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Abstract

Increased glycolysis is the result of the sensing of glucose by hypothalamic neurons. The
biochemical mechanisms underlying the control of hypothalamic glycolysis, however, remain to
be elucidated. Here we showed that PFKFB3, the gene that encodes for inducible 6-
phosphofructo-2-kinase (iPFK2), was expressed at high abundance in both mouse hypothalami
and clonal hypothalamic neurons. In response to re-feeding, PFKFB3 mRNA levels were
increased by 10-fold in mouse hypothalami. In the hypothalamus, re-feeding also decreased the
phosphorylation of AMP-activated protein kinase (AMPK) (Thr172) and the mRNA levels of
agouti-related protein (AgRP), and increased the mMRNA levels of cocaine-amphetamine-related
transcript (CART). Similar results were observed in N-43/5 clonal hypothalamic neurons upon
treatment with glucose and/or insulin. In addition, knockdown of PFKFB3/iPFK2 in N-43/5
neurons caused a decrease in rates of glycolysis, which was accompanied by increased AMPK
phosphorylation, increased AgRP mRNA levels and decreased CART mRNA levels. In contrast,
overexpression of PFKFB3/iPFK2 in N-43/5 neurons caused an increase in glycolysis, which was
accompanied by decreased AMPK phosphorylation and decreased AgRP mRNA levels and
increased CART mRNA levels. Together, these results suggest that PFKFB3/iPFK2 responds to re-
feeding, which in turn stimulates hypothalamic glycolysis and decreases hypothalamic AMPK
phosphorylation and alters neuropeptide expression in a pattern that is associated with suppression
of food intake.
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1. Introduction

The control of food intake is governed by the central nervous system, where the
hypothalamus plays a crucial role. In the hypothalamus, certain neurons express orexigenic
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neuropeptide Y (NPY) and agouti-related protein (AgRP). In contrast, certain neurons
express anorexigenic pro-opiomelanocortin (POMC) and cocaine-amphetamine-related
transcript (CART) [1-5]. While investigating how nutrients are sensed by hypothalamic
neurons, a number of studies have demonstrated that AMP-activated protein kinase (AMPK)
is a key cellular energy sensor that responds to peripheral signals, for example, glucose and
leptin, to control food intake [6-12]. For example, decreased hypothalamic AMPK signaling
contributes to the anorectic effects caused by re-feeding and leptin [7,13,14]. On the other
hand, the activation of hypothalamic AMPK signaling has been shown to abolish the
anorectic effect induced by leptin [13]. Of interest, glycolysis, a major flux of glucose
metabolism, is likely involved in the control of the energy status of hypothalamic neurons,
thereby altering hypothalamic AMPK signaling and neuropeptide expression, in order to
regulate food intake [15]. Despite these previous studies, the biochemical mechanisms
underlying the linkage among glycolysis, AMPK signaling, and neuropeptide expression in
the hypothalamus remain to be elucidated.

Physiologically, glycolysis is under the control of nutritional and hormonal signals that are
associated with the transition between fasting and feeding [16—18]. At the cellular level,
glycolysis is regulated at the level of glucose entry into cells via membrane glucose
transporters, glucose phosphorylation to glucose-6-phosphate (G6P) by the activity of
hexokinase (I-1V), and the conversion of fructose-6-phosphate (F6P) to fructose-1,6-
bisphosphate (F1,6P5) [18]. For the past several decades, glycolysis in liver cells has been
intensely studied. These studies have led to the demonstration of glucokinase (GK, also
named as hexokinase 1V) and 6-phosphofructo-1-kinase (6PFK1) as essential enzymes that
control the rate-determining steps of glycolysis. Given the role for 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase (6PFK2/FBP2) in determining the cellular levels of
fructose-2,6-bisphosphate (F2,6P5), the most powerful allosteric activator of 6PFK1, 6PFK2/
FBP2 is considered as a key regulatory enzyme that crucially controls glycolysis [18]. This
concept, indeed, is supported by evidence obtained from various tissues and cells [19-25]. In
the hypothalamus, much attention has paid to the role of GK in the control of neuronal
glucose metabolism. In fact, in hypothalamic neurons, GK has been proposed as
glucosensor, which is associated with the regulation of food intake [26-32]. As a key
regulatory enzyme of glycolysis, 6PFK2/FBP2 is present in the brain [33]. The function of
6PFK2/FBP2, however, has not yet been fully characterized in hypothalamic neurons.

PFKFB1-PFKFB4 are four known PFKFB genes that have been shown to encode for
different isoforms of 6PFK2/FBP2 in a wide variety of tissues [33-41]. Additionally, a given
tissue may contain several isoforms of 6PFK2/FBP2. While there is diversity with respect to
isoforms, the role of 6PFK2/FBP2 is simple: it determines F2,6P; levels and controls
glycolysis [41-47]. For instance, an increase in the kinase activity and/or a decrease in the
bisphosphatase activity of 6PFK2/FBP2 lead to an increase in the concentrations of F2,6P,
[20]. The latter, in turn, activates 6PFK1 to increase glycolysis [18]. In the brain, six
isoforms of 6PFK2/FBP2, encoded by four PFKFB genes, have been identified [33].
However, the PFKFB (6PFK2/FBP2) expression pattern in the hypothalamus has not been
characterized. It is also not clear about the role of PFKFB (6PFK2/FBP2) in controlling
glycolysis in relation to the regulation of food intake. The present study provides evidence to
support a crucial role for PFKFB3/iPFK2, the most abundant PFKFB (6PFK2/FBP2) in
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hypothalamic neurons, in linking glycolysis and AMPK signaling and neuropeptide
expression.

Methods and materials

2.1. Animal experiments

2.2.

Wild-type C57BL/6J mice were fed ad libitum and maintained on a 12:12-h light-dark cycle
(lights on at 06:00 h). A laboratory low-fat diet (Research Diets) contains 70% carbohydrate
calories, 20% protein calories, and 10 fat calories. To examine the expression pattern of
hypothalamic PFKFB genes, 4 male mice, at 12—-14 weeks of age, were fasted for 4 h and
subjected to collection of hypothalami as previously described [21]. Briefly, the optic chiasm
was dissected away from the anterior portion of the hypothalamus, and the mammillary
nuclei were removed from the posterior of the hypothalamus. Accordingly, the
hypothalamus collected includes the arcuate, ventromedial, dorsomedial and paraventricular
nuclei. To examine nutritional regulation of the expression of PFKFB genes, 12 male mice
were fasted overnight (16 h) with or without re-feeding for an additional 4 h. Blood samples
and hypothalami were collected and used for further analyses.

Measurement of plasma levels of glucose and insulin

The levels of plasma glucose were measured using metabolic kits (Sigma). The levels of
plasma insulin were measured using ELISA kits (Crystal Chem, Downers Grove, IL, USA).

2.3. Cell culture and treatments

N-43/5 cells (Cellutions Biosystems, Ontario, Canada) are clonal mouse hypothalamic
neurons that have been characterized previously by other investigators [15,48,49]. These
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum, 20 mM glucose, and 1% penicillin/streptomycin and maintained at
37 °C in an atmosphere of 5% CO- as previously described [48]. Cells were harvested at
90% confluence. Total RNA was prepared as previously described [50,51] and used to
examine the expression pattern of PFKFB genes. Some cells were seeded into 6-well plates
and initially incubated with DMEM containing 20 mM glucose, a concentration used for
maintaining N-43/5 cells, for 2 days. Thereafter, these cells were incubated with DMEM
containing 0.5 mM glucose for an additional 24 h as described by Cheng et al. [15] and used
for further analyses. To determine the effects of glucose and/or insulin, N-43/5 cells were
incubated with DMEM supplemented with glucose (0.5 or 20 mM) in the presence or
absence of insulin (100 nM) for 4 hours. The treated cells were then subjected to the assays
to quantify PFKFB expression profile, rates of glycolysis, AMPK signaling, and
neuropeptide expression as described below.

Based on the expression profile of PFKFB genes, PFKFB3/iPFK2 was chosen for further
investigation. As such, PFKFB3/iPFK2 knockdown and overexpression experiments were
performed in N-43/5 cells. To knock down PFKFB3/iPFK2, N-43/5 cells were transfected
with siRNA against mouse PFKFB3/iPFK2 (Santa Cruz Biotech, Santa Cruz, CA, USA) or
control (Ctrl) as previously described [24]. A similar procedure was used to over-express
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PFKFB3/iPFK2 in N-43/5 cells using a plasmid containing cDNA of PFKFB3. After
transfection for 24 hours, the cells were harvested for further analyses.

Determination of hypothalamic gene expression

Total RNA prepared from frozen hypothalami and cells was used to determine the
expression of PFKFB genes, as well as NPY, AgRP, POMC, and CART, as previously
described [21]. The sequences of primers specific for mouse PFKFB1, PFKFB2, PFKFB3,
and PFKFB4 were listed in Table 1.

Measurement of rates of glycolysis

Each well (6-well plate) of cells were incubated with DMEM supplemented with 1 uCi
[3-3H]-glucose for 3 h. After incubation, the medium was collected to determine the
production of 3H,0 (in disintegration per minute (DPM)) as described [52]. Rates of
glycolysis are expressed as nanomoles of glucose metabolized per 3 h per milligram of
protein.

Determination of hypothalamic AMPK signaling

Lysates of frozen hypothalami and N-43/5 cells were prepared and used for Western blot
analyses as previously described [20,25,53]. Antibodies against total AMPK and/or
phospho-AMPK (Thrl172) are products of Cell .Signaling Technology, Inc (Danvers, MA).

Statistical methods

Numeric data are presented as meansS.E. Statistical significance was assessed by unpaired,
2-tailed ANOVA or Student ¢test. Differences were considered significant at the two-tailed
£<.05.

3. Results

3.1.

PFKFB3 is the PFKFB gene that is expressed at high abundance in mouse

hypothalami and clonal hypothalamic neurons

Four PFKFB genes are known to encode six isoforms of 6PFK2/FBP2 in the brain. We
addressed the expression pattern of hypothalamic PFKFB genes using primers specific for
the four individual PFKFB genes. In mouse hypothalami, the expression of PFKFB3 is at
high abundance, compared with PFKFB1, PFKFB2, and PFKFB4 (Fig. 1A). Similarly, in
N-43/5 cells, PFKFB3 is expressed at high abundance, compared with the three other
PFKFB genes (Fig. 1B). Of interest, two PFKFB4 products were detected in mouse
hypothalami, but not in clonal hypothalamic neurons, suggesting that cells other than
neurons express different PFKFB4 product(s). In combination, these results from the
analysis of PFKFB mRNA levels served as the basis for the present study to address the role
for PFKFB3/iPFK2 in regulating glycolysis in hypothalamic neurons, in the context of
neuronal glucose sensing and neuropeptide expression.
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3.2. Re-feeding increases plasma levels of glucose and insulin and stimulates PFKFB3

expression

During re-feeding, glucose-sensing in hypothalamic neurons is involved in initiating
signaling cascades to terminate feeding through feedback inhibitory mechanisms [54]. As a
result of re-feeding, plasma levels of glucose and insulin, two essential factors that are
involved in the control of food intake, were increased compared with their respective levels
in fasted mice (Fig. 2, A and B). Next, the effects of fasting and re-feeding on PFKFB3
expression were examined. Compared with that in fasted mice, hypothalamic expression of
PFKFB3 in re-fed mice was increased by 10-fold (Fig. 2C and D). Therefore, during the
transition from fasting to re-feeding, increased hypothalamic PFKFB3 expression is
associated with plasma signals (eg, glucose and insulin) in a pattern that contributes to
suppression of food intake.

Hypothalamic AMPK and neuropeptides are of particular importance in the control of food
intake. Therefore, the effects of fasting and re-feeding on hypothalamic AMPK
phosphorylation and neuropeptide expression were examined. Compared with that in fasted
mice, hypothalamic AMPK phosphorylation in re-fed mice was significantly decreased (Fig.
3A and B). In addition, hypothalamic AgRP expression was decreased and hypothalamic
CART expression was increased in re-fed mice compared with controls (Fig. 3C). All of
these changes contributed to suppression of food intake as documented previously by other
investigators [7,55] and were accompanied by increased hypothalamic PFKFB3 expression
(see above). Thus, a role for PFKFB3/iPFK2 in linking hypothalamic glycolysis and
suppression of food intake is hypothesized.

3.3. Glucose and insulin stimulate PFKFB3 expression, increase glycolysis, and decrease
AMPK phosphorylation in clonal hypothalamic neurons

Glucose and insulin, at increased levels, are 2 key signals associated with re-feeding.
Therefore, effects of glucose and insulin on hypothalamic PFKFB3 expression and
glycolysis were determined. In N-43/5 cells, glucose, supplemented at a concentration of 20
mM, significantly increased PFKFB3 expression compared with glucose at a concentration
of 0.5 (the lowest concentration used to examine neuronal responses [15,49]) (Fig. 4A and
4B). Similarly, a stimulatory effect on PFKFB3 expression was observed in cells treated
with insulin in the presence of either low (0.5 mM) or high (20 mM) glucose, indicating that
insulin potentates the stimulatory effect of glucose on PFKFB3 expression in hypothalamic
neurons. Consistent with increased PFKFB3 expression, rates of glycolysis were increased
in neurons when treated with glucose (20 mM), insulin, or in combination (Fig. 4C).
Collectively, these results suggest that PFKFB3/iPFK2 is a crucial regulator that stimulates
neuronal glycolysis. Because the effects observed in clonal neurons recapitulated changes in
hypothalami of re-fed mice, glucose and insulin are postulated as two essential signals that
alter the hypothalamus during re-feeding.

The effects of glucose and insulin on neuronal AMPK phosphorylation were also examined.
Compared with controls, AMPK phosphorylation was decreased in neurons treated with
high levels of glucose, and in neurons treated with insulin in the presence of either low or
high levels of glucose (Fig. 5A and 5B). These changes were inversely associated with

J Nutr Biochem. Author manuscript; available in PMC 2021 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 6

neuronal PFKFB3 expression and rates of glycolysis, indicating a potential role for
PFKFB3/iPFK2 in regulating glycolysis in relation to AMPK phosphorylation in
hypothalamic neurons (see below).

3.4. PFKFB3/iPFK2 knockdown or overexpression oppositely alters glycolysis, AMPK
phosphorylation, and neuropeptide expression in clonal hypothalamic neurons

To address a direct role for PFKFB3/iPFK2 in regulating glycolysis and AMPK
phosphorylation and neuropeptide expression in neurons, PFKFB3/iPFK2 knockdown or
overexpression experiments were performed in N-43/5 cells. Compared with controls,
PFKFB3/iPFK2 knockdown decreased, whereas PFKFB3/iPFK2 overexpression markedly
increased, the mRNA levels of PFKFB3 (Fig. 6 A and B). Next, rates of glycolysis were
examined. Compared with controls, rates of glycolysis in PFKFB3/iPFK2-knockdown cells
were decreased by 25% (Fig. 6B). In contrast, rates of glycolysis in PFKFB3/iPFK2-
overexpessing cells were increased by 2.4-fold compared with controls (Fig. 6B). Together,
these results demonstrate a crucial role for PFKFB3/iPFK2 in stimulating neuronal
glycolysis.

While neuronal glycolysis was altered, AMPK phosphorylation was increased in PFKFB3/
iPFK2-knockdown cells and was deceased in PFKFB3/iPFK2-overexpressing cells
compared with that in control cells (Fig. 7A and B). When neuropeptide expression was
examined, the mRNA levels of AgRP were increased in PFKFB3/iPFK2-knockdown cells
and deceased in PFKFB3/iPFK2-overexpressing cells, compared with those in control cells
(Fig. 7C). In contrast, the mRNA levels of CART were decreased in PFKFB3/iPFK2-
knockdown cells and increased in PFKFB3/iPFK2-overexpressing cells, compared with
those in controls (Fig. 7C). Therefore, PFKFB3/iPFK2 also critically controls neuronal
AMPK phosphorylation and neuropeptide expression. These results, in combination with
changes in PFKFB3 expression and neuronal glycolysis, demonstrate a potential role for
PFKFB3/iPFK2 in linking neuronal glycolysis and AMPK phosphorylation and
neuropeptide expression.

4. Discussion

The glucostatic hypothesis was proposed 6 decades ago and used to explain how post-
prandial increases in plasma glucose levels cause meal termination [56,57]. Since then,
growing evidence has suggested an essential role for neuronal glucose metabolism, but not
the levels of plasma glucose, in the control of food intake [58]. Recently, GK in
hypothalamic neurons has been considered as a glucose sensor that regulates homeostatic
functions, including the control of food intake [29-31], although a direct link between
neuronal glucose-sensing and the control of food intake is still lacking [54]. In the present
study, two lines of evidence obtained from mice and clonal hypothalamic neurons support a
crucial role for PFKFB3/iPFK2 in stimulating neuronal glycolysis and in regulating AMPK
phosphorylation and neuropeptide expression.

PFKFB3 is one of the four PFKFB genes that code for different isoforms of 6PFK2/FBP2
[33-41]. It has been previously shown that PFKFB3 is expressed at high abundance in
adipose tissue and adipocytes [24], in which iPFK2 (encoded by PFKFB3) links glucose
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with fatty acid metabolism and the inflammatory response [24,25]. These findings have
demonstrated the importance of PFKFB3/iPFK2, not only in the control of glycolysis, but
also in the regulation of cell functions. As with adipose tissue, brains of human and rodents
also express PFKFB3, whose functions remain to be established. In the hypothalamus,
however, the expression pattern of PFKFB3, as well as other PFKFB isoforms, has not been
determined. By characterizing the PFKFB expression profile, the present study identified
PFKFB3 as the most abundant PFKFB gene in mouse hypothalamus. This enabled us to
address a role for PFKFB3/iPFK2 in neuronal glucose-sensing in relation to the control of
food intake (see below). Furthermore, compared with other PFKFB genes, PFKFB3 was
also expressed at the highest abundance in clonal hypothalamic neurons. This led us to the
use of clonal hypothalamic neurons, in order to elucidate a direct role for PFKFB3/iPFK2 in
controlling hypothalamic glycolysis, as well as AMPK phosphorylation and neuropeptide
expression.

The expression of PFKFB3 in the mouse hypothalamus increased after the transition from
fasting to re-feeding. This increase in PFKFB3 expression was due to re-feeding-associated
increases in the levels of glucose and/or insulin. In support of this idea, treatment of clonal
hypothalamic neurons with glucose and insulin caused an increase in PFKFB3 expression in
a pattern similar to that brought about by re-feeding in the mouse hypothalamus. In fact,
glucose alone exhibited a stimulatory effect on hypothalamic PFKFB3 expression. However,
when combined with insulin, glucose, at either a low or high concentration, caused a
significantly greater increase in PFKFB3 expression. These results demonstrate that glucose
and insulin work additively, or even synergistically, to stimulate PFKFB3 expression in the
hypothalamus. Therefore, insulin has a crucial role in neuronal glucose-sensing, which
warrants further investigation in future studies.

Given the property of PFKFB3/iPFK2 in stimulating glycolysis due to activating 6PFK1, as
the result of increasing the production of F2,6P, [24,25], it is postulated here that increased
PFKFB3/iPFK2 in the hypothalamus during re-feeding contributed, in large part, to an
increase in hypothalamic glycolysis. As substantial evidence, treatment of glucose and
insulin increased rates of glycolysis in clonal hypothalamic neurons while stimulating
PFFKB3 expression. Furthermore, PFKFB3/iPFK2 knockdown decreased, whereas
PFKFB3/iPFK2 overexpression increased, rates of glycolysis in clonal hypothalamic
neurons. Thus, PFKFB3/iPFK2 directly controls rates of glycolysis in hypothalamic
neurons.

In response to re-feeding, hypothalamic AMPK phosphorylation was decreased. In addition,
hypothalamic expression of orexigenic AgRP was decreased whereas hypothalamic
expression of anorexigenic CART was increased. These changes have been used by others to
explain how signals generated in response to re-feeding suppress food intake [7,8,12].
Relatively little is known, however, about the link among neuronal glucose-sensing, AMPK
phosphorylation, and neuropeptide expression. In contrast, relatively much is known about
roles for AMPK and neuropeptides in controlling food intake. In the present study, re-
feeding-associated changes in hypothalamic AMPK phosphorylation and neuropeptide
expression were accompanied by increased PFKFB3 expression. Considering that glucose
and insulin stimulate PFKFB3 expression and that PFKFB3/iPFK2 stimulates glycolysis, it
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is postulated that in the hypothalamus PFKFB3/iPFK2 responds to glucose and insulin to
increase glycolysis, and in turn decreases AMPK phosphorylation. The latter effect
consequently decreases AgRP expression and increases CART expression. Because
associations among hypothalamic events observed in mice were similarly observed in clonal
hypothalamic neurons, a role for PFKFB3/iPFK2 in stimulating neuronal glycolysis,
decreasing neuronal AMPK phosphorylation, and altering neuropeptide expression was
postulated, and is supported by the results obtained from PFKFB3/iPFK2-knockdown and/or
PFKFB3/iPFK2-overexpressing neurons. The role proposed here for PFKFB3/iPFK2
provides new insight into the link between glucose-sensing and hypothalamic AMPK in
relation to the control of food intake as previously demonstrated [8,15,49].

While PFKFB3/iPFK2 clearly regulates AMPK phosphorylation and neuropeptide
expression, it remains to be determined whether or not altering PFKFB3/iPFK2 specifically
in the hypothalamus modulates feeding behavior in rodents. In addition, because AMPK in
mediobasal hypothalamic neurons appears to have a limited role in regulating food intake
[59], PFKFB3/iPFK2 stimulation of glycolysis in relation to AMPK phosphorylation and
neuropeptide expression may exist in limited regions of the hypothalamus. Alternatively,
PFKFB3/iPFK2 also acts through AMPK-independent signaling cascade(s) to alter
neuropeptide expression and regulate food intake.

In summary, the present study demonstrates a crucial role for PFKFB3/iPFK2 in stimulating
neuronal glycolysis in relation to the control of food intake. This role of PFKFB3/iPFK2 is
evidenced by the fact that PFKFB3 expression is increased in the mouse hypothalamus in
response to re-feeding, and in clonal hypothalamic neurons upon treatment with glucose and
insulin. Furthermore, altered PFKFB3 in both mouse hypothalamic and clonal hypothalamic
neurons correlates with changes in AMPK phosphorylation and neuropeptide expression in a
pattern to suppress food intake (with increased PFKFB3/iPFK2) or stimulate feeding (with
decreased PFKFB3/iPFK?2). Therefore, PFKFB3/iPFK2 is likely an essential glucosensor in
hypothalamic neurons.
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Fig. 1.
Identification of PFKFB3 as a PFKFB gene at high abundance in hypothalamic neurons.

Total RNA was prepared from mouse hypothalami (A) and clonal hypothalamic neurons (B)
and subjected to reverse transcription (RT)-PCR using primers designed specific for cONA
of each of the four PFKFB genes (PFKFB1 through PFKFB4). Representative PCR products
were presented.
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Fig. 2.
Changes in plasma levels of glucose and insulin and in PFKFB3 expression in mouse

hypothalami. Male wild-type C57BL/6J mice, at the age of 12-14 weeks, were fed ad
libitum. Before sample collection, mice were fasted for overnight (16 h) with or without re-
feeding for an additional 4 h. For A and B, blood samples were collected and subjected to
measurements of plasma levels of glucose (A) and insulin (B). (A) Plasma levels of glucose.
(B) Plasma levels of insulin. For C and D, total RNA of hypothalami was prepared to
examine the mRNA levels of PFKFB3 using real-time RT-PCR. (C) Representative PCR
products. (D) Quantification of the mRNA levels of PFKFB3. For A-D, data are means
+S.E., m=4-6. *P<.05; **<.01; and ***~<.001 re-fed vs. fasted.
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Fig. 3.

Physiological and nutritional regulation of AMPK phosphorylation and neuropeptide

expression in mouse hypothalami. Male wild-type C57BL/6J mice, at the age of 12-14
weeks, were fed ad libitum. Before sample collection, mice were fasted for overnight (16 h)
with or without re-feeding for an additional 4 h. Hypothalamus lysates were prepared to
examine AMPPK signaling using Western blot analyses. (A) Amount of AMPK and
phospho-AMPK (Thr172). (B) Ratios of phospho-AMPK/AMPK were calculated using
densitometry. AU, arbitrary unit. (C) Total RNA was prepared from mouse hypothalami and
subjected to real-time RT-PCR. NPY, neuropeptide Y; AgRP, agouti-related protein; POMC,
pro-opiomelanocortin; and CART, cocaine-amphetamine-related transcript. For B and C,
data are means=S.E., r=4-6. */<.05 and **/<.01 re-fed vs. fasted (in B) for the same gene

(in

Q).
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Stimulation of PFKFB3 expression and glycolysis in clonal hypothalamic neurons by
glucose and insulin. N-43/5 cells, clonal hypothalamic neurons, were incubated with DMEM
containing glucose (0.5 mM) for 24 h, and then treated with glucose (0.5 or 20 mM) in the
presence or absence of insulin (100 nM) for 4 h. (A) and (B), the mRNA levels of PFKFB3
were quantified using real-time RT-PCR. (A) Representative PCR products. (B)
Quantification of the mRNA levels of PFKFB3. Glc, glucose. (C) To quantify rates of
glycolysis, 3H-glucose was added to the treated cells for 3 h prior to cell harvest. For B and
C, data are means+S.E., /=4-6. */<.05 and **/<.01 Insulin vs. PBS for the same condition
(low or high glucose); T/<.05 and TTA<.01 high glc (20 mM) vs. low glc (0.5 mM) for the

same treatment (PBS or Insulin).
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Reduction of AMPK phosphorylation in clonal hypothalamic neurons by glucose and
insulin. N-43/5 cells were incubated with DMEM containing glucose (0.5 mM) for 24 h, and
then treated with glucose (0.5 mM or 20 mM) in the presence or absence of insulin (100
nM) for 4 h. Cell lysates were prepared to examine AMPPK signaling using Western blot
analyses. (A) Amount of AMPK and phospho-AMPK (Thr172). (B) Ratios of phospho-
AMPK/AMPK were calculated using densitometry. AU, arbitrary unit; Glc, glucose. Data
are meanszS.E., 7=4. **£<.01 Insulin vs. PBS for the same condition (low or high gic);

T A<.01 high glc (20 mM) vs. low glc (0.5 mM) for the same treatment (PBS or Insulin).
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Fig. 6.

Modulation of neuronal glycolysis by altering PFKFB3 expression. For knockdown (KN)
study, N-43/5 cells were transfected with siRNA against mouse PFKFB3/iPFK2 or control

Page 17

wxtt

*

.

Ctrl

KN OX

(Ctrl) for 24 h. For overexpression (OX) study, N-43/5 cells were transfected with a plasmid
containing the cDNA of PFKFB3 or control (Ctrl) for 24 h. After transfection, the cells were
harvested to verify PFKFB3 expression at the mRNA level (A) and/or subjected to the assay
to quantify rates of glycolysis (B). For B, data are means£S.E., n7=4-6. */<.05 and **/<.01

vs. Ctrl; TTA<.01 vs. KN.
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Fig. 7.
M%dulation of neuronal AMPK phosphorylation and neuropeptide expression by altering
PFKFB3 expression. N-43/5 cells were transfected with siRNA against PFKFB3 to knock
down PFKFB3/iPFK2 or a plasmid containing the cDNA of PFKFB3 to over-express
PFKFB3/iPFK2. After transfection for 24 h, cells were harvested to analyze AMPK
signaling and neuropeptide expression. (A) Amount of AMPK and phospho-AMPK
(Thr172). (B) Ratios of phospho-AMPK/AMPK were calculated using densitometry. AU,
arbitrary unit. (C) Total RNA was prepared and subjected to real-time RT-PCR. For B and C,
data are means#S.E., 7/=4-6. *P<.05 and **<.01 vs. Ctrl; TTA<.01 vs. KN (in B) for the
same gene (in C).
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Table 1

Sequences of primers specific for PFKFB genes (cDNAS)

Gene

Forward primer Reverse primer

PFKFB1
PFKFB2
PFKFB3
PFKFB4

5’-AAAGCCTCTAAGAGAGCAGCC TC 5-CACTTTAGTCGGTGTTCCTATCC
5’-AAGGGCAGGGAAGACATGCTCAT  5-CTTTGGTGGGTACTCCAATCCAG
5’-GATCTGGGTGCCCGTCGATCACCG 5’-CAGTTGAGGTAGCGAGTCAGCTTC
5’-CGTGGTGTCTGCATGACTAACTG 5’-CGATACTGACCAACGTTGAATTC
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