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Abstract

Previous studies demonstrated that a high fat/high cholesterol (HFC) diet results in a loss of
working memory in mice correlated with neuroinflammatory changes and increased ABPP
processing (Thirumangalakudi et al. J. Neurochem. 106:475-485; 2008). To further explore the
nature of the molecular correlates of cognitive impairment, in this study, we examined changes in
tau phosphorylation, insulin/IGF-1 signaling including GSK3 and levels of specific synaptic
proteins. Immunoblot analysis of hippocampal tissue from C57BL/6 mice fed HFC for 2 months
with anti-phospho-tau (i.e., PHF1 and phospho-Thr-231 tau) antibodies demonstrated the presence
of hyperphosphorylated tau. The tau phosphorylation correlated with activated GSK3, a prominent
tau kinase normally kept inactive under the control of insulin/IGF signaling (11S). That I1S itself
was impaired due to the hyperlipidemic diet was confirmed by a down-regulation of insulin
receptor substrate-1 and phospho-Akt and levels. Although no significant changes in the levels of
the pre-synaptic protein i.e., synaptophysin in response to HFC were apparent in immunoblot
analysis, there was a clear down-regulation of the post-synaptic protein, PSD95 and drebrin, a
dendritic spine-specific protein, indicative of altered synaptic plasticity. The results, in concert
with previous findings with the same model, suggest that high dietary fat/cholesterol elicits brain
insulin resistance and altered 1IS leading to Alzheimer’s disease (AD)-like cognitive impairment
in ‘normal’ mice.
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INTRODUCTION
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It is becoming clear that genetic, metabolic and environmental factors play interactive roles
in the etiology of a majority of sporadic cases of Alzheimer’s disease (AD). The risk of AD
seems to increase in subjects with cardiovascular diseases including atherosclerosis,

hypercholesterolemia and type-2 diabetes (T2DM) [1-5] and by extension, with ‘metabolic

$Correspondence: Narayan R. Bhat, Ph.D., Department of Neurosciences, Medical University of South Carolina, Charleston, SC
29425, Phone: 843-792-7593; Fax: 843-792-4423, bhatnr@musc.edu.

Present address: Departments of Psychiatry, College of Physicians and Surgeons, Columbia University Medical Center and New
York State Psychiatric Institute New York, NY, USA



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhat and Thirumangalakudi Page 2

syndrome’, a cluster of related conditions including obesity, hypertension, hyperlipidemia
and hyperglycemia [6, 7]. Epidemiological and clinical studies also demonstrate that the
pathogenesis of metabolic syndrome is largely attributable to dietary factors. Thus,
unhealthy dietary life-styles in particular, the consumption of food rich in saturated fat and
cholesterol represented by the so-called “Western diet” are now commonly associated with
the development of most metabolic disorders [8, 9]. Experimental and diet-induced animal
models of these disorders have helped identify certain convergent mechanisms underlying
abnormal metabolic changes including hyperglycemia, hyperinsulinemia, oxidative stress
and atherogenesis. These mechanisms prominently include ‘metabolic inflammation’ and
resulting insulin resistance, a consequence of impaired insulin/IGF signaling (11S) [10, 11].

There is accumulating evidence, especially from animal studies, that diets rich in fat
(primarily diabetogenic) and cholesterol (primarily atherogenic) can induce brain
dysfunction and loss of memory [8, 12]. Thus, in early studies, Greenwood and Winocur
[13] showed that rats fed a high fat diet for 3 months experience severely impaired cognitive
function. [14] noted that the effect of saturated fat diet on cognitive function was related to
altered synaptic plasticity and a down-regulation of brain-derived neurotrophic factor
(BDNF). High fat diet-induced cognitive impairment in normal rats tied to hippocampal
plasticity has been confirmed in recent studies [15]. A connection between high circulating
cholesterol and brain amyloid accumulation, a hallmark of AD pathology, was first made
using New Zealand white rabbits [16]. Since then, there have been several studies using
transgenic mouse models of AD demonstrating that feeding of diets rich in fat/cholesterol
can cause increased amyloidosis, tau phosphorylation and behavioral deficits, essential
features associated with Alzheimer pathology [17-21]. Although the underlying
mechanisms are obviously complex, there are indications that altered insulin signaling may
play a key role in diet-induced AD-like changes [8]. The tau pathology in particular, is
thought to result from defective 11S which causes an activation of glycogen synthase kinase3
(GSK3), a predominant tau kinase. There is evidence for reduced levels of insulin/IGF
receptors and related signaling proteins along with an activation of GSK3 in postmortem AD
brain suggesting that the neurons that degenerate in this disease may be defective in IS [22—
25]. It is also thought that cognitive decline and dementia often observed in patients with
diabetes may be the result of insulin/IGF-I resistance and/or deficiency [26, 27]. In support
of this, rodent models of spontaneous and experimental diabetes show AD-like changes such
as amyloidosis, tau hyperphosphorylation, neurite degeneration and neuronal loss [28-30].
The changes are more severe in the T2DM model and appear to be associated with insulin
resistance and possibly hypercholesterolemia.

We previously showed that a high fat/cholesterol (HFC) diet induces neuroinflammatory
changes in association with increased A precursor protein (ABPP) processing and a loss of
working memory in normal mice [31]. In the present study, we investigated the changes in
the molecular indices of synaptic/cognitive function in this model. Our findings show that
HFC intake results in altered 1IS (i.e., IRS-1 and Akt down-regulation and GSK3 activation)
accompanied by increased tau phosphorylation and reduced levesls of post-synaptic
proteins. Likely, these alterations contribute to behavioral abnormalities seen in this model.

J Alzheimers Dis. Author manuscript; available in PMC 2015 May 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhat and Thirumangalakudi Page 3

MATERIALS AND METHODS

Animals, diet and sample collection

Four-month old C57BL/6 mice (Jackson labs) were divided into two groups: A control
group fed a standard chow (5% fat with no added cholesterol) and a high fat/high cholesterol
group fed a custom (Teklad, Harlan Labs) chow (21% fat and 1.25 % cholesterol) as before
[31]. After a period of 2 months the mice were anesthetized with an intraperitoneal (IP)
injection of sodium pentobarbital (50mg/kg), transcardially perfused with phosphate-
buffered saline (PBS, 4°C) and sacrificed. The brains were removed and divided sagittally.
One hemibrain was post-fixed in phosphate-buffered 4% paraformaldehyde, pH 7.4 at 4°C
for 48 hours for sectioning; the other was rapidly dissected for hippocampus and cortical
tissues, snap-frozen and stored at -70°C for biochemical analyses. All animal procedures
were carried out in accordance with the USPHS policy on the Humane Care and Use of
Laboratory Animals.

Glucose tolerance test—The two groups of mice i.e., the control fed the normal diet and
that fed HFC for 2 months were fasted for 3.5h and blood samples (via tail prick) from each
mouse tested for glucose levels using a Contour glucometer and test strips. Then they were
injected with glucose (2g/kg body wt, ip) and after regular intervals (i.e., every 30 min for
3h), blood samples drawn were tested for glucose levels.

Western blot analysis—Proteins were extracted from the hippocampi (from 5 mice/
group) using 1% Triton-X100 and 0.1% SDS in 10mM Tris pH 7.4 containing protease
inhibitors. The proteins were resolved in 4-20% SDS-PAGE and transferred to PVDF
membrane. The membranes were then blocked in TBST containing 5% nonfat dry milk and
subsequently incubated with primary antibodies including insulin receptor (IR), IGF-IR
(Santa Cruz Biotech), IRS-1, phospho-IRS-1(Ser 612), pAkt (Serd73), p-GSK3(pSer9) (Cell
Signaling Tech), p-tau (PHF1, kindly provided by Dr. Peter Davies), p-tau Thr-231,
pGSK3(pY279/pY216) (Millipore), drebrin (Novus), PSD95 (Chemicon) and synaptophysin
(Epitomics). Bound antibody was detected with anti-rabbit/mouse horseradish peroxidase
conjugate and developed using chemiluminescence (Pearce). Beta-actin or GAPDH was
used as a loading control.

RESULTS

Previously, we showed that feeding of C57BL/6 mice with HFC diet increased the blood
levels of LDL cholesterol and triglycerides indicating a state of hyperlipidemia/
cholesterolemia that was correlated with AD-like biochemical and behavioral changes [31].
To test if such metabolic changes were also accompanied by insulin resistance, we carried
out the glucose tolerance test as described under Methods. As shown in Fig 1, the mice fed
the HFC diet showed glucose intolerance indicative of peripheral insulin resistance. There
was only a slight increase in the level of insulin (2.2 £0.14 ng/mI ND vs. 2.6 + £ 0.13 ng/ml
HFC), however.
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Increased tau phosphorylation and GSK3 activation in response to dietary HFC
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We also made the observation previously that increased neuroinflammation and ApPP
processing, among other factors, might have contributed to diet-induced cognitive
impairment [31]. In the present study, we examined changes in additional and more specific
indices of cognitive function. Tau is a microtubule binding protein with important functions
in maintaining neuronal cytoskeletal dynamics and normal axonal transport. Its
phosphorylation makes it soluble and causes microtubule disassembly. In extreme situations
as in AD, hyperphsophorylation of tau leads to the formation of neurofibrillary tangles
(NFT). To determine tau phosphorylation status in HFC-fed mice, Western blots of
hippocampal extracts were probed with anti-phospho-tau antibodies i.e., anti-PHF1 (A, C)
and anti-phospho tau-Thr-231 (B, D) that identify Alzheimer’s type phospho-tau. The data
shown in Fig 2 confirm an increased level of hyperphosphorylated tau in the hippocampi of
HFC fed mice relative to the controls.

Of the several protein kinases that potentially phosphorylate tau, GSK3 in particular, is
considered to play a predominant role. Its activity itself is modulated by differential
phosphorylations by upstream kinases and by autophosphorylation. Akt, a key mediator of
I1S phosphorylates Ser9 residue of GSK3 and keeps it inactive. In contrast, dual Tyr
phosphorylation of GSK3 at residues 279 and 216 (either by autophosphorylation or by an
unknown kinase) increases the kinase activity. We determined the phosphorylation status of
GSK3 using antibodies that specifically identify the two types of phosphoryations. As
shown in Fig 3A, there was a decrease in the inactivating phosphorylation i.e., (pSer-9)-
GSK3p of GSK3 and an increase in the activating phosphorylation i.e., (pY279/pY216)-
GSK3a/p, indicating the presence of an active form of GSK3 in the hippocampus of HFC-
fed mice. Fig 3B shows densitometric analysis of the Western blots for the two phospho
forms of GSKS3.

HFC-induced down-regulation of 1IS: changes in IRS-1 and p-Akt

As noted above, being a substrate for Akt activity, GSK3 represents a target of 11S pathway.
Normally, insulinR/IGF-IR-mediated signal transduction following ligand binding proceeds
through Tyr phosphorylation of insulin receptor substrates (IRS1/2) followed by an
activation of phosphatidylinositol 3-kinase (PI3K)-Akt and MAPK cascades. While the
MAPK pathway is involved in growth and differentiation-related gene expression, the PI3K
pathway is largely responsible for insulin/IGF action on glucose uptake, suppression of
gluconeogenesis and inhibition of GSK3. Phosphorylation of IRS on critical Ser sites by
proinflammatory signaling kinases, as opposed to Tyr by insulin/IGF-1R activation, renders
IRS inactive and prone to degradation resulting in a blockade of 1S [32, 33]. To see if
activated GSK3 and increased phosphorylation of its target i.e., tau can be accounted for by
a down-regulation of 1S and Akt, we determined the expression levels of IRS-1, a key
intermediate in 11S whose loss represents a signature of insulin resistance, and phospho-Akt.
As shown in Fig 4, there was a down-regulation of IRS-1 (A), which was correlated with
decreased levels of phospho-Akt (C) (quantitation for both given in Fig D), although we did
not see significant changes in the levels of either IGF1R or IR (data not shown). Probing of
Ser phosphorylation of IRS-1 however, did not yield consistant results (-an example given in
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Fig 4B) perhaps due to the susceptibility of phosphorylated species to degradation, as
mentioned above.

Effects of HFC diet on synaptic protein levels

Lastly, we determined changes in the levels of representative pre- and post-synaptic proteins
i.e., synaptophysin and PSD-95 respectively as well as a marker of dendritic spine i.e.,
drebrin. As shown in Fig 5 (A & D), other than a down-ward trend, there was no significant
change in the levles of synaptophysin in the hippocampi from HFC-fed mice relative to the
control tissue from normally fed mice. However, HFC feeding resulted in a significant
decrease in the expression level of PSD95 (B), the post-synaptic protein and drebrin (C), an
actin-binding spine-specific protein intimately associated with cytoskeletal dynamics and
synaptic plasticity.

DISCUSSION

In this study we analyzed the effects of an atherogenic diet in normal C57BL/6 mice on the
expression/activity of molecules associated with neuronal and synaptic structure-function
relevant to cognitive impairment that we had observed previously with this model [31]. We
found that the HFC diet resulted in increased levels of hyperphosphorylated tau in the
hippocampus and that the increased presence of phospho-tau correlated with the active form
of its kinase i.e., GSK3 and a down-regulation of 11S as indicated by reduced levels of IRS1
and phospho-Akt. The feeding of HFC also resulted in a down-regulation of PSD95 and
drebrin, a dendritic spine-specific protein. These findings suggest deficient trophic input
and/or insulin resistance as potential mechanisms underlying tau and synaptic pathology
likely contributing to cognitive impairment.

Our findings of diet-induced impairment of brain 1S are in line with increasing evidence
linking insulin/IGF resistance with brain dysfunction and dementia. Insulin and IGF-I play
important homeostatic roles in the brain including glucose metabolism, energy balance and
trophic support as well as maintenance of normal synaptic activity and cognitive function.
Therefore, a down-regulation of brain 11S can lead to deleterious neurobehavioral outcome.
There are several possibilities for diet-induced altered 11S including trophic factor
deficiency, IR/IGF1R down-regulation/desensitization and insulin resistance. With respect
to trophic factor deficiency, it is likely that a diet-induced pre-diabetic (and atherogenic)
condition induces cerebrovascular dysfunction thereby blocking insulin/IGF transport. In
fact, there is evidence for an impaired transport into the brain of IGF-I due to
cerebrovascular abnormalities [34, 35] as might occur in metabolic disorders. In the rabbit
model of hypercholesterolemia, increased accumulation of Ap in the hippocampus has been
shown to correlate with reduced levels of IGF-1 and altered IGF-1 signaling [36]. In our
studies, although insulin levels in the brain were too low to detect any changes, we did
determine the levels of IGF1 by ELISA and found no evidence for its deficiency. It is of
interest that an “insulin resistant brain state (IRBS)’ is now increasingly thought to underlie
the development of sporadic AD [37-39]. There is also the suggestion that AD represents a
“Type 3 diabetes’ [7, 24] based on post-mortem studies indicating a generalized reduction in
insulin/IGF levels and associated signaling proteins [22, 24, 34]. One of the mechanisms
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whereby brain insulin resistance develops in AD is thought to involve A oligomers
interfering with neuronal insulin/IGF signaling [40, 41]. In contrast, it has been suggested
that increased amyloidogenesis may follow diet-induced alterations in insulin/IGF1 receptor
signaling [8]. There may be yet another mechanism at work in inducing the insulin resistant
brain state in our model. This would involve previously reported neuroinflammatory
changes [31]. We propose that as in systemic insulin resistance [11, 42], inflammatory
mediators in the brain may negatively interact with 1IS to induce brain insulin resistance. In
further support of such a mechanism, there is accumulating evidence that IGF-1 and
proinflammatory cytokines engage in a two-way interaction to regulate resistance/sensitivity
to each other’s actions in the brain [43].

The present studies show that altered brain 11S in response to HFC diet accompanies tau
hyperphosphorylation. Tau pathology is a hallmark of neurodegenerative taupathies
including AD [44]. The assembly and stabilization of microtubules involved in axonal
transport is a well characterized function of tau that can be compromised by abnormal
phosphorylation since hyperphosphorylated tau aggregates into NFTs in neuronal perikarya
as in AD. Although amyloid accumulation is thought to precede NFT formation, tau
pathology more closely relates to synaptic dysfunction and neurodegeneration [45]. It is
important to note that even in the absence of NFT formation, tau phosphorylation can lead to
synaptic dysfunction and neurodegeneration. It is likely that the increased tau
phosphorylation that we observed represents a pathological target of abnormal 11S via GSK3
activation. With regard to altered insulin signaling affecting tau phosphorylation, several
studies have shown that spontaneous and experimental diabetes in animals induce tau
hyperphosphorylation and that this effect is exacerbated in the Tg models of AD made
diabetic [28-30, 46—-49]. It has also been found that high fat diet [21, 50] and excessive
sucrose intake [51] can enhance both amyloid and tau pathology in Tg mice. However, there
have been only limited studies examining the effects of diet on AD-like changes in normal
rodents. In one such study, Moroz et al. [52] found limited Alzheimer-type changes
including tau phosphorylation with no 11S impairment in C57BL/6 mice fed a high fat diet.
In contrast to these findings, we find that the dietary regimen we used (i.e., a combination of
high fat and high cholesterol) is able to induce hyperphosphoryation of tau with significant
induction of insulin resistance and GSK3 activation. That hypercholesterolemia itself can
cause tau hyperphsophorylation in the brain has been shown using the rabbit model [53] and
apoE-deficient mice fed a high cholesterol diet [54].

Our findings of increased activation of GSK3 (as indicated by changes in its
phosphorylations) in response to HFC are well correlated with increased tau phosphorylation
and further support altered 11S as the underlying mechanism. Normally, insulin (and IGF-I)
keeps GSK3 inactive through IRS-1 and PI-3K dependent mechanism via Akt-mediated
phosphorylation of the enzyme isoforms. This reduces tau hyperphosphorylation mediated
by GSK3p [55]. This mechanism of GSK3 control is disrupted in conditions of insulin
resistance likely occurring in AD. Like the GSK3, its a form is also thought to be involved
in AD pathogenesis since activated GSK3a can trigger APPP processing enzyme i.e., y-
secretase activity [56] thereby increasing AB production. There is now substantial evidence
for a key role of GSK3 in AD through multiple mechanisms including tau phosphorylation,
AP production and inflammation [56]. Its inhibition reduces AB while its conditional
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inactivation reverses AD-like phenotype in mouse models correlated with normal tau
phosphorylation [57]. It has also been hypothesized that GSK3 may play a central role in
late-onset AD by linking AP and tau [58]. Most interestingly, a recent study using induced
pluripotent stem cell (iPSC) technology has suggested an intriguing relation between ABPP
processing i.e., increased production of CTF (but not Ap) and increased phospho-tau and
active GSK3p in iPSC-derived neurons from both sporadic and f-AD patients [59].

In addition to tau hyperphosphorylation and GSK3 activation, we observed a down-
regulation of the post-synaptic marker, PSD95 and drebrin, a dendritic spine protein in
repsonse to HFC. An inadequate 1S might have led to the reduction in the levels of PSD95
since its expression is known to be regulated by insulin signaling via PI3K-Akt-mTOR
pathway [60]. The actin-binding protein, drebrin is involved in shaping the dendritic spine
morphology which is closely associated with spine function in learning and memory [61].
There is evidence for decreased drebrin levels in neurological diseases including AD and
mild cognitive impairment (MCI) as well as in transgenic AD models showing cognitive
deficits [62]. The loss of drebrin has also been shown to correlate with tau pathology in the
AD brain [20] but the mechanism of its down-regulation in this case may involve direct
amyloid toxicity [63]. However, since PI3K pathway seems to positively regulate the
expression of drebrin [62], there is an obvious connection between 1IS and drebrin
expression. A recent study shows that high fat diet aggravates amyloid and tau pathologies
in the 3xTg AD mouse model and that these changes are accompanied by reduced levels of
drebrin [50] with unaltered levels of several presynaptic proteins (i.e., synaptophysin,
SNAP-25 and syntaxin 3). Although not analyzed in that study, altered 1S was perhaps
responsible for the observed postsynaptic changes. This idea is supported by another study
with APP/PS1 Tg mice made diabetic by streptozotocin injection [64].

In conclusion, we have shown in this study that an atherogenic diet induces changes in the
hippocampus indicative of defective 11S and insulin resistance in association with increased
active GSK3 and tau phosphorylation. These changes would potentially contribute towards
the cognitive impairment that we observed with this model. The mechanisms by which
dietary fat/cholesterol elicits altered brain 11S cannot yet be deciphered clearly, but it is
likely that neuroinflammation plays a central role in these processes, as noted above. This
would be analogous to the role of systemic/metabolic inflammation caused by diet-induced
prediabetic and atherogenic conditions. Perhaps, cerebrovascular dysfunction with altered
BBB (unpublished observations) forms the link i.e., systemic-to-neuroinflammation
transition as we have proposed [5]. A damaged cerebrovasculature would also cause brain
hypoperfusion leading to neuronal energy failure and metabolic stress (Fig 6) with the
outcome of exacerbated IRBS, a potential mechanism proposed for sporadic AD.
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Abbreviations

AB
AD

Beta amyloid

Alzheimer’s disease

ABPP Amyloid-f precursor protein

GSK
HFC
s

3 Glycogen synthase kinase3
High fat/high cholesterol
Insulin/IGF-1 signaling

IRS1 Insulin receptor substrate-1

T1DM Type 1 diabetes

T2DM Type 2 diabetes
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HFC-induced glucose intolerance. Groups of mice fed either the standard chow or HFC for 2
months were subjected to glucose tolerance test as described under Methods. Black line,

ND; Red line, HFC.
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A. HFC-induced tau phosphorylation. Hippocampal protein samples from mice fed normal
chow and HFC were analyzed by Western blot using anti-PHF1 (A) and anti-Thr-231
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phospho-tau (B) antibodies for the detection of hyperphosphorylated tau. C, D. Quantitative
densitometric analysis of blots A and B shows increased levels of phospho-tau in HFC-fed
mice. Please note: The results shown in this and other figures in the manuscript are
representative of at least 3 separate experiments using groups (n =5 or 6) of HFC- or
standard chow-fed mice. * p < 0.05 vs. the normally (basal diet) fed control group.
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Fig 3.

HIgC-induced GSKa3 activation. The Western blots of hippocampal tissue extracts from mice
fed normal chow and HFC were probed with two separate phospho-specific anti-GSK3
antibodies i.e., anti-phospho(p-Ser9)-GSK3p (A, top panel) and anti-phospho(pY279/
pY216)-GSK3af (A, bottom panel) antibodies. Note a reduction in p-Ser9, an inactivating
phosphorylation and an increase in pY279/pY216, an activating phosphorylation implicating
an activation of GSK3 enzyme activity in HFC-fed mice. B. Densitometric analyses of p-
Ser9 GSK3p and pY279/pY216 GSK3ap. * p < 0.05 vs. the normally (basal diet) fed control

group.
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Down regulation of IRS-1 and p-Akt levels in response to HFC diet. The samples from mice
fed normal chow and HFC diet were analyzed by Western blot for IRS-1 (A), phospho-
IRS-1(Ser612) and phospho-Akt (C) levels using specific antibodies. The bands (A and C)
were analyzed by densitometry relative to -actin (C). * p < 0.05 versus the normally (basal

diet) fed control group.
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Fig 5.

HIgC-induced changes in synaptic proteins. Hippocampal extracts from mice fed normal
chow and HFC were analyzed by Western blot for synaptophysin (A), PSD95 (B) and
drebrin (C) levels and quantitated by densitometry (D) relative to GAPDH or B-actin using
NIH ImageJ software. * p < 0.05 versus the normally (basal diet) fed control group.
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Fig 6.
Potential metabolic/signaling pathways that mediate diet-induced impairment in brain
insulin signaling leading to increased GSK3 activity and tau phosphorylation.
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