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a b s t r a c t

Leptin is a pleiotropic hormone primarily secreted by adipocytes. A high density of functional Leptin
receptors has been reported to be expressed in the hippocampus and other cortical regions of the brain,
the physiological significance of which has not been explored extensively. Alzheimer’s disease (AD) is
marked by impaired brain metabolism with decreased glucose utilization in those regions which often
precede pathological changes. Recent epidemiological studies suggest that plasma Leptin is protective
against AD. Specifically, elderly with plasma Leptin levels in the lowest quartile were found to be four
times more likely to develop AD than those in the highest quartile. We have previously reported that
Leptin modulates AD pathological pathways in vitro through a mechanism involving the energy sensor,
AMP-activated protein kinase (AMPK). To this end, we investigated the extent to which activation of
AMPK as well as another class of sensors linking energy availability to cellular metabolism, the sirtuins
(SIRT), mediate Leptin’s biological activity. Leptin directly activated neuronal AMPK and SIRT in cell lines.
Additionally, the ability of Leptin to reduce tau phosphorylation and b-amyloid production was sensitive
to the AMPK and sirtuin inhibitors, compound C and nicotinamide, respectively. These findings implicate
that Leptin normally acts as a signal for energy homeostasis in neurons. Perhaps Leptin deficiency in AD
contributes to a neuronal imbalance in handling energy requirements, leading to higher Ab and phospho-
tau, which can be restored by replenishing low Leptin levels. This may also be a legitimate strategy for
therapy.

! 2011 Elsevier Inc. All rights reserved.

1. Introduction

Several pieces of evidence suggest that brain metabolic distur-
bances may precede the pathological cascades characteristic of
AD. For example, functional neuroimaging studies, including
2-deoxy-2[(18)F]fluoro-D-glucose (FDG) positron emission topog-
raphy (PET), have illustrated regional hypometabolism in the early
AD brain [1–3], and that the pattern correlates with typical brain
atrophy in AD [4]. Interestingly, pyramidal neurons of the hippo-
campus have particularly demanding energy needs [5], rendering
the hippocampus a region more sensitive to states of metabolic
distress.

Both genetic and environmental factors are likely contributors
in this interconnection between brain metabolic state and disease.
For example, carriers of one copy of the APOE4 gene, involved in
lipid metabolism, are three to fourfold more likely to develop AD

than APOE3 carriers [6]. Further, carriers of the very long isotype
of the TOMM40 gene polyT region among APOE3 carriers develop
AD, on average, 7 years earlier than carriers of the short isotype [7].

Rodents fed high fat/caloric diets with limited exercise demon-
strate impaired learning and memory performance compared to
similar animals on lower energy diets [8]. In humans, a large lon-
gitudinal analysis showed a significant correlation between central
obesity in midlife and an increased risk of dementia independent
of diabetes and cardiovascular co-morbidities later in life [9].

Once AD pathological cascades are initiated because of these
metabolic disturbances, these could further and cyclically exacer-
bate hypometabolic states regionally. Ab oligomers induce oxida-
tive stress [10], while activation of GSK-3b (promoted by Ab and
inhibited by Leptin), one of the many kinases that can phosphory-
late tau, leads to decreased mitochondrial membrane potential and
ATP production [11]. Studies utilizing animal models of aging and
AD have shown that achieving optimal energy balance (i.e. through
feeding and exercise) can improve cognitive function and prevent
an age-related decline in learning [12,13].
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The main focus of our research efforts is to identify and charac-
terize metabolic factors, the levels of which are altered during nor-
mal brain aging or during the conversion of a healthy brain to that
with dementia and AD. Leptin, primarily secreted from adipocytes,
can function as a modulator of energy metabolism [14]. Within the
arcuate nucleus of the hypothalamus, Leptin acts on neuropeptide
Y/agouti-related peptide (NPY/AgRP) and pro-opiomelanocortin
(POMC) neurons to regulate food intake, energy expenditure and
hepatic glucose production [15]. However, other larger regions in
the brain known to express high levels of the Ob-Rb, the long iso-
form of Leptin receptor known to transduce signaling, include the
cortex and the hippocampus [16,17]. Peripherally, Leptin acts di-
rectly on fat and skeletal muscle to stimulate fatty acid oxidation,
increase glucose uptake and inhibit lipogenesis [18]. In both set-
tings, Leptin production is stimulated by a positive energy balance,
and acts to restore energy homeostasis through suppressing ana-
bolic and boosting catabolic pathways.

To date a number of reports have shown that there is a positive
correlation between reduced levels of circulating Leptin and AD
risk [19,20], severity of dementia [21] and cognitive decline
[22,23]. Most notably, a study involving 785 cognitively-normal el-
derly followed for a median of 8.3 years showed that those with
plasma Leptin levels in the lowest quartile at baseline were at four
times greater risk for developing AD than those in the highest
quartile [24]. At the physiological level, it is known that there is
a high concentration of Leptin receptors in the hippocampus
[16], which are functional, and direct injection of Leptin in that re-
gion can improve memory processing and modulate long term
potentiation and synaptic plasticity [25]. Further, Leptin adminis-
tration improves memory in SAMP-8 mice, an accelerated senes-
cence rodent model that develops amyloid plaques [26].
Moreover, the diabetic/obese db/db mice, which lack a functional
Leptin receptor exhibit cognitive impairment and impaired synap-
tic function and neurogenesis [27]. Interestingly, it has been sug-
gested that one of Leptin’s roles could involve the prevention of
excess accumulation of lipids in non-adipocytes, including neu-
rons, which could be poisoning [28].

We have previously reported that Leptin reduces tau phosphor-
ylation and Ab production in neuronal cells and transgenic mice
models of AD [29–31]. Leptin’s effects in vitro were dependent on
activation of the cellular energy sensor, AMP-activated protein ki-
nase (AMPK) [32]. AMPK is ubiquitously expressed throughout the
body and is activated in states of low cellular energy by an elevated
AMP/ATP ratio [33]. Besides ATP the only other small molecule in
cells that indicates energy status is NAD+, which is necessary for
activation of a family of evolutionarily conserved energy sensors,
the sirtuins (SIRT) [34]. The sirtuins are histone deacetylases that
play important roles in a number of physiological processes,
including stress resistance [35], replicative senescence [36], aging
and differentiation [37]. Notably SIRT1 has been associated with
the anti-aging effects of caloric restriction and, most recently, inhi-
bition of amyloidogenic pathways in laboratory models of AD [38–
40]. Additionally, caloric restriction has been shown to indirectly
activate SIRT1 through a linear pathway involving AMPK [41]. To
this end, we investigated the extent to which activation of cellular
energy sensors, involving AMPK and the sirtuins, is involved in
Leptin’s beneficial effects on AD-related biochemical pathways.

2. Materials and methods

2.1. Reagents and antibodies

Minimum essential medium (MEM) was purchased from ATCC
(Manassas, VA). Fetal bovine serum (FBS), all-trans retinoic acid,
nicotinamide and recombinant human Leptin were purchased

from Sigma–Aldrich (St. Louis, MO). Compound C was purchased
from EMD Biosciences (San Diego, CA). Rabbit anti-tau (pThr181)
was purchased from Abcam (Cambridge, MA). Tau (tau46) mAb
was purchased from Cell Signaling.

2.2. Culture and stable transfection of cell lines

The human neuroblastoma cell line, SH-SY5Y, was purchased
from ATCC. Cell culture was performed according to manufac-
turer’s specific guidelines. Cells were propagated in MEM contain-
ing 10% FBS. Neuronal differentiation was performed as described
previously [29].

To generate SY5Y stably over-expressing amyloid precursor
protein (APP), cells were transfected with a mammalian expression
vector encoding the 751 amino acid isoform of human APP (APP751

– Accession # NM_201413) (Origene Technologies; Rockville, MD)
using the FuGENE HD transfection reagent, according to manufac-
turer’s specific instructions (Promega; Madison, WI). Briefly, cells
were transiently transfected with APP751 or vehicle for 48 h and
then switched into selection medium containing a concentration
range of the antibiotic G418 (100–600 lg/mL) to determine the
optimal dose for stable selection. Selection media was changed
every 3 days to remove non-viable cells. After 3 weeks, 200 lg/
mL G418 yielded distinct colonies while all vehicle-transfected
cells were non-viable. Cells were maintained in 10% FBS media
containing 200 lg/mL G418 for expansion.

2.3. Protein extraction and immunoblotting

Neuronal cells were treated with Leptin (500 ng/ml) in the pres-
ence or absence of nicotinamide (5 mM) or compound C (20 lM)
for 6 or 18 h, depending on readout, and then harvested by scrap-
ing. Preparation of lysates and immunoblotting were performed as
described [29].

2.4. AMPK activity assay

AMPK activity in cell lysates was determined using the CycLex
AMPK Kinase Assay Kit (MBL International; Woburn, MA), as de-
scribed previously [42,43]. Briefly, ‘‘relative AMPK activity’’, here-
after referred to as ‘‘AMPK activity’’, is defined as compound C-
sensitive protein kinase activity in cell lysates. Titration of various
compound C doses identified 10 lM as the dose in which there was
no further reduction in kinase activity upon increasing concentra-
tion (data not shown). Neuronal cell lysates were incubated in the
presence or absence of 10 lM compound C, and protein kinase
activity determined by measuring phosphorylation of the Insulin
Receptor Substrate-1 (IRS-1) through immunoassay and conver-
sion of a chromogenic substrate at an absorbance of 450 nm
(A450). Normalized AMPK activity in the lysates was defined as:

½A450 " A450ðþcompoundCÞ&=lg protein' 103

2.5. SIRT activity assay

‘‘Total sirtuin’’, hereafter termed ‘‘SIRT’’, activity in cell lysates
was determined using the HDAC Fluorimetric Cellular Activity
Assay Kit (Enzo Life Sciences; Plymouth Meeting, PA), according
to manufacturer’s specified guidelines. Briefly, SIRT activity is
defined as nicotinamide-sensitive deacetylase (class III HDAC)
activity in cell lysates. 5 mM nicotinamide was identified by the
manufacturer as a dose in which there was no further reduction
in deacetylase activity upon increasing concentration. Neuronal
cell lysates were incubated in the presence or absence of 5 mM nic-
otinamide, and SIRT activity determined by adding the Flour de Lys
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Substrate for deacetylation followed by exposure to the Fluor de
Lys Developer to generate a fluorescent signal for detection using
a fluorimeter (Ex. 350–380 nm; Em. 440–460 nm). Normalized
SIRT activity in the lysates was measured in units of fluorescence
intensity (Fi) and defined as:

½F i " F iðþnicotinamideÞ&=lg protein

2.6. ELISAs

Ab(1"40) levels in cell culture media were determined using the
Human b-Amyloid 1–40 ELISA kit (Invitrogen; Carlsbad, CA), and
phospho- and total tau levels in cell culture lysates were deter-
mined using the Human Tau pSer396, pThr231 and Total Tau ELISA
kits (Invitrogen) according to manufacturer’s specific instructions.

2.7. Statistical analyses

Statistical data analyses were performed with analysis of vari-
ance and Tukey–Kramer multiple comparisons test. Densitometric
analyses were performed using the UN-SCAN-IT gel 6.1 software
(Silk Scientific; Orem, UT). p < 0.05 was considered statistically
significant.

3. Results

3.1. Leptin activates AMPK and SIRT in neuronal cells

The initial set of studies investigated whether treatment of neu-
ronal cells with Leptin can boost cellular metabolism by directly
increasing AMPK kinase activity and total sirtuin (SIRT) deacetyl-
ase activity (Fig. 1). We have previously shown that Leptin induces
phosphorylation of AMPK in neurons [32], but have yet to deter-
mine its effects on AMPK kinase activity. SY5Y neuroblastoma cells
were differentiated with retinoic acid (RA-SY5Y) and then treated
with Leptin for 6 h in the presence or absence of the AMPK inhib-
itor, compound C, and AMPK activity measured. Leptin produced a

significant increase in kinase activity (p < 0.05) that was approxi-
mately twofold greater than in cells treated without Leptin
(Fig. 1A, white bars). The increase in kinase activity was attenuated
by co-treatment with compound C, which significantly (p < 0.05)
reduced AMPK activity (right gray bar) to levels similar to the
non-treated control group (left white bar).

Leptin has been reported to increase gene expression of SIRT-1
in models of cerebral ischemia [44], yet no studies to date have as-
cribed an ability of Leptin to increase SIRT deacetylase activity in
neurons. Cells treated with Leptin for 6 h showed a significant
(p < 0.05) increase in total SIRT activity that was approximately
2.5-fold greater than in cells treated without Leptin (Fig. 1B, white
bars). The increase in deacetylase activity was blunted by co-treat-
ment with the SIRT inhibitor, nicotinamide, which significantly
(p < 0.05) reduced SIRT activity (right gray bar) to levels similar
to the non-treated control group (left white bar). These results sug-
gest that Leptin can directly stimulate cellular metabolism in neu-
rons through activation of endogenous energy sensors.

3.2. Leptin’s effects on tau phosphorylation and b-amyloid are
dependent on SIRT and AMPK

The next set of studies examined whether modulating cellular
energy metabolism through activation of SIRT and AMPK mediates
Leptin’s reducing effects on tau phosphorylation (Fig. 2) and
b-amyloid production (Fig. 3).

We began by examining three different phospho-epitopes of tau
by either immunoblot or ELISA (Fig. 2): pTau181 -used as an AD CSF
clinical biomarker- (Fig. 2A); pTau231 – phosphoepitope within the
microtubule-binding domain of tau and involved in microtubule
destabilization (Fig. 2B); and pTau396 – implicated in oligomeric
tau formation (Fig. 2C). The levels of these specific phosphorylated
tau forms were measured in RA-SY5Y following treatment with
Leptin for 6 h, in the presence or absence of nicotinamide (middle
group) or compound C (right group). Leptin-treated cells in the ab-
sence of SIRT or AMPK inhibition showed a significant (p < 0.05)
reduction in all examined phospho-tau species (left gray bars).
However, co-treatment with either inhibitor negated these effects
and returned phospho-tau to levels observed for the control group
(left white bars). Interestingly, inhibition of SIRT or AMPK signifi-
cantly (p < 0.05) increased tau396 phosphorylation compared to
control, independent of Leptin treatment (Fig. 2C).

Next, we investigated whether inhibition of SIRT or AMPK also
blunted Leptin’s ability to impede production of b-amyloid in neu-
rons (Fig. 3). SY5Y stably expressing human APP751 (SY5Y–APP751)
were treated with Leptin for 18 h in the presence or absence of nic-
otinamide (middle group) or compound C (far right group) and the
amount of Ab(1"40) present in culture media was measured by
ELISAs. Similar to the results observed for phosphorylation of tau
(Fig. 2), Leptin-treated cells in the absence of inhibitors showed a
significant (p < 0.05) reduction in Ab(1"40) (left gray bar), while
co-treatment with either inhibitor (middle and right gray bars)
reversed these effects and returned Ab(1"40) to levels observed
for the vehicle group (left white bar).

In summary, our findings suggest that Leptin’s ability to reduce
tau phosphorylation and b-amyloid in neurons is mediated
through activation of the endogenous energy sensors AMPK and
the sirtuins.

4. Discussion

The link between dysfunctional brain energy metabolism and
AD has become progressively clearer with the advent of sophisti-
cated technologies that enable functional neuroimaging. Studies
using FDG-PET have illustrated that areas of the brain sequentially

Fig. 1. Effect of Leptin on AMPK and SIRT activity in RA-SY5Y. Cells were treated for
6 h with or without Leptin (500 ng/mL) in the presence or absence of the AMPK
inhibitor, compound C (20 lM), or SIRT inhibitor, nicotinamide (5 mM), and (A)
AMPK or (B) SIRT activity measured. All activity values were normalized to total
protein, n = 3. ⁄p < 0.05 vs. no Leptin, ⁄⁄p < 0.05 vs. control.
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presenting with the AD pathology are preceded by a matching dis-
tribution of regional hypometabolism. The etiologic basis for such
cascade of events in AD is not entirely clear. It is possible that met-
abolic diseases, such as obesity and diabetes may independently
contribute, as they are commonly detected as co-morbidities with
AD. For example, these diseases are marked by central resistance to
hormones involved in lipid and glucose metabolism, respectively.
Administration of insulin-sensitizing agents, such as rosiglitazone,
or central delivery of Leptin has proven beneficial in improving
cognitive performance in animal models of AD [31,45]. In obesity
and diabetes, deprivation of these hormones’ central actions over
a number of years could negate their preventative effects on AD
pathophysiological pathways, albeit directly or indirectly.

Presently we report on Leptin’s ability to modulate AD path-
ways through activation of endogenous cellular energy sensors in
neurons. Leptin activated the AMP- and NAD+-dependent sensors,
AMPK and SIRT, respectively, in RA-SY5Y. Leptin’s ability to reduce
both tau phosphorylation and Ab(1"40) production was sensitive to
AMPK and SIRT pharmacological inhibition – suggesting a role for
these enzymes in mediating Leptin’s effects.

Prolonged states of positive energy balance, as observed in
obesity, inhibit brain AMPK and SIRT1 activity [46,47]. The contri-
bution of chronic inhibition of these energy sensors towards in-
creased AD risk is unknown; however, dysfunction of the Leptin
system in obesity may abrogate its preventative effects on AD
pathways via decreased activity of these enzymes.

We did observe that inhibition of AMPK and SIRT with com-
pound C and nicotinamide, respectively, in the absence of Leptin,
produced an increase in tau phosphorylation compared to vehicle
(Fig. 2). One potential explanation for both is that they are inhibit-
ing baseline enzyme activities, which normally could keep phos-
phorylation of tau at check. For example, acetylation of tau
increases the stability of phosphorylated tau and contributes to
tauopathy [48]. SIRT1 has been shown to deacetylate phosphory-
lated tau to facilitate its degradation, and its expression to corre-
late inversely with the accumulation of tau in AD [48,49].
Additionally, SIRT1 has been shown to suppress b-amyloid produc-
tion by activating the alpha secretase pathway [39].

In summary, we have demonstrated that Leptin boosts the
activity of both cellular energy sensors, AMPK and SIRT, in a differ-
entiated neuroblastoma cell line. These findings shall be investi-
gated further using primary neurons harvested from various
areas of the brain including hippocampus, cortex and hypothala-
mus, as well as transgenic animals to determine if Leptin’s benefi-
cial effects in AD models [31] are related to this modulation.
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