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a b s t r a c t

Leptin is a centrally acting hormone controlling metabolic pathways. Recently, it was shown that leptin
can reduce amyloid b levels both in vitro and in vivo. Herein, phosphorylation of tau was investigated fol-
lowing treatment of neuronal cells with leptin and insulin. Specifically, phosphorylation of tau at amino
acid residues Ser202, Ser396 and Ser404 was monitored in retinoic acid induced, human cell lines: SH-SY5Y
and NTera-2. Both hormones induced a concentration- and time-dependent reduction of tau phosphor-
ylation, and were synergistic at suboptimum concentrations. Importantly, leptin was 300-fold more
potent than insulin (IC50L = 46.9 nM vs. IC50I = 13.8 lM). A central role for AMP-dependent kinase as a
mediator of leptin’s action is demonstrated by the ability of 5-aminoimidazole-4-carboxyamide ribonu-
cleoside (AICAR) to decrease tau phosphorylation, and by blocking leptin in the presence of Compound C.
Thus, leptin, which ameliorates both amyloid b and tau-related pathological pathways, holds promise as a
novel therapeutic for Alzheimer’s disease.

! 2008 Elsevier Inc. All rights reserved.

Alzheimer’s disease (AD) is a neurodegenerative disorder of the
CNS characterized by distinct pathological hallmarks within the
brain. Postmortem examination of AD brains reveals the presence
of parenchymal plaques, which consist primarily of the amyloid
beta (Ab) peptide, and neurofibrillary tangles (NFT), which result
from hyperphosphorylation of the microtubule-interacting protein,
tau.

Leptin is a peptide hormone synthesized by adipocytes that
modulates metabolic energy availability [1], leading to fat storage
or mobilization, and that also enhances insulin sensitivity [2]. Lep-
tin achieves this by crossing the blood brain barrier and binding to
specific receptors in the hypothalamus mediating appetite and
food intake, body weight and energy expenditure [3]. However, a
high density of leptin receptors has also been reported in other
brain regions, particularly the hippocampus.

Recently, studies have demonstrated that leptin modulates Ab
production and clearance in cell cultures and rodents [4]. Observa-
tional studies have shown that a decline of leptin levels is associ-
ated with cognitive impairment in the elderly [5]. Also known is
that AD patients experience weight loss and a drop in circulating
leptin levels [6]. Based on insulin’s known effect on tau phosphor-

ylation [7,8], we decided to investigate whether leptin had similar
activity, alongside or subsequent to its known effects on Ab
homeostasis [4].

We treated primary neurons and neuronal cell lines with a
range of concentrations of leptin and insulin, alone or in combina-
tion, and for various times. In all cell types, leptin treatment re-
sulted in reduced phosphorylated tau levels at sites relevant to
AD pathology. Moreover, leptin was two orders of magnitude more
potent than insulin, as determined by IC50 values.

Materials and methods

Reagents and antibodies. Minimum essential medium (MEM)
was purchased from ATCC (Manassas, VA). Neurobasal medium,
B27 supplement and L-glutamine were purchased from Gibco
(Carlsbad, CA). Trypsin-EDTA and penicillin solution were pur-
chased from MP Biomedicals (Solon, Ohio). Fetal bovine serum
(FBS), all-trans retinoic acid (RA), human recombinant leptin and
insulin were purchased from Sigma–Aldrich (St. Louis, MO). 5-
aminoimidazole-4-carboxyamide ribonucleoside (AICAR) was pur-
chased from Cell Signaling Technology (Danvers, MA). Compound C
was purchased from EMD Chemicals (Gibbstown, NJ).

Rabbit anti-AMPKa (pThr172), -AMPKa (total) and tau (pSer396)
mAb were purchased from Cell Signaling Technology. Tau mAb
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(clone 5E2) was purchased from Upstate Cell Signaling Solutions
(Lake Placid, NY). PHF-tau mAb (clone AT8) was purchased from
Pierce Biotechnology (Rockford, IL). PHF-1 mAb was a gift from
Dr. Peter Davies, Albert Einstein College of Medicine (Bronx, NY).
Rabbit anti-leptin receptor and a-tubulin mAb were purchased
from Affinity BioReagents (Golden, CO). Insulin receptor (b-sub-
unit) mAb was purchased from Millipore (Billerica, MA).

Culture of cell lines. Human neuroblastoma, SH-SY5Y, and
embryonal carcinoma, NTera-2 (NT2), cell lines were purchased
from ATCC. Cell culture was performed according to manufac-
turer’s specific guidelines. Cells were propagated in MEM contain-
ing 10% FBS until 80–90% confluence then detached from the flask
by trypsin-EDTA and sub-cultured at a ratio of 1:5.

Neuronal induction. SY5Y or NT2 (1 ! 106) cells were grown in
neuronal induction medium (NIM), which consisted of MEM con-
taining 5% FBS supplemented with 10 lM RA. SY5Y were grown
in NIM for 6 days, and switched to serum-free NIM prior to treat-

ment and harvesting on day 7. Neuronal differentiation of NT2 cells
was based on a previously described protocol [9]. Differentiated
NT2 cells (NT2N) were switched to serum-free NIM on the day
prior to treatment and harvesting.

Culture of rat primary neurons. Primary rat cortical neurons were
purchased from BrainBits LLC (Sprinfield, IL), and cultured as per
manufacturer’s instructions. Briefly, tissues were dispersed and
supernatant was transferred to a new tube and centrifuged for
1 min at 1100 rpm. Neurons were then seeded in 6-well plates
coated with poly-D-lysine (BD Biosciences; San Jose, CA) and grown
in Neurobasal medium supplemented with B27 and 0.5 mM L-glu-
tamine. Medium was changed after 4 days, and at 7 days in culture
the neurons were treated and harvested.

Protein extraction and Western blotting. Neuronal cells were har-
vested by scraping. Cell pellets were resuspended in protease and
phosphatase inhibitor-supplemented 1! RIPA lysis/extraction buf-
fer (Pierce), and then subjected to freeze/thaw cycles in a dry ice/

Fig. 1. Time- and dose-dependent dephosphorylation of tau by leptin and insulin in RA-SY5Y. (A) RA-SY5Y were treated with leptin (400 ng/ml) for 4 h, or non-treated
(placebo), and analyzed by Western blot using an antibody against OB-R (leptin receptor). Membranes were stripped and re-probed with an antibody against a-tubulin for
normalization. Extracts from cells treated for various (B) times with leptin (400 ng/ml), or (C) concentrations (for 4 h) were prepared and analyzed by Western blot using anti-
tau (pSer396) antibodies. Membranes were stripped and re-probed with total tau antibody for normalization and analyzed by densitometry. Results are presented as the
mean ± SD percent fold change, relative to placebo-treated samples, which were arbitrarily assigned a value of 0. IC50 represents the leptin concentration at which tau
(pSer396) phosphorylation is decreased by 50%. (D) Cells treated with insulin (10 lM) for 4 h, or non-treated (placebo), were analyzed by Western blot using an antibody
against insulin receptor (b-subunit). Membranes were re-probed with anti-a-tubulin antibodies for normalization. Extracts from cells treated for various (E) times with
insulin (10 lM), or (F) concentrations (for 4 h) were prepared and analyzed by Western blot using pSer396 antibodies. Experiments were performed as in B and C, respectively.
IC50 represents the insulin concentration at which tau phosphorylation is decreased by 50%. All blots are representative, n = 3. *p < 0.05 vs. non-treated.
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ethanol bath. Total protein was determined with the Coomassie
(Bradford) Protein Assay Kit (Pierce). Whole cell extracts (25 lg)
were analyzed by Western blots using 10% SDS–PAGE pre-cast gels
(Lonza; Rockland, ME), and the proteins were transferred onto
polyvinylidene difluoride membranes (Millipore). Membranes
were incubated overnight at 4 "C with primary antibodies and then
detected the following day with HRP-conjugated IgG. All primary
antibodies, except tau-pSer396 (1:500), total tau (1:500) and PHF-
tau AT8 (1:200), and secondary antibodies were used at final dilu-
tions of 1:1,000 and 1:10,000, respectively. HRP was developed
with SuperSignal West Pico Chemiluminescent Substrate (Pierce),
and imaged using a BioRad (Hercules, CA) ChemiDoc XRS System.
The membranes were stripped with Restore PLUS Western Blot
Stripping Buffer (Pierce) for reprobing with other antibodies.

Statistical analysis. Statistical data analyses were performed
with analysis of variance 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 consid-
ered statistically significant.

Results

Leptin, insulin and tau phosphorylation in RA-induced SY5Y cells

RA induction of the human neuroblastoma cell line, SY5Y, has
been reported to increase phosphorylation of tau at AD-related
sites [10]. We therefore utilized SY5Y cells induced with retinoic
acid (RA-SY5Y) for 7 days as our primary in vitro model to investi-
gate the effects of leptin and other treatments on tau
phosphorylation.

The first set of studies examined expression of the leptin recep-
tor (OB-R) in RA-SY5Y cells treated with 400 ng/ml leptin or pla-
cebo. Both treated and placebo cells were found to express
relatively high levels of OB-R, however treatment did not signifi-
cantly alter receptor expression (Fig. 1A). We next determined
whether leptin had an effect on tau phosphorylation. Cells were
treated for a range of time periods with 400 ng/ml leptin or pla-
cebo, and phosphorylation of tau at Ser396, a site which affects
the ability of tau to bind microtubules when phosphorylated
[11], was measured (Fig. 1B). Significant (p < 0.05) decreases in
tau (Ser396) phosphorylation were observed in cells treated with
leptin for 1, 2 or 4 h compared to placebo (Fig. 1B; far right bars).
No change in phosphorylation was observed in cells treated with
leptin for 24 h compared to 4 h (data not shown).

To determine the dose–response relationship between leptin
and tau phosphorylation, RA-SY5Y cells were treated with leptin
for 4 h at a range of concentrations (Fig. 1C). We observed a signif-
icant (p < 0.05) decrease in tau (Ser396) phosphorylation in cells
treated with 100 ng/ml leptin (Fig. 1C; second bar from left).
Decreasing phosphorylation was observed up to a concentration
of 1600 ng/ml leptin (second bar from right), which produced the
maximal effect. Estimation of the 50% inhibitory concentration
(IC50) of leptin for tau phosphorylation provided a value of
750 ng/ml, or 46.9 nM.

There is increasing evidence to suggest a link between insulin
resistance, diabetes mellitus, impaired glucose tolerance and AD
[12]. Several reports have demonstrated that insulin treatment re-
duces the level of phosphorylated tau in both in vitro [7,13] and
in vivo [8] models. We therefore tested the effect of insulin treat-
ment on tau (Ser396) phosphorylation in RA-SY5Y cells and com-
pared it to that of leptin.

Both insulin (10 lM) and placebo-treated cells were found to
express high levels of insulin receptor (Fig. 1D). Time-course stud-
ies with 10 lM insulin treatment produced significant (p < 0.05)
decreases in tau (Ser396) phosphorylation at 2 and 4 h compared

to placebo controls (Fig. 1E; far right bars). No change in phosphor-
ylation was observed in cells treated with insulin for 24 h com-
pared to 4 h (data not shown). Dose–response studies with 4 h
insulin treatment produced a significant (p < 0.05) decrease in
tau phosphorylation at 10 lM insulin concentration (Fig. 1F; third
bar from right). Further, maximum decrease of phosphorylation
was observed at a concentration of 20 lM (second bar from right).
Estimation of insulin’s IC50 for tau phosphorylation provided a va-
lue of 13.8 lM.

Combined leptin and insulin treatment and tau phosphorylation

RA-SY5Y cells were treated for 4 h with sub-optimal or maxi-
mum effect doses, either in combination or alone, of leptin and/
or insulin, and tau (Ser396) phosphorylation was measured
(Fig. 2). A significant (p < 0.05) decrease in phosphorylation was
observed in cells treated with sub-optimal combinations of leptin
(100 ng/ml) and insulin (1 lM) compared to either treatment alone
(Fig. 2; first, third and fifth bars from left). Co-treatment with max-
imum effect doses of leptin (1600 ng/ml) and insulin (20 lM) pro-
duced the most significant (p < 0.01) decrease in phosphorylation
(first bar from right) compared to placebo-treated. Co-treatment
with maximum effect doses of leptin and insulin did not produce
a significant (p > 0.05) reduction in tau phosphorylation compared
to either treatment alone.

Tau phosphorylation at other AD-related sites and in other neuronal
cultures

In addition to the phosphorylation of tau at Ser396 (Figs. 1 and
2), other sites within tau known to be phosphorylated in paired
helical filaments (PHF) were examined. Specifically, the phosphor-
ylation of tau at Ser396/404 and Ser202 was monitored using the PHF-
1 and AT8 antibodies, respectively (Fig. 3A, top panel; Table 1). RA-
SY5Y cells were treated with leptin and/or insulin as in Fig. 2. Sim-
ilar effects were observed using the PHF-1 and AT8 antibodies as
with pSer396. Thus it appears that leptin and insulin can modulate
phosphorylation of tau at multiple AD-related sites.

In addition to RA-SY5Y cells, two more neuronal cell types were
examined: human NT2 cells, which undergo neuronal differentia-

Fig. 2. Combined treatment of leptin and insulin. RA-SY5Y were treated with low or
high concentrations of leptin and/or insulin for 4 h, or non-treated (placebo), and
analyzed by Western blot with anti-tau (pSer396) antibodies. Membranes were
stripped and re-probed with anti-tau (total) antibodies for normalization and band
densities were analyzed by densitometry. Results are presented as the mean ± SD
percent fold change, relative to placebo-treated samples, which were arbitrarily
assigned a value of 0. Representative blot is shown, n = 3. *p < 0.05 vs. group,
**p < 0.01 vs. group.
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tion with RA treatment (NT2N), and rat primary cortical neurons.
NT2N cells were treated with leptin and/or insulin, and the levels
of pSer396 were measured (Fig. 3A, bottom panel; Table 1). The ef-
fects of treatments with insulin alone or in combination with lep-
tin were similar to those seen in RA-SY5Y. For the rat primary
neurons, we determined the effect of 24 h leptin treatment on
phosphorylation of tau, as detected by PHF-1 and AT8 antibodies
(Fig. 3B; Table 1). Leptin (800 ng/ml) produced a significant
(p < 0.05) decrease in tau phosphorylation, as detected by PHF-1
antibody compared to placebo-treated cells. However, in these
cells, leptin was unable to reduce the levels of phosphorylated
tau as measured by the AT8 antibody (middle row, far right band).

AMPK signaling and tau phosphorylation in RA-SY5Y cells

We next explored the post-receptor binding signaling pathway
activated by leptin in modulating tau phosphorylation. The energy
homeostasis enzyme, AMP-activated protein kinase (AMPK), has
been linked to tau phosphorylation via regulation of mammalian

target of rapamycin (mTOR), PP2A and glycogen synthase kinase-
3b (GSK-3b) [14]. As leptin is known to directly activate AMPK
[15], we explored the effect of an AMPK activator (AICAR) on tau
phosphorylation and compared it to leptin. In addition, we investi-
gated whether Compound C (inhibitor of AMPK) can block leptin’s
effect.

Leptin treatment produced a large increase in pThr172 AMPKa
band density (Fig. 4A, top row, middle band), thus demonstrating
activation of AMPKa. The leptin effect was specific, since co-treat-
ment with the AMPK inhibitor, Compound C (10 lM), abrogated
AMPK activation (top row, far right band) as well as tau Ser396

phosphorylation (second row from bottom, far right band). Treat-
ment with 1 mM AICAR from 10 min to 4 h significantly
(p < 0.05) decreased Ser396 phosphorylation compared to placebo
(Fig. 4B; gray bars). Dose–response studies with 1 h AICAR treat-
ment produced a significant (p < 0.05) decrease in Ser396 phosphor-
ylation in cells treated with 1 mM AICAR and higher (Fig. 4C; right
bars). Estimation of AICAR’s IC50 for tau phosphorylation provided
a value of 2.7 mM.

Fig. 3. Effect of leptin and insulin on other phospho-epitopes and other neuronal cell types. (A) RA-induced SY5Y and NT2N were treated with low or high concentrations of
leptin and/or insulin for 4 h, or non-treated (placebo). (B) Primary rat cortical neurons were treated with leptin for 24 h or placebo. Cell extracts were prepared and analyzed
by Western blot with antibodies against specific tau phospho-epitopes (pSer396, PHF-1 or AT8). Membranes were stripped and re-probed with antibodies against total tau for
normalization. Representative blots are shown, n = 3.

Table 1
Tau phosphorylation in leptin- and insulin-treated neuronal cultures

Cell type Phospho-
site

Treatment

Non-
treated

Leptin 100 ng/
ml

Leptin 800 ng/
ml

Leptin 1600 ng/
ml

Insulin
1 lM

Insulin
20 lM

Leptin 100 ng/ml + insulin
1 lM

Leptin 1600 ng/ml + insulin
20 lM

RA-SY5Y pSer396 0 "26 ± 6* ND "51 ± 5* "23 ± 4* "47 ± 14* "58 ± 10* "69 ± 12*

PHF-1 0 "20 ± 19 ND "67 ± 4* "37 ± 11* "80 ± 7* "72 ± 3* "84 ± 6*

AT8 0 "10 ± 5 ND "60 ± 19* "40 ± 13* "57 ± 14* "61 ± 17* "66 ± 21*

NT2N pSer396 0 "27 ± 6* ND "27 ± 5* "23 ± 6* "53 ± 10* "42 ± 7* "48 ± 1*

Rat 1"
neuron

PHF-1 0 ND "75 ± 18* ND ND ND ND ND
AT8 0 ND 5 ± 23 ND ND ND ND ND

Normalized band densities from Fig. 3 were analyzed by densitometry and results are presented as mean ± SD percent fold change, relative to non-treated samples, which
were arbitrarily assigned a value of 0 (ND, not determined).

* p < 0.05 vs. non-treated.
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In summary, the results suggest that activation of AMPKa by
leptin reduces tau phosphorylation at AD-related sites.

Discussion

The utilization of the adipocyte-derived hormone, leptin, in
models of AD highlight a unique strategy in addressing the poten-
tial underlying causes of the sporadic-onset form of the disease
[4,16]. Abnormal lipid levels within the brain have been associated
with Ab production and clearance. Increased production of Ab has
been shown to induce hyperphosphorylation of tau, thereby pro-
moting NFT formation [17]. Leptin, which physiologically functions
to modulate lipid homeostasis, has been reported to reduce b-
secretase activity and Ab levels in vitro [4], and brain Ab load
in vivo [4]. Additionally, lower levels of circulating leptin have been
observed in AD patients vs. healthy controls [6]. In support, a large
prospective study involving 2871 elderly followed over a period of
4 years showed that low leptin levels were associated with a great-
er cognitive decline [5].

In this study, we investigated whether leptin could have a direct
effect on the level of tau phosphorylation at sites known to be
hyperphosphorylated in AD. Initially using RA-induced, human
SY5Y cells, known to express high levels of phosphorylated tau
[10], we confirmed previous studies showing that insulin reduces
the level of phosphorylated tau [7,13], which is also in agreement
with in vivo studies [8]. Insulin was able to reduce phospho-tau
(Ser396) by 50% at a concentration of 13.8 lM. Strikingly, leptin

was 300-fold more potent in this system, being able to achieve
the same reduction at a concentration of 46.9 nM (Fig. 1). Insulin
is considered a potential therapeutic for AD, thus these findings
suggest that leptin may represent an attractive alternative with in-
creased potency.

While the signaling pathways through which insulin mediates
its specific effects on tau phosphorylation have been studied exten-
sively [8], similar pathways activated by leptin to modulate tau
have not been reported. To explore leptin’s post-receptor signaling
pathways involved in tau phosphorylation, we focused on the en-
ergy homeostasis enzyme AMPK (Fig. 4), known to be modulated
by leptin [18,19]. This enzyme is also known to interact with
GSK-3b [20], which can potentially phosphorylate all phospho-epi-
topes studied herein. Activation of AMPK with AICAR produced sig-
nificant changes in tau phosphorylation within 10 min (Fig. 4). In
tissues such as skeletal muscle and liver, leptin stimulates fatty
acid oxidation via activation of AMPK [19]. However, within the
hypothalamus, leptin has been reported to regulate food intake
via inactivation of AMPK [18]. In this study leptin was capable of
activating AMPK in SY5Y cells differentiated by retinoic acid. It re-
mains to be determined whether AMPK in hippocampal neurons
responds similarly. These findings suggest that CNS neuronal
AMPK may provide a novel therapeutic target for reducing AD-re-
lated tau phosphorylation.

Current research is elucidating the mechanism of action of lep-
tin to reduce tau phosphorylation. We demonstrated here that
activation of AMPK mimics the leptin effect (Fig. 4). This may be
linked to the Akt/GSK-3b pathway that modulates tau phosphory-

Fig. 4. Dephosphorylation of tau by AMPK activation in RA-SY5Y. (A) Induced cells were treated with leptin (1600 ng/ml) with or without the AMPK inhibitor Compound C,
for 4 h, or non-treated (placebo). Whole cell extracts were prepared and analyzed by Western blot with antibodies against phospho-AMPKa (pThr172) and -tau (pSer396).
Membranes were stripped and re-probed with anti-AMPKa or tau (both total) for normalization. Whole cell extracts from cells treated for various (B) times with AICAR
(1 mM), or (C) concentrations (1 h) were prepared and analyzed by Western blot with anti-tau (pSer396) antibodies compared to placebo. Membranes were stripped and re-
probed with antibodies against total tau for normalization, which were analyzed by densitometry. Results are presented as the mean ± SD percent fold change, relative to
placebo-treated samples, which were arbitrarily assigned a value of 0. IC50 represents the AICAR concentration at which tau phosphorylation is decreased by 50%.
Representative blots are shown, n = 3. *p < 0.05 vs. non-treated.
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lation; however, there are many other kinases and phosphatases
that regulate tau at various phosphorylation sites [21].

To clearly show the therapeutic value of leptin in treating or
preventing NFT formation, in vivo experiments are necessary.
One approach could involve studies with the triple transgenic
mouse model of AD, which develop both plaque and tangle pathol-
ogy [22]. Validation of our current findings, in vivo, would demon-
strate leptin’s value in selectively targeting both pathologies of AD.

Leptin has been used in clinical trials extensively and has dem-
onstrated an excellent safety profile, even after prolonged treat-
ments. Taken together, our preclinical data demonstrating that
leptin ameliorates both Ab and tau-related pathologies, along with
its pharmacological profile, support its use as a novel therapeutic
for Alzheimer’s disease.
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