk for developing metabolic disease (37). Our
data begin to provide a mechanistic understanding of nutrient
control of adipocyte differentiation. We demonstrate that car-
bohydrate metabolism, likely through pentose phosphate path-
way intermediates and NADPH metabolism, plays a significant
role in multiple pathways required for adipogenesis.

Materials and methods

Cell culture

3T3-L1 cells were cultured and differentiated as described
previously, except the glucose concentration of the medium
was varied as indicated (38). Preadipocytes were grown to con-

fluence in 4 mM glucose medium containing 10% calf serum.
Differentiation was stimulated by changing to medium con-
taining 10% fetal bovine serum and a mixture of 175 nM insulin,
1 �M dexamethasone, and 0.5 mM isobutyl-1-methylxanthine.
After 3 days in this differentiation medium, cells were then
changed to medium containing 10% fetal bovine serum without
the mixture and replenished again 3 days later. Unless other-
wise indicated, cells were cultured in 4 mM glucose-containing
medium on the first 7 days and the last 6 days of tissue culture,
whereas the medium supplied during the middle 3-day D phase
contained either 4 or 25 mM glucose, 4 mM glucose supple-
mented with 42 mM pyruvate, 4 mM glucose supplemented with
50 �M palmitic acid, or 4 mM glucose supplemented with 50 �M

oleic acid. Where indicated, cells were treated with 15 mM nic-
otinamide or 5 mM 6-aminonicotinamide only during the 3-day
D phase.

The adipose stromal fraction was isolated from inguinal fat
pads from C57BL6 mice. The stromal vascular fraction was iso-
lated by differential centrifugation following collagenase diges-
tion of adipose pads as described previously (39). Stromal vas-
cular cells were counted, plated on 35-mm dishes, and grown to
confluence in F12/DMEM supplemented with 10% FBS. Two
days post-confluence, cells were switched to differentiation
medium as described for 3T3-L1 preadipocytes.

Whole-cell lysates and immunoblots

Whole-cell extracts were prepared in lysis buffer containing 20
mM HEPES, 1% Nonidet P-40, 2 mM EDTA, 10 mM sodium fluo-
ride, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
1 mM molybdate, protease inhibitor mixture (Complete Mini
EDTA-free protease inhibitor mixture, Roche), 1 mM PMSF,
and 50 mM DTT. Protein concentrations were determined
using a Coomassie Plus (Bradford) assay kit (Pierce). Lysates
were fractionated using SDS-PAGE, and proteins were trans-
ferred to Immobilon-FL polyvinylidene fluoride membranes
(EMD Millipore Corp., Billerica, MA) Membranes were stained
with anti-GLUT4 antibody (sc-1608, Santa Cruz Biotechnol-
ogy), anti-adiponectin antibody (a gift from Philipp Scherer),
anti-NAMPT antibody (A300 –372A, Bethyl), anti-SDH anti-
body (mitochondrial biogenesis mixture, ab123545, Abcam),
anti-peroxisomal catalase antibody (ab15834, Abcam), anti-ac-
tin antibody (mitochondrial biogenesis mixture, ab123545,
Abcam), or anti-�/�-tubulin antibody (2148, Cell Signaling
Technology) and visualized with appropriate secondary anti-
bodies conjugated with Alexa Fluor 680 (Invitrogen). Fluores-
cence was quantified with a Li-Cor Odyssey imager (Li-Cor
Biosciences). Protein expression data were normalized to tubu-
lin as a loading control.

RNA isolation and qRT-PCR

mRNA was extracted using guanidinium isothiocyanate and
purified by density equilibrium centrifugation using a CsCl gra-
dient as described previously (40). Samples were stored as eth-
anol precipitates at �20 °C until further analysis. RNA was
quantified by UV absorbance at 260, 280, and 320 nm. Messen-
ger RNA levels of GLUT4, aP2, PPAR�, SREBP-1c, and FAS
were quantified by quantitative real-time PCR (qRT-PCR).
Primer sequences were as follows: mGLUT4, 5�-AAAAGTGC-
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CTGAAACCAGAG-3� (forward), 5�-TCACCTCCTGCTCT-
AAAAGG-3� (reverse); maP2 5�-GCGTGGAATTCGATGA-
AATCA-3� (forward), 5�-CCCGCCATCTAGGGTTATGA-3�
(reverse); mPPAR� 5�-GTGCCAGTTTCGATCCGTAGA-3�
(forward), 5�-GGCCAGCATC GTGTAGATGA-3� (reverse);
mSREBP-1c, 5�-GTGAGCCTGACAAGCAATCA-3� (for-
ward), 5�-GGTGCCTACAGAGCAAGAG-3� (reverse); mFAS,
5�-GCTGCGGAAACTTCAGGAAAT-3� (forward), 5�-AGA-
GACGTGTCACTCCTGGACTT-3� (reverse). The relative
mRNA levels were calculated using a standard curve devel-
oped from control 3T3-L1 adipocytes. All qRT-PCRs were
completed using a modular thermal cycler platform com-
posed of a C1000 TouchTM thermal cycler chassis (Bio-Rad)
and a CFX96TM optical reaction module (Bio-Rad). Data
from qRT-PCR was read using CFX ManagerTM software
(Bio-Rad).

NAD/P and PRPP measurements

The total pool of NAD was estimated using a colorimetric
quantification kit (ab65348, Abcam), and the total pool of PRPP
was estimated using a solid-phase competitive ELISA (173862,
USBiological). The ratios of NAD�/NADH and NADP�/NA-
DPH were determined by HPLC purification and subsequent
spectrofluorophotometry as described previously (41). Briefly,
HPLC (Shimadzu LC-20A high precision binary gradient
HPLC system) and fluorescence or UV-visible diode array spec-
trometry were used to resolve and detect NADH, NADPH,
NAD�, and NADP�. The mobile phase consisted of 100 mM

KH2PO4 and 1.0 mM tetrabutylammonium sulfate at pH 6.0
(buffer A) and CH3CN (buffer B) with a flow rate of 1.0 ml/min
over an Eclipse Plus C18 column with 5-�m-diameter beads,
4.6 	 150 mm in length (Agilent). NADH and NADPH were
resolved (100-�l injection) using the following stepwise gradi-
ents of buffer A/B: 100%/0% for 2.5 min, 95%/5% for 5 min,
85%/15% for 7.5 min, and 100%/0% for 10 min. NAD� and
NADP� were resolved (100-�l injection) using the following
stepwise gradients of buffer A/B: 100%/0% for 5 min, 85%/15%
for 5 min, and 100/0% for 10 min. Concentrations of NADH
and NADPH were detected by fluorescence (excitation, 340
nm; emission, 460 nm) and NAD� and NADP� by absorption
at 254 nm and quantified based on the integrated area of
standards.

Glucose assay

Glucose concentration was measured using the anthrone re-
agent as described previously (42). The glucose standard curve
was generated using glucose-free medium supplemented with
10% FBS instead of water.

Luciferase reporter assays

3T3-L1 adipocytes were differentiated and electroporated
as described previously (38). The luciferase constructs -895-
hGLUT4-Luc and �LXRE-Luc have been described previously
and were used where indicated (28, 38) Luciferase assays were
performed 24 h after transfection using the Dual-Glo luciferase
kit (Promega).

Oil Red O staining

Oil Red O staining was performed in cells that had been
washed twice in PBS prior to fixation by 10% formalin for 30
min at room temperature. After fixation, the cells were washed
twice with PBS and then incubated in 60% isopropanol for 5
min at room temperature. The cells were then stained with a
filtered, 0.3% solution of Oil Red O in 60% isopropanol for 5 min
at room temperature. The Oil Red O solution was removed, and
cells were washed five times with water or until the rinse water
ran clear. The Oil Red O stain was eluted with 2 ml of 99%
isopropanol, and absorbance at 500 nm was recorded. The cells
were washed twice with water and counterstained with 5 mg/ml
solution of crystal violet in water for 30 min at room tempera-
ture. Crystal violet stain was removed, and cells were washed
five times with water or until the rinse water ran clear. The stain
was eluted in 2 ml of methanol. The absorbance at 540 nm was
recorded.

Statistical analysis

Data are expressed as mean and standard error of the mean.
Differences were reported through the use of either 95% confi-
dence intervals for data normalized to control or one-way anal-
ysis of variance statistical tests, as indicated.
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