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�-Amyloid Oligomers Induce Phosphorylation of Tau
and Inactivation of Insulin Receptor Substrate via
c-Jun N-Terminal Kinase Signaling: Suppression by Omega-3
Fatty Acids and Curcumin
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Both insulin resistance (type II diabetes) and �-amyloid (A�) oligomers are implicated in Alzheimer’s disease (AD). Here, we investigate
the role of A� oligomer-induced c-Jun N-terminal kinase (JNK) activation leading to phosphorylation and degradation of the adaptor
protein insulin receptor substrate-1 (IRS-1). IRS-1 couples insulin and other trophic factor receptors to downstream kinases and neuro-
protective signaling. Increased phospho-IRS-1 is found in AD brain and insulin-resistant tissues from diabetics. Here, we report A�
oligomers significantly increased active JNK and phosphorylation of IRS-1 (Ser616) and tau (Ser422) in cultured hippocampal neurons,
whereas JNK inhibition blocked these responses. The omega-3 fatty acid docosahexaenoic acid (DHA) similarly inhibited JNK and the
phosphorylation of IRS-1 and tau in cultured hippocampal neurons. Feeding 3xTg-AD transgenic mice a diet high in saturated and
omega-6 fat increased active JNK and phosphorylated IRS-1 and tau. Treatment of the 3xTg-AD mice on high-fat diet with fish oil or
curcumin or a combination of both for 4 months reduced phosphorylated JNK, IRS-1, and tau and prevented the degradation of total
IRS-1. This was accompanied by improvement in Y-maze performance. Mice fed with fish oil and curcumin for 1 month had more
significant effects on Y-maze, and the combination showed more significant inhibition of JNK, IRS-1, and tau phosphorylation. These
data indicate JNK mediates A� oligomer inactivation of IRS-1 and phospho-tau pathology and that dietary treatment with fish oil/DHA,
curcumin, or a combination of both has the potential to improve insulin/trophic signaling and cognitive deficits in AD.

Introduction
Alzheimer’s disease (AD) is the most common form of neurode-
generative dementia in the aged. AD is neuropathologically char-
acterized by abnormal accumulations of extracellular amyloid
plaques and intracellular neurofibrillary tangles throughout cor-
tical and limbic brain regions. Cognitive deficits in AD are widely
believed to result from progressive synaptic dysfunction and
neurodegeneration initiated by soluble aggregated �-amyloid
peptide 1– 42 (A�42) and further involving aggregates of hyper-
phosphorylated tau, a principal component of intracellular neu-
rofibrillary tangles. Epidemiologists find high-fat diet/obesity or

diabetes that cause insulin resistance are risk factors for AD (Ott
et al., 1996, 1999; Leibson et al., 1997). In AD brain, insulin and
insulin signaling are decreased when compared with healthy con-
trol subjects (Craft et al., 1998, 2003; Rivera et al., 2005; Steen et
al., 2005). Insulin/insulin receptor (IR) signaling normally plays a
pivotal role in regulation of peripheral glucose metabolism
and energy homeostasis. In the brain, the insulin/IR complex
is abundantly distributed in synaptic membranes of the
cerebral cortex and hippocampus (Heidenreich et al., 1983, 1988;
Matsumoto and Rhoads, 1990; Zhao et al., 1999) and functions to
regulate synaptic activities that are required for learning and
memory (Hendricks et al., 1984; Lowe et al., 1986; Biessels et al.,
1996; Wan et al., 1997; Zhao and Alkon, 2001). In �-amyloid
precursor (APP) transgenic (Tg2576) AD model mice, insulin
resistance develops, suggesting some link between A� and insulin
signaling (Pedersen and Flynn, 2004).

Trophic factor or insulin receptors are tyrosine kinases, which
autophosphorylate after activation by ligands, resulting in recog-
nition by insulin receptor substrate (IRS-1 and IRS-2) adaptors
(White, 2002). IRS is then phosphorylated at tyrosines, permit-
ting recruitment of SH2 (Src homology 2)-domain-containing
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proteins, including phosphatidylinositol (PI) 3-kinase (Sun et al.,
1995). This activates signaling pathways responsible for the pleio-
tropic actions of insulin (Virkamäki et al., 1999). With insulin
resistance in diabetics and models, IRS-1 is phosphorylated at
Ser312 by insulin-stimulated or stress-activated kinases, includ-
ing c-Jun N-terminal kinase (JNK), which uncouples IRS-1
(Aguirre et al., 2002) and triggers rapid IRS-1 degradation (Sun et
al., 1999), yielding a deficient signal transduction response (Ped-
erson et al., 2001; Rui et al., 2001). IRS deficits contribute to
insulin resistance in animal models and diabetics (Saad et al.,
1992; Rondinone et al., 1997). Significantly reduced IRS-1 and
IRS-2 occur in AD brain, accompanied by elevated cytosolic
phospho-IRS-1 (Ser312 and Ser616). These phosphoserine
epitopes colocalize with neurofibrillary tangles, suggesting a
possible link between “insulin resistance” and tau pathology
(Moloney et al., 2008).

IRS-1 is phosphorylated at different serine/threonine residues
by multiple kinases, including JNK1 (Aguirre et al., 2000; Lee et
al., 2003), Rho kinase (Begum et al., 2002), protein kinase C�
(PKC�) (Liu et al., 2001), PI3-K/Akt/mTOR (mammalian target
of rapamycin) (Ozes et al., 2001), and inhibitor �B kinase (Gao et
al., 2002), but JNK is most implicated in AD. Activated JNK is
induced by reactive oxygen species (Shen and Liu, 2006) and
observed in neurons and dystrophic neurites of AD model mice
and AD brain in which it progressively overlaps tau-positive neu-
rofibrillary pathology, but remains scarce in age-matched normal
controls (Shoji et al., 2000; Zhu et al., 2001). Active JNK localizes
to plaque neurites containing phosphorylated tau in AD mouse
models Tg2576 (Puig et al., 2004) and APPsw � PS1 P264L (Savage
et al., 2002) in which JNK activation coincided with age-dependent
amyloid deposition, tau phosphorylation, and synaptophysin loss.
A� peptides induce JNK activation and neurotoxicity in cultured
primary cortical neurons (Shoji et al., 2000); conversely, JNK
inhibition in PC12 reduced A� toxicity (Troy et al., 2001). Thus,
we hypothesized A� oligomers mediate aberrant IRS-1 and tau
phosphorylation via JNK signaling. To test this, we used treat-
ments that limited JNK activation including docosahexaenoic
acid (DHA) (22:6n-3) in cultured neurons and in 3xTg-AD mice,
an AD transgenic mouse model that progressively develops A�
and tau pathology (Oddo et al., 2003). Treatments included
DHA-rich fish oil and curcumin, a turmeric component that
attenuated cognitive deficits, neuroinflammation, and amyloid
and JNK activation in animal studies (Frautschy et al., 2001; Yang
et al., 2005; Garcia-Alloza et al., 2007; Begum et al., 2008).

Materials and Methods
Chemicals and reagents. All chemicals were purchased from Sigma-
Aldrich, unless otherwise stated. Anti-phospho-JNK (Thr183/Tyr185)
mouse monoclonal antibody (mAb) was purchased from Cell Signaling.
Anti-phospho-IRS-1 (Ser616, Ser312), anti-IRS-1, and anti-phospho-
tau (Ser422) rabbit polyclonal antibodies (pAb) were purchased from
BioSource International. Anti-�-actin mAb was from Millipore Bio-
science Research Reagents. Anti-A�-pAb (DAE) was developed in rab-
bits to A� amino acids 1–13 and characterized in our laboratory (Yang et
al., 1994). Anti-A� mAb 6E10 was obtained from Signet Laboratories.

A�1– 42 peptide was from American Peptide. JNK inhibitor II
[anthra[1,9-cd]pyrazol-6(2 H)-one (SP600125)] was obtained from
Calbiochem.

Preparation of oligomers. A�1– 42 peptide (A�42) was dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) in the vial and incubated at
room temperature until dissolved completely. The HFIP was removed by
gentle streaming of N2. A�42 was then dissolved with 10 mM HEPES, pH
7.4, to a final concentration of 110 �M. This solution was incubated at
37°C with a micro stir bar at 500 rpm for 12 h and centrifuged at 14,000 �
g for 5 min to remove fibrillar and other large A� aggregates. The pres-
ence of A� oligomers was confirmed by 6E10 anti-A� antibody after its
separation on 10 –20% Tris-Tricine gradient gels (Ma et al., 2006). Pro-
tein concentration was determined using the Bio-Rad DC protein assay.
For cell culture experiments, the oligomer-rich supernatant preparation
was diluted to 100 nM in Neurobasal media without glutamate and B27.

Primary neuronal culture and treatment. Neuronal cultures were pre-
pared from embryonic day 18 Sprague Dawley rat fetuses as described
previously (Ma et al., 2007). Before treatment with A� oligomer prepa-
rations, cells were rinsed once with Neurobasal media without glutamate
and B27 for primary neurons. Cells were exposed to 100 nM A�42 oli-
gomers for 5 h at 37°C.

Cell lysate preparation. Primary neurons were placed on ice, washed
with cold PBS once, scraped with 1 ml of PBS, and transferred to Mi-
crofuge tubes. After centrifugation at 1000 rpm for 5 min, cells were
washed with cold PBS twice and dissolved in Tris-buffered saline (TBS)
buffer with a mixture of protease and phosphatase inhibitors. After brief
sonication, the lysates were kept at 4°C for 30 min and centrifuged at
55,000 rpm for 20 min, and the supernatants were collected for TBS
fraction (cytosol fraction). The pellet was dissolved in lysis buffer with a
mixture of protease and phosphatase inhibitors, sonicated, and centri-
fuged at 55,000 rpm for 20 min to extract lysis fractions (membrane pellet
fractions).

Human AD and controls. Eight autopsy-confirmed AD and six age-
matched healthy individuals were used in this study based on autopsy
reports from Dr. Harry Vinters (University of California Los Angeles
Alzheimer’s Disease Research Center, Los Angeles, CA). For the patho-
logic diagnosis of AD, plaque density was assessed using the Consortium
to Establish a Registry for Alzheimer’s Disease (CERAD) criteria (Mirra
et al., 1991) and neurofibrillary tangles were evaluated using the criteria
by Braak and Braak (Braak and Braak, 1991). Autopsy-confirmed AD
stage was typically intermediate [CERAD (Mirra et al., 1991), moderate
plaques and Braak stage III�IV]. The ages of the AD patients were at
64�93 years. The postmortem interval before autopsy ranged from
3.5–19 h (Table 1).

Animals. Five-month-old 3xTg-AD mice (n � 8 –11 for each group)
were used in this study. The mice were fed with or without a high-fat bad
diet (HFBD) consisting of an omega-3-depleting, high n-6 safflower oil
base diet previously described (Calon et al., 2004) that was supplemented
with high 1500 ppm cholesterol and high saturated fat as coconut oil
(21% fat, 16% coconut oil, 5% safflower oil; TD 07701; Harlan Teklad).
Table 2 shows the high-fat bad-diet composition in detail. The coconut
and safflower oil-based HFBD mice were subgrouped to be fed with or
without fish oil (TD.07705; modification of TD.07701 to achieve �0.6%
DHA via fish oil; Nordic Naturals), curcumin (TD.07702; modification
of TD.07701 to add 500 ppm curcumin), and fish oil plus curcumin
(TD.07706; modification of TD.07701 to add �0.6% DHA via fish oil,
and 500 ppm curcumin) for 4 months. The fish oil is added at the expense
of coconut oil. Surgical and animal procedures were approved by the
local Institutional Animal Care Use Committee and performed with

Table 1. Cases of autopsy-confirmed AD and healthy control subjects used in the immunofluorescent staining

Postmortem cases No. of cases Age (range) (years) Postmortem interval (h) Senile plaques Braack stage Other pathologic changes

Healthy controls 6 50�90 11�19 None I One case has a small aneurysm and shows
only mild atherosclerotic change

AD 8 64�93 3.5�15 Moderate to abundant plaques are mainly in
dense core or diffuse

III�IV None
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strict adherence to the current guidelines set out in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals at the
Association for Assessment and Accreditation of Laboratory Animal
Care-accredited Greater Los Angeles Veterans Affairs Healthcare System.

Y-maze. As previously described (Rosario et al., 2006), mice were
tested for 7 min for spontaneous alternation behavior (SAB) in a Y-maze
constructed from black-colored Plexiglas (short arms A and B, 6 � 5 � 3
in; long arm C, 8 � 5 � 3 in) based on San Diego Instruments Y-maze
model 2005. The total number of arm choices and alternations were
recorded and SAB score was calculated by the proportion of alternations
(an arm choice differing from the previous two choices) to the total
number of alternation opportunities (total arm entries � 2) (King and
Arendash, 2002).

Tissue preparation. Tissue samples were sequentially processed by son-
ication in TBS and ultracentrifugation (55,000 � 20 min) to obtain su-
pernatants (TBS, soluble-cytosol fraction). Pellets were then sonicated in
immunoprecipitation lysis buffer containing 1% Triton X-100, 0.5% so-
dium deoxycholate, and 0.5% SDS, and recentrifuged to obtain lysis
extract supernatants (membrano-cytoskeletal extract). All buffers con-
tained previously described protease inhibitor and phosphatase inhibitor
mixtures (Calon et al., 2004). For immunocytochemical staining (ICC),
cryostat sections from paraformaldehyde-fixed mouse brain hemi-
spheres or AD and control hippocampus (University of California Los
Angeles and University of Southern California Alzheimer Center Pathol-
ogy cores) were cut and stained for confocal microscopy as previously
described (Calon et al., 2004).

Immunocytochemical staining and image analysis. Hippocampal neu-
ron [9 d in vitro (DIV)] poly-D-lysine-coated coverslip cultures were A�
or vehicle treated as described in the figure legends. After treatment,
cultured cells were PBS washed, 4% paraformaldehyde fixed (10 min),
blocked 30 min with 3% goat serum, 10% horse serum, 0.3% Triton
X-100 in PBS, and double labeled with anti-phospho-IRS-1 Ser616 (1:
100) or anti-phospho-tau (Ser422)/anti-rabbit mouse rhodamine
(1:200) and anti-A� mAb 6E10 (1:200)/anti-mouse rabbit FITC (1:200)
and mounted with DAPI (4 – 6-diamidino-2-phenylindole)-containing
medium (Vector Laboratories). Slides were viewed with a fluorescent
microscope. Immunofluorescent phospho-IRS-1 Ser616 or phospho-tau
Ser422 staining density was quantified by digitally photographing with
equal magnification and exposure time, a minimum of 100 neurons per
treatment, and quantifying with automated analysis using 5 Image-Pro
Plus software to quantify the phospho-IRS-1 Ser616 or phospho-tau
Ser422 fluorescence levels. For in vivo tissue ICC, cryostat sections from
paraformaldehyde-fixed mouse brain hemispheres or AD and control
hippocampus were stained by anti-phospho-IRS-1 Ser616 or Ser312 or

anti-phospho-tau PHF-1 and imaged by confocal microscopy as previ-
ously described (Calon et al., 2004).

Western immunoblotting. For Western immunoblotting, protein con-
centration was determined using the Bio-Rad DC protein assay. Equal
amounts of protein per sample were added to Laemmli loading buffer
and boiled for 3 min. Except for A� oligomer detection, 30 �g of protein
per well was electrophoresed on 10% Tris-glycine gels and transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore). For A�
species separation, the protein samples were electrophoresed on 10 –20%
Tris-Tricine gradient gels (Ma et al., 2006).

Statistical analysis. Statistical analyses were performed with StatView
5.0 software. Differences among means were assessed by ANOVA fol-
lowed by Tukey–Kramer post hoc tests. Square root transformation to
establish homogeneity of variance was used as needed for data analysis.

Results
Phosphorylated IRS-1 was redistributed in AD and in a
3xTg-AD mouse model
Confocal imaging indicated that neurons in the hippocampus of
aged cognitively normal patients show that IRS-1 pS312 is local-
ized predominantly to nuclei, whereas in AD patients the staining
pattern is altered. It is sometimes found in granules in the cytosol
(Fig. 1A, B). Overall, the immunostaining patterns of IRS-1
pS312 and pS616 in AD brain are variable. Some neurons show
increased IRS-1 pS312 staining in neuritic plaques, colocalizing
with PHF-1 (Fig. 1C); IRS-1 pS616 staining labels tangles in many
neurons and some dystrophic neurites (Fig. 1D, E). IRS-1 pS312
also typically shows colocalization with PHF-1 or AT8 ptau in
neurofibrillary tangles (Figs. 1F, 2A). In addition, some other
neurons show that IRS-1 pS312 staining is partially colocalized
with apparent granulovacuolar degeneration (GVD) (Fig. 2B, C),
in which pIRS-1 occasionally colocalized with phosphorylated
tau stained by AT8 (Fig. 2C). Elevated IRS-1 pS312 and pS616
and its partial colocalization with PHF tau-immunoreactive neu-
rofibrillary lesions in AD brain have been reported in two AD
populations: matched pairs of 29 AD and 29 control cases from
the University of Pennsylvania; and a separate sample of 30 elders
with no cognitive impairment, 30 with mild cognitive impair-
ment, and 30 with mostly early AD from the Religious Orders
Study (Rush University, Chicago, IL) (Talbot et al., 2006). Simi-
larly, IRS-1 pS312 staining of hippocampal neurons from

Table 2. Component of mouse diet

Formula (g/kg) High-fat bad diet 0.6% DHA diet Curcumin diet 0.6% DHA plus curcumin diet

Casein, �vitamin-free� test 200 200 200 200
DL-Methionine 3 3 3 3
Sucrose 329.1887 329.1887 329.1887 329.1887
Maltodextrin 50 50 50 50
Corn starch 100 100 100 100
Coconut oil 160 136 160 136
Safflower oil, linoleic 50 50 50 50
Fish oil (25% DHA) 0 24 0 24
Curcumin 0 0 0.5 0.5
Cholesterol 1.5 1.5 1.5 1.5
Cellulose 50 50 50 50
Mineral mix, AIN-93G-MX (94046) 42 42 42 42
Calcium phosphate, dibasic 4 4 4 4
Vitamin mix, without choline, A, D, E (83171) 6 6 6 6
Vitamin A palmitate (500,000 IU/g) 0.048 0.048 0.048 0.048
Vitamin D3, cholecalciferol (500,000 IU/g) 0.0053 0.0053 0.0053 0.0053
Vitamin E, DL-� -tocopheryl acetate (500 IU/g) 0.054 0.054 0.054 0.054
Choline dihydrogen citrate 4.2 4.2 4.2 4.2
TBHQ, antioxidant 0.004 0.004 0.004 0.004

Note: Prolab RMH 2500 5P14 was used for normal control standard diet, which supplied for 4.5% fat and 101 ppm of cholesterol. TBHQ, tert-Butylhydroquinone.

9080 • J. Neurosci., July 15, 2009 • 29(28):9078 –9089 Ma et al. • IRS-1 Signaling in AD Pathogenesis



3-month-old 3xTg-AD-negative mice
shows also predominantly nuclear local-
ization (Fig. 1G), whereas in the 3-month-
old 3xTg-AD transgenic-positive mice,
more cytosolic IRS-1 pS312 is visible (Fig.
1H). Colocalization of IRS-1 pS312 with
PHF-1 becomes more prominent at 7– 8
months of age, and then by 18 months the
colocalization with ptau in dendrites be-
comes more extensive (Fig. 1 I, J). The
transgene effect is also seen in animals on
a high omega-6/saturated fat diet used to
exacerbate pathology. Increased cytosolic
phosphpho-IRS-1 was observed by 9
months of age using IRS-1 pS616 anti-
body (Fig. 1K, L). Figure 3 demonstrates
quantification of total IRS-1, showing that
IRS-1 in detergent-extracted hippocam-
pal membrane pellet is significantly re-
duced by transgene in 9 month 3xTg mice
(*p � 0.05), confirming that defects in
this model resemble AD (Moloney et al.,
2008).

A�42 oligomers induced aberrant
inactivation of IRS-1 in cultured
hippocampal neurons
To determine whether the changes of IRS-1
observed in vivo in AD and AD models could
be modeled in vitro, we examined the impact
of A� oligomers on IRS-1 phosphorylation
in cultured hippocampal neurons using an
antibody to the phosphoepitope Ser616,
which is implicated in insulin signaling de-
fects and which worked better for Western
blot than IRS-1 Ser312. A� oligomers
used in this experiment were character-
ized as previously reported (Ma et al.,
2006). Briefly, analysis of our soluble
A�“oligomer” preparations showed �58%
of A�42 converted to 12- and 24-mer, 34%
of A�42 converted to 3- or 4-mer, whereas
only 8% of A�42 remained in monomer sta-
tus, which was characterized by silver stain
and 4G8 anti-A� (Ma et al., 2006) antibody.
Hippocampal neurons cultured 9 DIV were
treated with 100 nM soluble A�42 oligomer
and IRS-1Ser616 was examined. After 5 h
treatment, the intensity of phospho-IRS-1,
assessed by immunocytochemistry, was sig-
nificantly elevated and redistributed from
diffuse cytosol to nucleus and neurites (data
not shown). Punctate anti-A� antibody
staining decorated neuronal cell bodies and
processes, similar to the synaptic pattern ob-
tained with soluble A� oligomers extracted
from human AD brain (Lacor et al., 2004),
and quantification of immunofluorescence
demonstrated that A� oligomers signifi-
cantly increased intensity of staining (data not shown). Western
blotting analysis produced similar results. IRS-1 Ser616 levels were
significantly increased in membrane when compared with controls
(**p � 0.01) (Fig. 4).

A�42 oligomers induced aberrant activation of JNK-sensitive
tau Ser422 in cultured hippocampal neurons
In insulin-resistant diabetes, JNK has been identified as a kinase
capable of phosphorylating and inactivating (uncoupling) IRS-1,

Figure 1. RedistributionofphosphorylatedIRS-1inADandin3xTg-ADmiceanditsenhancementbyhigh-fatbaddiet in3xTg-ADmice.
Using an antibody to the pS312 phosphoepitope of IRS-1, confocal immunocytochemistry illustrated that neurons from control human
hippocampus (hippo) expressed high levels in the nucleus (A), whereas in AD patients, it was redistributed in the cytosol, sometimes in a
granulovacuolar pattern (B). Around plaques, increased IRS-1 staining colocalized with dystrophic neurites (C). Antibodies to phosphory-
lated IRS-1 Ser616 typically stained tangles (D) and dystrophic neurites (E). IRS-1 pS312 colocalized with PHF-1 (F ). Compared with
3-month-old control mice, which showed hippocampal CA1 nuclear staining of IRS-1 pS312 (G), 3xTg-AD mice had elevated IRS-1 pS312 in
cytosol (H ), which increased at 7– 8 months of age (I ). By 18 months of age, there was extensive colocalization of IRS-1 ps312 with PHF-1
(J ). This transgene effect was also seen in animals using another IRS-1 antibody (pS616) in an experiment in which 5-month-old 3xTg-AD
mice were fed with a HFBD (see text) for 4 months, and the phosphorylation of IRS-1 Ser616 was examined. Compared with Tg� control
mice (K ), 3xAD-Tg�mice showed more cytosolic pS616 IRS-1 labeling and minimal nuclear labeling at 9 months of age (L). Scale bars, 20�m.
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notably at the serine 312 site. In AD, the MAP (mitogen-activated
protein) kinase JNK can phosphorylate tau at Ser422, which is
postulated to be involved in end-stage neurodegeneration
(Hardy and Selkoe, 2002; Ma et al., 2006). Therefore, we tested
whether A� oligomers could directly trigger tau Ser422 phos-
phorylation in cultured neurons and the impact of JNK inhibi-
tors on this effect. Hippocampal neurons cultured 9 DIV were
treated with 100 nM soluble A�42 oligomer preparations and tau
Ser422 were examined by an anti-tau Ser422 antibody. After 5 h
treatment, the phospho tau Ser422 epitope was assessed by im-
munostaining and observed to be significantly elevated and this
phosphorylated tau was mostly concentrated in cytosol. How-
ever, some neurons showed that phospho-tau was redistributed

from diffuse cytosol to membrane and neurites (data not shown).
Punctate anti-A� antibody staining decorated neuronal cell bod-
ies and processes similar to our previous report (Ma et al., 2008),
and quantification of immunofluorescence showed increased in-
tensity (data not shown). Western blotting analysis supported the
ICC results, with phosphorylated tau significantly increased in
cytosol (TBS) fractions compared with controls (**p � 0.01)
(Fig. 5). To evaluate whether JNK is an upstream signaling event
for phospho-IRS-1 Ser616 and tau Ser422 induced by A� oli-
gomers, we used a specific JNK inhibitor, SP600125, which sig-
nificantly blocked A� oligomer-induced aberrant inactivation of
IRS-1 Ser616 (**p � 0.01) (Fig. 6A, B) and phospho-tau Ser422
assessed by Western analysis and densitometry (***p � 0.001)
(Fig. 6A, C).

Like JNK inhibitor, DHA suppressed A� oligomer-induced
JNK phosphorylation/inactivation of IRS-1 and JNK-sensitive
tau Ser422 phosphorylation in cultured hippocampal neurons
IRS-1 has been proposed as a target of free fatty acids in insulin
resistance. Omega-6 (n-6) linoleic acid reduces IRS-1 and
insulin-induced glucose uptake in 3T3-L1 adipocytes, a cell
model that mimics insulin resistance in mice (Gao et al., 2004).
Our previous studies reported that the depletion of dietary
omega-3 (n-3) polyunsaturated fatty acids (n-3 PFAs) by a saf-
flower oil-based high n-6 linoleic acid diet in Tg2576 mice, an AD
transgenic mouse model, resulted in large losses of the p85 sub-
unit of phosphatidylinositol 3-kinase, whereas treatment of these
mice with DHA (22:6n-3), a long-chain n-3 PFA, significantly
protected PI3-K loss and ameliorated behavior (Calon et al.,
2004). Other groups have also reported that DHA was able to
protect insulin resistance and alterations of insulin signaling in
rodents in vivo (Delarue et al., 2004). Therefore, to investigate the
role of n-3 PFAs for IRS-1�p85-PI3-K mediated CNS insulin
signaling, we tested whether DHA has the ability to suppress A�
oligomer-induced phosphorylation and inactivation of IRS-1 as

Figure 2. Immunostaining of phosphorylated IRS-1 in AD brain was variable and partially
colocalized with the GVD. A, Immunostaining of phospho-IRS-1 Ser312 showed increased IRS-1
staining (green) typically in tangle-bearing neurons (AT8; red), and this colocalized with AT8. B,
C, pIRS-1 Ser312 labeled apparent GVD. pIRS-1 was occasionally colocalized with phosphory-
lated tau in GVD (arrowheads indicate neurons containing granules). D, No phospho-IRS-1 and
tau staining were observed in the absence of primary antibodies. Scale bar, 20 �m.

Figure 3. Total IRS-1 was reduced in membrane extract of hippocampus in 3xTg-AD com-
pared with Tg� control mice. Detergent lysis buffer extracts of hippocampal membrane pellets
from 3xTg-AD (n � 8 for standard diet; n � 9 for high-fat bad diet) and Tg� controls (n � 8
for each group) were evaluated by Western for total IRS-1 (tIRS-1). Total IRS-1 was significantly
reduced in transgene-positive mice (4.324 	 0.248 for standard diet group; 5.015 	 0.483 for
high-fat bad diet group) compared with transgene-negative controls (6.232 	 0.537 for stan-
dard group; 6.816 	 0.576 for high-fat bad diet group) (p � 0.01, p � 0.05, respectively).
Shown are mean	SE. The Western immunoblotting was repeated three times. No change was
observed in IRS-1 in TBS fractions (data not shown).

Figure 4. A�42 oligomers induced aberrant inactivation of IRS-1 Ser616 in cultured hip-
pocampal neurons. Western immunoblot analysis of pIRS-1 induced by A�42 oligomers in
primary hippocampal neurons. Hippocampal neurons cultured for 9 DIV were treated with 100
nM A� oligomers. Harvested cells were then sonicated in lysis buffer and Western blotted with
anti-pIRS-1Ser616 antibody. pIRS-1 levels were significantly increased in the membrane frac-
tion after 5 h of A�42 oligomer-treatment (17.218 	 0.922) when compared with controls
(7.170 	 0.674) (p � 0.013). �-Actin was used to normalize protein loading. Shown are
mean 	 SE. The experiment was repeated three times.

Figure 5. A�42 oligomers induced aberrant activation of JNK-sensitive tau Ser422 in cul-
tured hippocampal neurons. Western immunoblot analysis of ptau induced by A�42 oligomers
in primary hippocampal neurons. Lysis fractions from 9 DIV hippocampal neurons treated with
or without 100 nM A� oligomers were Western blotted with an anti-ptau-1Ser422 antibody.
ptau levels were significantly increased in the cytosol fraction after 5 h in A�42 oligomer-
treated neurons (21.161 	 2.407) when compared with controls (5.488 	 1.000) (p � 0.004).
�-Actin was used for normalization. Shown are mean 	 SE. The experiment was repeated
three times.
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well as tau Ser422 phosphorylation in cultured neurons and
compared with effect of a JNK inhibitor. Intriguingly, after pre-
treatment of cultured neurons with DHA for 48 h, the A�
oligomer-induced inactivating phosphorylation of IRS-1 (in-
dexed with phospho-Ser616 antibody), as well as phospho-tau
Ser422, were both significantly suppressed (***p � 0.001) (Fig.
7A–C). These results demonstrated DHA has effects similar to
JNK inhibitor on the inhibition of A� oligomer-induced uncou-
pling phosphorylation of IRS-1 and tau phosphorylation.

High-fat bad diet increased phosphorylation of JNK, IRS-1,
and tau in 3xTg-AD transgenic-positive mice
We used a line of 3xTg-AD mice that appeared to have less ag-
gressive A� and tau pathology and no water maze behavior de-
fects at early ages (5- to 9-month-old mice) (Rosario et al., 2006;
Hirata-Fukae et al., 2008), in contrast to the original report. To

accelerate pathogenesis, we used a HFBD based on an omega-3-
depleting high n-6 linoleic acid diet (Calon et al., 2004) supple-
mented with 16% saturated fat (coconut oil) and 1500 ppm
cholesterol (Table 1, Harlan Teklad test diet). Western blot anal-
ysis showed the levels of pJNK, pIRS-1 Ser616, and ptau Ser422
were significantly increased in membrane fractions from HFBD
3xTg-AD mice when compared with control standard diet mice
(Fig. 8A) (pJNK, *p � 0.05) (Fig. 8B) (pIRS-1, *p � 0.05) (Fig.
8C) (ptau, **p � 0.01).

Fish oil suppressed JNK and showed a trend to suppress IRS-1
and tau phosphorylation in 3xTg-AD mice
Our previous studies found that Tg2576 mice fed with safflower
oil-based, n-3 fatty acid-depleted diet showed a significant de-
crease in brain DHA concentration, excitatory synaptic markers
including drebrin, PSD-95, and CaMKIIa, and cognitive func-

Figure 6. JNK inhibitor SP600125 blocked A� oligomer-induced aberrant inactivation of
IRS-1 Ser616 and JNK-sensitive tau Ser422 phosphorylation in cultured hippocampal neurons.
Hippocampal neurons were grown for 9 DIV and then pretreated with 10 �M JNK inhibitor,
SP600125, for 30 min, followed by 100 nM A�42 oligomers for 5 h. After harvesting cells, pIRS-1
and ptau were evaluated by Western blot. A, B, Western immunoblot analysis of IRS-1 phos-
phorylation revealed induction by A�42 oligomers, which was antagonized by JNK inhibitor
SP600125. pIRS-1 protein levels in membrane fractions were significantly increased by A� (B)
(**p � 0.01), whereas JNK inhibitor SP600125 blocked the phosphorylated IRS-1 when com-
pared with control (CTRL) (B) (**p � 0.01). A, C, Western immunoblot showed ptau was
elevated by A�42 oligomers and JNK inhibitor SP600125 blocked this. ptau protein levels were
significantly increased in cytosol (C) (***p � 0.001), whereas JNK inhibitor SP600125 signifi-
cantly blocked the elevated ptau when compared with CTRL (C) (***p � 0.001). �-Actin was
used for normalization. Error bars indicate SEM.

Figure 7. DHA suppressed A� oligomer-induced aberrant inactivation of IRS-1 Ser616 and
JNK-sensitive tau Ser422 phosphorylation in cultured hippocampal neurons. Hippocampal neu-
rons were cultured for 9 DIV and then pretreated either with 2.5 �M DHA for 48 h or with the JNK
inhibitor SP600125 (10 �M) for 30 min, followed by 100 nM A�42 oligomers for 5 h, after which
pIRS-1 and ptau were evaluated by Western blot. A, B, Western immunoblot analysis of pIRS-1
showed induction by A�42 oligomers, a response antagonized by either DHA or JNK inhibitor
(SP600125). pIRS-1 protein levels were significantly increased in membrane fractions (B)
(***p � 0.001) by A�42 oligomers, but not if DHA or JNK inhibitor SP600125 was also present
(B). A, C, Western immunoblot analysis shows that ptau was induced by A�42 oligomers, a
response that was blocked by JNK inhibitor SP600125. ptau protein levels were significantly
increased in cytosol (C) (***p � 0.001), but not if DHA or JNK inhibitor SP600125 was also
present. �-Actin was used for normalization for protein loading. Error bars indicate SEM.
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tion, whereas DHA supplementation significantly protected
from these losses and ameliorated water maze deficits (Calon et
al., 2004, 2005). In the current study, HFBD-fed 3xTg-AD trans-
genic mice were used. Five-month-old HFBD 3xTg-AD mice
were administrated chow with or without 2.4% fish oil (calcu-
lated to deliver 0.6% DHA) for 4 months, behaviorally tested, and
killed at 9 months. The phospho-JNK, IRS-1 Ser616, and tau
Ser422 were examined by Western blot. Fish oil significantly sup-
pressed the activation of JNK (*p � 0.025) (Fig. 8A), similar to
DHA in vitro, and showed a trend to suppress phosphorylation of
IRS-1 (Fig. 8B) ( p � 0.073) and tau (Fig. 8C) ( p � 0.078), which

were both elevated in HFBD 3xTg-AD mice compared with the
vehicle mice. These results parallel the observation that DHA
blocks A� oligomer-induced inactivation of IRS-1 and tau phos-
phorylation in cultured primary neurons in vitro.

Curcumin suppressed JNK-sensitive tau Ser422 and showed
a trend for suppression of JNK activation and IRS-1
inactivation in 3xTg-AD mice
Curcumin, the yellow pigment in the curry spice turmeric, sup-
presses tumor initiation and tumor promotion. Curcumin is also
a potent inhibitor for AP-1, nuclear factor �B (NF-�B), and JNK
activation. Curcumin inhibits JNK activation by various agonists,
including PMA plus ionomycin, anisomycin, UV-C, gamma ir-
radiation, tumor necrosis factor (TNF), and sodium orthovana-
date in cultured cell lines (Chen and Tan, 1998). Both JNK and
NF-�B inhibitory activities may contribute to the antiinflamma-
tory and anticancer properties of curcumin (Ruby et al., 1995;
Singh and Aggarwal, 1995). We previously reported that cur-
cumin suppressed JNK activation in aged Tg2576 mice (Begum et
al., 2008), in which the safflower oil-based diet 17-month-old
Tg2576 mice were fed with or without 500 ppm curcumin (Yang
et al., 2005). Our group has also found that curcumin is an effec-
tive antiamyloid and anti-A� oligomer agent in vivo and in vitro
(Yang et al., 2005). In the current study, we tested whether, like
DHA, curcumin also inhibits JNK signaling to IRS-1 and tau in
3xTg-AD mice. These mice, which contain a mutant human tau
transgene and develop tau pathology, were fed with or without
500 ppm curcumin for 4 months, behaviorally tested, and then
killed. The phosphorylation of JNK, IRS-1 at Ser616, and tau at
Ser422 were evaluated by Western blot. Curcumin showed a
trend to suppress JNK ( p � 0.059) (Fig. 8A) in the 3xTg-AD
mice and significantly suppressed IRS-1 phosphorylation (*p �
0.05) (Fig. 8B) and the JNK-sensitive phospho-tau Ser422
epitope (*p � 0.05) (Fig. 8C).

Combination of fish oil and curcumin enhanced the effects on
the suppression of JNK, IRS-1, and tau phosphorylation in
3xTg-AD mice
DHA (22:6n-3) is one of the most peroxidizable lipids in the
brain because of its six double bonds (Montine et al., 2004). DHA
could be depleted by the elevated lipid peroxidation in AD brain
and Tg2576 mice (Aksenov et al., 2001; Praticò et al., 2001; Mon-
tine et al., 2004). In contrast, curcumin, a potent antioxidant and
antiinflammatory compound should protect DHA from lipid
peroxidation. Since both agents also reduce A� accumulation but
by different mechanisms (Lim et al., 2005; Yang et al., 2005) and
reduce JNK activation, we speculated that the combination of fish
oil/DHA and curcumin diet could have the synergistic effects on
the inhibition of activated JNK, IRS-1, and tau in 3xTg-AD mice.
To test this hypothesis, high-fat bad-diet fed 5-month-old
3xTg-AD mice were treated either with fish oil, curcumin alone,
or fish oil plus curcumin for 4 months, behaviorally tested, and
killed, and the phosphorylation of JNK, IRS-1, and tau were ex-
amined by Western blot. As expected, the mice fed with fish oil
plus curcumin diet had significantly lower levels of phosphory-
lated JNK (**p � 0.01), IRS-1 (*p � 0.05), and JNK-sensitive tau
phospho-Ser422 (*p � 0.05) than the mice fed only with cur-
cumin or fish oil compared with the vehicle diet mice (Fig. 8A–
C)). Overall, the combination of curcumin and fish oil was more
effective than either agent alone.

Figure 8. Effect of HFBD, fish oil, curcumin, and the combination on phosphorylation of JNK,
IRS-1, and tau in 3xTg-AD mice. A–C, Five-month-old 3xTg-AD transgenic-positive mice were
fed standard mouse chow or with a HFBD (see text) for 4 months, and the phosphorylation of
JNK, IRS-1 Ser616, and tau Ser422 were evaluated from detergent lysis buffer-extracted hip-
pocampal membrane pellet fractions by Western blot. The levels of pJNK, pIRS-1 Ser616, and
ptau Ser422 were significantly increased from HBFD 3xTg-AD mice when compared with control
standard diet mice (A; pJNK, *p � 0.022) (B; pIRS-1, *p � 0.053) (C; ptau, **p � 0.004). For
treatments, 5-month-old 3xTg-AD mice were fed with HFBD or HBFD plus 2.4% fish oil (FO), or
HBFD plus 500 ppm curcumin or HBFD plus both FO and curcumin for 4 months, and the phos-
phorylation of JNK, IRS-1 Ser616, and tau Ser422 were evaluated from detergent lysis buffer-
extracted hippocampal membrane pellet fractions by Western blot. The levels of pJNK were
significantly reduced from fish oil-treated HFBD 3xTg-AD mice (A; *p � 0.025), the serine
phosphorylated (inactivated) IRS-1 (B; p � 0.073), and phospho-tau (C; p � 0.078) showed a
trend toward reduction when compared with HFBD alone control mice. The activated JNK (A;
p � 0.059) showed a trend to be reduced by curcumin treatment in 3xTg-AD, whereas IRS-1
Ser616 (B; *p � 0.05) and ptau Ser422 (C; *p � 0.027) were significantly reduced when
compared with 3xAD-Tg mice on HFBD alone. The combination of fish oil and curcumin signif-
icantly suppressed all three endpoints, pJNK (A; **p � 0.007), pIRS-1 (B; *p � 0.04), and ptau
(C; *p � 0.016) in 3xTg-AD mice when compared with 3xAD-Tg mice on HFBD alone. �-Actin
was used for normalization. Error bars indicate SEM.
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Fish oil and curcumin prevented the degradation of total
IRS-1 in 3xTg-AD mice
With insulin resistance in diabetics and models, IRS-1 is phos-
phorylated by insulin-stimulated or stress-activated kinases,
which uncouples IRS-1 (Aguirre et al., 2002) and triggers rapid
IRS-1 degradation (Sun et al., 1999), yielding a deficient signal
transduction response (Pederson et al., 2001; Rui et al., 2001).
Decreased levels of total IRS-1 have been observed in these
3xTg-AD transgenic-positive mice (Moloney et al., 2008) and
confirmed in our work here (Fig. 2). To evaluate whether fish oil
or curcumin treatment protects IRS-1 from degradation, we ex-
amined total IRS-1 protein levels by Western blot (Fig. 9) and
found that all three treatment groups showed significant effects
on total IRS-1 levels. Fish oil increased total IRS-1 by 17.3%
(**p � 0.01); curcumin or the combination increased total IRS-1
by 11.2% (*p � 0.05).

Combination of fish oil and curcumin ameliorated behavioral
decline in 3xTg-AD mice
To compare the effect of fish oil, curcumin, and the combination
of fish oil and curcumin on behavior, we tested SAB in the
Y-maze, a short-term memory test, which showed deficits in our
line of 5- to 9-month-old 3xTg-AD mice despite the absence of
Morris water maze (MWM) deficits. The four different treatment
groups of 3xTg-AD mice were evaluated after 1 or 2 months on
diets (Fig. 9). Although both fish oil and curcumin alone showed
either significant effects or strong trends for effects on the inhi-
bition of JNK, IRS-1, and tau phosphorylation in 3xTg-AD mice,
they did not produce a significant improvement in Y-maze per-
formance (SAB) after 1 month on diets. However, mice fed with
both fish oil and curcumin together for 1 month showed signifi-
cant improvement of SAB scores indicating reduced cognitive
decline in 3xTg-AD mice (**p � 0.01). After 2 months on diets (7
months of age), testing was repeated and deficits compared with
wild-type controls and transgenic mice performance at 1 month
on diet were enhanced (**p � 0.01). Furthermore, after 2

months, fish oil alone (**p � 0.01), curcumin alone (**p � 0.01),
and the combination (*p � 0.05) all prevented decline in the
3xTg-AD mouse model (Fig. 10). Testing was also repeated at 3
months, yielding similar results with all three treatments main-
taining protection (data not shown).

Discussion
In this study, we used in vitro and in vivo models to identify an
A�-dependent mechanism contributing to insulin/trophic factor
pathway defects (increased phospho-IRS-1, decreased total
IRS-1) that are observed in AD brain and similar to reports on
insulin-resistant peripheral tissue. In primary neurons, A� oli-
gomers induced JNK activation and IRS-1 phosphorylation,
which is known to uncouple insulin signaling. The n-3 fatty acid
DHA prevented this. Diet with high levels of “bad” fats (saturated
fat, cholesterol, n-6 linoleic acid) and low n-3 increased phos-
phorylation of JNK, IRS-1, and tau in 3xTg-AD transgenic mice.
Dietary fish oil (a DHA source) or the polyphenolic antiinflam-
matory agent, curcumin, prevented these changes alone, worked
better in combination, and ameliorated behavioral decline.

Insulin/IR signaling regulates glucose metabolism and energy
homeostasis, and, in the periphery, its defective response is im-
plicated in insulin resistance or type 2 diabetes (Reaven, 1995;
Kruszynska and Olefsky, 1996; Kahn and Flier, 2000; Pessin and
Saltiel, 2000). Adult-onset diabetes is a consistent AD risk factor
associated with increased accumulation of pathological A�
and/or hyperphosphorylated tau (Ott et al., 1996, 1999; Leibson
et al., 1997; Cole and Frautschy, 2007). When presymptomatic
mice expressing mutant human amyloid precursor protein and
presenilin are made diabetic, they develop cognitive deficits asso-
ciated with the loss of the synaptic spine protein drebrin (Burdo
et al., 2008), a postsynaptic marker that is lost in APP transgenic
mice with DHA depletion and restored by DHA supplements
(Calon et al., 2004). The insulin/IR complex is abundantly dis-
tributed in cerebral cortical and hippocampal synaptic mem-
branes (Heidenreich et al., 1988; Matsumoto and Rhoads, 1990;
Zhao et al., 1999), in which it regulates activities required for
learning and memory (Hendricks et al., 1984; Lowe et al., 1986;

Figure 9. Effect of HFBD, fish oil, curcumin, and the combination on total IRS-1 in 3xTg-AD
mice. Five-month-old 3xTg-AD mice were fed with HFBD or HBFD plus fish oil or curcumin alone
or in combination for 4 months and total IRS-1 (tIRS-1) was evaluated by Western blot. The
levels of IRS-1 were significantly increased in membrane fractions from all treatment groups;
fish oil increased levels by 17.3% (**p � 0.01), curcumin by 11.2% (*p � 0.05), and the
combination of them by 11.2% (*p � 0.05) when compared with HFBD alone in 3xTg-AD mice.
Error bars indicate SEM.

Figure 10. Curcumin and/or fish oil prevent cognitive deficits. Spontaneous alternation
tests of 3xTg-AD mice compared with wild-type (WT) controls of the same age and background
strain using Y-maze were performed after 1 or 2 months of treatment. WT mice had no decline
with age on the HFBD. In contrast, the 3xTg-AD mice exhibited a significant behavior deficit
developing from 5 to 7 months of age, which was more evident in the HFBD (significant from WT
after 1 month on diet, **p � 0.01) (6 months of age). Only fish oil plus curcumin (Cur) added to
HFBD base diet corrected the deficit at 1 month (**p � 0.01), but all three treatments (fish oil,
curcumin, fish oil plus curcumin) prevented additional cognitive decline after 2 months of
treatment (**p � 0.01 for fish oil and curcumin, *p � 0.05 for fish oil plus curcumin). Error bars
indicate SEM.
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Biessels et al., 1996; Wan et al., 1997; Zhao and Alkon, 2001).
Consistent with our findings, an IR and IRS-1 defect was reported
to occur in AD brain (Moloney et al., 2008). In cultured hip-
pocampal neurons, A� oligomers appeared to cause loss and re-
distribution of IR receptors on dendrites via the NMDA receptor
(Zhao et al., 2008). An increase in phospho-IRS-1 would impact
signaling through other trophic factor receptors. Together with
our data, this suggests A� oligomers are likely playing a major
and direct role in insulin-signaling deficits through effects on IR
and IRS-1.

In the current study, A� oligomers induced aberrant phos-
phorylation of IRS-1 at Ser616, a phospho-epitope implicated in
the periphery in disrupting insulin–insulin receptor signaling
(De Fea and Roth, 1997; Andreozzi et al., 2004a,b). In peripheral
tissues, both JNK and ERK phosphorylate IRS-1 at Ser307 (ro-
dent equivalent for human Ser312) (Aguirre et al., 2000) and
Ser616 (D’Alessandris et al., 2007). The resulting loss of IRS-1
coupling to PI3-K/Akt is predicted to activate another major tau
kinase, GSK3�, which is known to be activated by A� (Takashima
et al., 1996; Ma et al., 2006; Hu et al., 2009). This process further
dysregulates insulin signaling since GSK3 itself directly phos-
phorylates IRS-1 at Ser332 to help inactivate IRS-1 (Liberman
and Eldar-Finkelman, 2005). This suggests a positive-feedback
loop in which A� activation of JNK initiates an uncoupling of the
pathway.

We demonstrated a progression of changes with age in the
3xTg-AD model leading to colocalization of pIRS-1 and ptau that
resembles similar colocalization in AD. Similar patterns of stain-
ing were observed in the 3xTg AD model on the high-fat, high-
n-6 DHA-depleting diet, which increased pJNK, pIRS-1, and
ptau and accelerated Y-maze deficits, and these changes were
ameliorated by DHA-rich dietary fish oil.

DHA deficiency contributes to the loss of the p85 PI3-K sub-
unit and peripheral insulin resistance in adult-onset diabetes (Li-
olitsa et al., 2002). In the brain, DHA deficiency can exacerbate
insulin signaling deficits, particularly in the presence of an AD
mutant APP transgene (Calon et al., 2004; Delarue et al., 2004).
DHA, an important dietary n-3 (omega-3) fatty acid was the
plasma lipid most predictive of AD risk in the Framingham study
in which higher blood levels of DHA correlated with reduced AD
assessed 10 years later (Johnson and Schaefer, 2006). Our own
and previous work from other groups indicate that dietary DHA
significantly improves cognitive deficits, protects from synaptic
protein loss, and lowers insoluble A� in transgenic AD mouse
models (Calon et al., 2004; Lim et al., 2005; Oksman et al., 2006;
Ma et al., 2007). Our current data are consistent with a report that
algal DHA reduced A� accumulation, suggesting this effect may
have reduced JNK activation and ptau in 3xTg-AD mice (Green
et al., 2007), but the effects we observed need not be secondary to
A� reduction because we show that DHA reduces the JNK, IRS-1,
and tau phosphorylation response to exogenous A� oligomers.
Both protective activities are likely, but we did not find robust A�
labeling at 9 months in the line of 3xTg-AD mice on the diets
used. This line showed limited intraneuronal labeling but lacked
plaques at 9 months (data not shown), consistent with a recent
report on the same “low expressing” line (Hirata-Fukae et al.,
2008).

Curcumin mediates many of its pleiotropic effects by
modulation of several important molecular targets, including
transcription factors [NF-�B, AP-1, PPAR� (peroxisome
proliferator-activated receptor �)], enzymes [COX2, 5-LOX,
iNOS (inducible nitric oxide synthase), hemeoxygenase-1, JNK],
and cytokines (TNF, IL-1�, IL-6) (Shishodia et al., 2005). As a

neuroprotective drug, curcumin exerts antiinflammatory, anti-
oxidant, and anti-protein aggregate and neurogenic effects in
CNS and AD models (Frautschy et al., 2001; Cole, 2003; Cole et
al., 2005; Lim et al., 2005; Yang et al., 2005; Cole and Frautschy,
2007). Curcumin reduced plaque deposition, proinflammatory
cytokines, and pJNK in Tg2576 APPsw mice that lack tau pathol-
ogy (Begum et al., 2008). Here, we found that curcumin signifi-
cantly suppressed a JNK/IRS-1/tau signaling pathway that leads
to AD-like p-IRS-1/insulin signaling defects in 3xTg-AD mice,
providing an additional mechanism for efficacy in an AD model
with tau pathology.

The combination of fish oil with curcumin had a synergistic
effect on suppressing JNK/IRS-1 and tau phosphorylation and
limited cognitive deficits at 1 month, providing evidence for the
possible combination of fish oil and curcumin for AD treatment
or prevention. One explanation may be that DHA and curcumin
target some different steps in the A� cascade. For example, cur-
cumin has a direct anti-A� binding activities, which can directly
antagonize A� effects on insulin signaling in addition to its inhi-
bition of CNS JNK in vivo (Begum et al., 2008). Furthermore,
both influence arachidonic acid metabolites affecting inflamma-
tion but at different sites: DHA competitively reduces availability
of arachidonic acid substrate in phospholipids, whereas cur-
cumin reduces activity of the phospholipases, cyclooxygenases,
and lipoxygenases enzymes, which produce proinflammatory
lipid mediators. Although inflammation is limited in 9 month
3xTg-AD mice, anti-inflammatory effects of DHA and curcumin
should reduce proinflammatory cytokines like TNF�. Since
IRS-1 phosphorylation can also be induced by inflammatory cy-
tokines, notably TNF� (Rui et al., 2001) and possibly via reducing
JNK activation (Kallunki et al., 1994), the anti-inflammatory ac-
tivity of DHA and curcumin provides another mechanism for
protecting insulin/trophic factor signaling.

DHA is susceptible to lipid peroxidation in AD and in AD
models, arguing that DHA should be combined with an
antioxidant-like �-lipoate or curcumin (Calon and Cole, 2007).
In AD brain, oxidative stress (Rotstein et al., 2003) causes non-
enzymatic oxidation of DHA to F4-isoprostane (neuroprostane)
(Montine et al., 2004), depleting it from synaptic membranes and
further exacerbating signaling defects (Calon et al., 2004). Poten-
tial synergism between fish oil/DHA and curcumin could also
accrue through a reduction in oxidative stress since we have pre-
viously observed both DHA (Calon et al., 2004) and curcumin
(Yang et al., 2005) suppress oxidative damage in APPsw Tg2576
mice. In peripheral models, oxidative damage has been shown to
contribute to insulin resistance (Paolisso et al., 1994; Paolisso and
Giugliano, 1996), causing enhanced serine/threonine phosphor-
ylation on the IR or IRS because of increased oxidative stress-
sensitive kinase activity [e.g., NF-�B-activating kinases, p38
MAPK (mitogen-activated protein kinase), JNK/SAPK (stress-
activated protein kinase), PKC, or other serine/threonine ki-
nase(s)] (Evans et al., 2002).

Fish oil, curcumin, and the combination all significantly pre-
vented cognitive decline on SAB in the Y-maze, a task involving
working memory that we measured within sessions in 2-month-
treated 3xTg-AD mice. The 3xTg-AD mouse line we used here
performs poorly in the Y-maze at 5–9 months of age, whereas
they show no impairment in MWM, a task involving spatial
learning memory. Studies indicate intrasession working memory
deficits may not necessarily be associated with delayed spatial
learning memory in MWM, and there is lesion evidence suggest-
ing that working and reference memory may depend on different
brain systems (Dudchenko, 2004). Although Y-maze may not
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fully isolate memory from other causes of behavioral defects,
deficits in working memory measured with SAB in the Y-maze
have been widely used to identify cognitive deficits in different
transgenic AD mouse models (Hughes, 2004), including APPsw
Tg2576 mice (King and Arendash, 2002; Ognibene et al., 2005),
double mutant APP and PS1 transgenic mice (Holcomb et al.,
1998), and �-APP751 transgenic mice (Moran et al., 1995). SAB
deficits also occur early in the line of 3xTg-AD mice we used, in
which they have been linked to hippocampal-dependent SAB
impairment (Rosario et al., 2006).

In summary, pleiotropic effects of both drugs on multiple
pathways involved in contributing to insulin resistance could
contribute to protective effects in AD. We have identified an A�
oligomer and JNK-dependent pathway that disrupts an insulin
signaling adaptor protein in AD models leading to defects found
in AD brain. These defects can be potentially improved in the
models by safe and inexpensive pleiotropic interventions with
fish oil or curcumin, most effectively with the combination.
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Ferrer I (2004) Expression of stress-activated kinases c-Jun N-terminal
kinase (SAPK/JNK-P) and p38 kinase (p38-P), and tau hyperphosphory-
lation in neurites surrounding betaA plaques in APP Tg2576 mice. Neu-
ropathol Appl Neurobiol 30:491–502.

Reaven GM (1995) Pathophysiology of insulin resistance in human disease.
Physiol Rev 75:473– 486.

Rivera EJ, Goldin A, Fulmer N, Tavares R, Wands JR, de la Monte SM (2005)
Insulin and insulin-like growth factor expression and function deteriorate
with progression of Alzheimer’s disease: link to brain reductions in ace-
tylcholine. J Alzheimers Dis 8:247–268.

Rondinone CM, Wang LM, Lonnroth P, Wesslau C, Pierce JH, Smith U
(1997) Insulin receptor substrate (IRS) 1 is reduced and IRS-2 is the main
docking protein for phosphatidylinositol 3-kinase in adipocytes from
subjects with non-insulin-dependent diabetes mellitus. Proc Natl Acad
Sci U S A 94:4171– 4175.

9088 • J. Neurosci., July 15, 2009 • 29(28):9078 –9089 Ma et al. • IRS-1 Signaling in AD Pathogenesis



Rosario ER, Carroll JC, Oddo S, LaFerla FM, Pike CJ (2006) Androgens
regulate the development of neuropathology in a triple transgenic mouse
model of Alzheimer’s disease. J Neurosci 26:13384 –13389.

Rotstein NP, Politi LE, German OL, Girotti R (2003) Protective effect of
docosahexaenoic acid on oxidative stress-induced apoptosis of retina
photoreceptors. Invest Ophthalmol Vis Sci 44:2252–2259.

Ruby AJ, Kuttan G, Babu KD, Rajasekharan KN, Kuttan R (1995) Anti-
tumour and antioxidant activity of natural curcuminoids. Cancer Lett
94:79 – 83.

Rui L, Aguirre V, Kim JK, Shulman GI, Lee A, Corbould A, Dunaif A, White
MF (2001) Insulin/IGF-1 and TNF-alpha stimulate phosphorylation of
IRS-1 at inhibitory Ser307 via distinct pathways. J Clin Invest
107:181–189.

Saad MJ, Araki E, Miralpeix M, Rothenberg PL, White MF, Kahn CR (1992)
Regulation of insulin receptor substrate-1 in liver and muscle of animal
models of insulin resistance. J Clin Invest 90:1839 –1849.

Savage MJ, Lin YG, Ciallella JR, Flood DG, Scott RW (2002) Activation of
c-Jun N-terminal kinase and p38 in an Alzheimer’s disease model is asso-
ciated with amyloid deposition. J Neurosci 22:3376 –3385.

Shen HM, Liu ZG (2006) JNK signaling pathway is a key modulator in cell
death mediated by reactive oxygen and nitrogen species. Free Radic Biol
Med 40:928 –939.

Shishodia S, Sethi G, Aggarwal BB (2005) Curcumin: getting back to the
roots. Ann N Y Acad Sci 1056:206 –217.

Shoji M, Iwakami N, Takeuchi S, Waragai M, Suzuki M, Kanazawa I, Lippa
CF, Ono S, Okazawa H (2000) JNK activation is associated with intra-
cellular beta-amyloid accumulation. Brain Res Mol Brain Res 85:221–233.

Singh S, Aggarwal BB (1995) Activation of transcription factor NF-kappa B
is suppressed by curcumin (diferuloylmethane) [corrected]. J Biol Chem
270:24995–25000.

Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R, Xu XJ, Wands
JR, de la Monte SM (2005) Impaired insulin and insulin-like growth
factor expression and signaling mechanisms in Alzheimer’s disease—is
this type 3 diabetes? J Alzheimers Dis 7:63– 80.

Sun XJ, Wang LM, Zhang Y, Yenush L, Myers MG Jr, Glasheen E, Lane WS,
Pierce JH, White MF (1995) Role of IRS-2 in insulin and cytokine sig-
nalling. Nature 377:173–177.

Sun XJ, Goldberg JL, Qiao LY, Mitchell JJ (1999) Insulin-induced insulin
receptor substrate-1 degradation is mediated by the proteasome degrada-
tion pathway. Diabetes 48:1359 –1364.

Takashima A, Noguchi K, Michel G, Mercken M, Hoshi M, Ishiguro K, Ima-
hori K (1996) Exposure of rat hippocampal neurons to amyloid beta
peptide (25–35) induces the inactivation of phosphatidyl inositol-3 ki-
nase and the activation of tau protein kinase I/glycogen synthase kinase-3
beta. Neurosci Lett 203:33–36.

Talbot K, Han LY, Schneider SA, Wilson RS, Bennett DA, Arnold SE (2006)
Expression of pIRS-1 (S312 and S616) is elevated in MCI and AD and
correlates with cognitive impairment and neurofibrillary pathology. Alz-
heimers Dement 2 [Suppl 3]:A54.

Troy CM, Rabacchi SA, Xu Z, Maroney AC, Connors TJ, Shelanski ML,
Greene LA (2001) beta-Amyloid-induced neuronal apoptosis requires
c-Jun N-terminal kinase activation. J Neurochem 77:157–164.
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