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Abstract

Introduction—Epidemiologic studies have demonstrated an association between diabetes and 

dementia. Insulin signaling within the brain, in particular within the hypothalamus regulates 

carbohydrate, lipid, and branched chain amino acid (BCAA) metabolism in peripheral organs such 

as the liver and adipose tissue. We hypothesized that cerebral amyloidosis impairs central nervous 

system control of metabolism through disruption of insulin signaling in the hypothalamus, which 

dysregulates glucose and BCAA homeostasis resulting in increased susceptibility to diabetes.

Methods—We examined whether APP/PS1 mice exhibit increased susceptibility to aging or 

high-fat diet (HFD)-induced metabolic impairment using metabolic phenotyping and insulin-

signaling studies.

Results—APP/PS1 mice were more susceptible to high-fat feeding and aging-induced metabolic 

dysregulation including disrupted BCAA homeostasis and exhibited impaired hypothalamic 

insulin signaling.

Discussion—Our data suggest that AD pathology increases susceptibility to diabetes due to 

impaired hypothalamic insulin signaling, and that plasma BCAA levels could serve as a biomarker 

of hypothalamic insulin action in patients with AD.

Keywords

Diabetes; Alzheimer disease; Insulin signaling; Branched chain amino acids; Glucose

*Corresponding author. Tel.: +1-212-241-3425; Fax: +1-212-241-4218. christoph.buettner@mssm.edu. 

Supplementary data
Supplementary data related to this article can be found online at http://dx.doi.org/10.1016/j.jalz.2016.01.008.

HHS Public Access
Author manuscript
Alzheimers Dement. Author manuscript; available in PMC 2017 August 01.

Published in final edited form as:
Alzheimers Dement. 2016 August ; 12(8): 851–861. doi:10.1016/j.jalz.2016.01.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.jalz.2016.01.008


1. Introduction

Alzheimer’s disease (AD) is the most common progressive neurodegenerative disorder 

causing dementia in the elderly. Type 2 diabetes (T2D) is a complex metabolic disorder that 

is characterized by glucotoxicity and lipotoxicity and a pathognomonic defect in T2D is 

insulin resistance (IR). There have been a number of epidemiologic and clinical studies 

demonstrating that T2D/IR is associated with an increased risk of AD and vice versa [1–4]. 

The link between T2D/IR and AD is also supported by animal studies demonstrating that 

interventions to induce a prediabetic state such as crossing AD mice with leptin receptor 

deficient (db/db) mice [5] or environmental challenges such as high-fat feeding [6] 

exacerbate AD pathology.

The prevailing paradigm for this association is that T2D/IR increases the risk of AD through 

direct effects of neuronal insulin signaling as well as through indirect effects of a glucotoxic 

and lipotoxic microenvironment and/or detrimental effects of diabetes on the vasculature [3]. 

In addition to genetic susceptibility, environmental factors, in particular over-nutrition, 

increase the predisposition to T2D and the risk for dementia [7]. Of note, aging is a risk 

factor for both AD and T2D, the latter through a worsening of insulin sensitivity.

AD and T2D have been shown to share several pathophysiological features, including 

impaired cognitive function, oxidative and inflammatory stress, vascular dysfunction, and 

amyloid accumulation further illustrating the common pathophysiological themes 

underlying these aging-related diseases [2,8]. It is commonly believed that T2D/IR is a risk 

factor for AD primarily based on (1) the idea that hyperinsulinemia promotes competition of 

insulin degrading enzyme between degrading amyloid or insulin [9,10] and (2) the notion 

that a failure of insulin to inhibit glycogen synthase kinase 3 (GSK-3) results in GSK3 

overactivity [11] and promotes tau hyperphosphorylation and amyloid production [12]. 

Although this association has been commonly interpreted as T2D/IR being a predisposing 

factor for AD, the reverse hypothesis—i.e., that AD causes T2D/IR—has not been 

adequately investigated.

Brain insulin signaling, particularly in the hypothalamus, controls several metabolic 

pathways in peripheral organs. Hypothalamic insulin signaling controls food intake [13], 

hepatic glucose production [14], adipose tissue lipolysis, and de novo lipogenesis [15] and 

branched-chain amino acids (BCAAs) catabolism [16]. Animal models have established that 

the experimental induction of brain insulin resistance can induce whole body insulin 

resistance, that is, a pre-diabetic state illustrating the importance of hypothalamic insulin 

action in metabolic homeostasis.

The role of hypothalamic insulin signaling is much more difficult to study in humans, but 

the fact that intranasal insulin, which appears to deliver insulin directly to the central 

nervous system (CNS) and may bypass decreased insulin transport from the circulation via 

the blood brain barrier to the brain improves memory in patients with AD [17,18] supports 

the concept that enhancement of brain insulin signaling is beneficial in AD. There is also a 

report demonstrating that insulin signaling is reduced in cerebral cortex slices derived 

postmortem from AD patients [19]—including AD patients without any previous clinical 
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evidence for T2D. Hence, we speculated that AD pathology might lead to hypothalamic 

insulin resistance, which, in turn, increases the susceptibility to T2D/IR.

BCAA levels have been observed to be elevated in obese and diabetic individuals and appear 

to be one of the earliest harbingers for the future risk of diabetes. As brain insulin signaling 

is a regulator of hepatic BCAA catabolism [16], these data suggest that impaired brain 

insulin action is one of the earliest pathogenic defects in T2D. In turn, increasing plasma 

BCAA levels affects cognitive function such as spatial memory [20,21], possibly by 

reducing the expression of nerve growth factor in the hippocampus of rats [22] or via 

overstimulation of N-methyl-D-aspartate (NMDA) receptors [23]. Of note, mouse models 

with elevated BCAA levels displayed hippocampus-selective retromer deficiency which has 

been implicated in late onset AD [24]. The retromer is also involved in sorting of SorCS1, a 

gene implicated in both T2D and AD [25]. These data suggest that impaired brain insulin 

signaling in AD could result in elevated plasma BCAA levels that may be an attendant to, or 

a driver of, AD progression.

One popular mouse model of AD is the APP/PS1 mouse that carries the APP Swedish 

mutation at K670 N/M671 L and the presenilin-1Δexon9 mutation (APP/PS1) causing 

amyloid deposits by 6 and 7 months, and abundant plaque formation by 9 months of age. 

Studies assessing glucose metabolism in APP/PS1 mice have described similar glucose 

tolerance in mice that were young and fed a standard diet [5,26]. Other studies, however, 

have reported impaired glucose tolerance in young APP/PS1 mice that was exacerbated with 

high fat feeding [27]. Some evidence suggests that impaired brain insulin signaling precedes 

AD pathology in these mice [28]. However, the authors of that report only assessed the 

nonstimulated phosphorylation state of signaling molecules such as Akt and GSK 3. It is 

important to point out that these signaling molecules also participate in other signaling 

pathways such as cytokine signaling and it is impossible to ascribe a decrease in the basal 

phosphorylation state to decreased insulin signaling versus that of other signaling pathways. 

The formal way to study insulin signaling is to acutely induce insulin signaling through an 

insulin bolus and then compare the insulin-induced phosphorylation state of downstream 

molecules such as Akt and GSK 3 which requires comparison to the basal phosphorylation 

state in nonstimulated animals. Only then can the degree of activation of downstream 

molecules be specifically attributed to insulin signaling. Others have also demonstrated 

impaired insulin signaling in brains from APP/PS1 mice [27]; however, whole brain lysates 

were used for these earlier studies, and therefore, it is unclear whether insulin signaling is 

impaired specifically in the hypothalamus. In the present study, we have hypothesized that 

AD (i.e., amyloid pathology) in APP/PS1 mice impairs hypothalamic insulin signaling, 

disrupting the CNS control of glucose, lipid, and BCAA homeostasis and thereby increasing 

the susceptibility to diabetes.

2. Methods

2.1. Animals

Male APP/PS1 mice (5–6 and 11–12 months old) were used for these experiments as 

explained in Supplementary Information.
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2.2. Glucose and insulin tolerance testing

Mice were fasted for either 5 hours or overnight and acclimated to the testing room with 

access to water. Animals were injected intraperitoneally (i.p) with a 1–2 g/kg glucose 

solution (Sigma Aldrich, St. Louis, MO) at the age of 5 to 11 months. The insulin tolerance 

test was performed with 0.75, 1, or 2 U/kg insulin (Humulin R, Lilly & Co., Indianapolis, 

IN) solution. Blood samples obtained from tail vein bleeds were used to measure blood 

glucose immediately before and after the glucose or insulin bolus as detailed in 

Supplementary Material.

2.3. Fasting-refeeding protocol

Mice were fasted for 24 hours and then refed via gavage with 300 μL (0.33 kcal) of an 

Ensure (Abbott Laboratories, USA) solution containing 1.1 kcal/mL with 20% of calories 

from fat, 13% carbohydrate, and 18% protein. Blood samples were collected after fasting 

and 1 and 2 hours after refeeding to measure blood glucose, insulin, triglycerides (TG), 

nonesterified fatty acids (NEFA), and branched chain amino acids (BCAA).

2.4. Insulin signaling studies

Insulin signaling studies were performed immediately after the insulin tolerance test by 

injecting mice at 90 min intraperitoneally with 100 mU of insulin in 300 μL of 5% glucose 

solution after which organs were harvested as detailed in the Supplementary Material.

2.5. Plasma insulin, lipids, and BCAA determinations

Plasma insulin, lipids, and BCAA levels were determined as described in Supplementary 

Material.

2.6. Statistics

Data were analyzed with either a two-tailed student t test or analysis of variance using 

GraphPad Prism (GraphPad Software, CA, USA) when appropriate. Values are displayed as 

group means ± SEM. A P < .05 was determined a priori as the threshold for statistically 

significant differences.

3. Results

Type 2 diabetes in humans is thought to emerge from a confluence of factors increasing 

susceptibility to insulin resistance such as genetic predisposition and environmental 

challenges such as excessive caloric intake due to high-fat diets (HFDs) for example. We 

therefore probed whether APP/PS1 mice were more susceptible to high-fat diet-induced 

and/or aging-induced metabolic dysregulation. To this end, we studied hypothalamic insulin 

signaling, glucose, lipid, and BCAA homeostasis in 5-month-old mice which approximately 

equates to 30-year-old humans where T2D/IR incidence is low and 11-month-old mice 

which approximately equates to 55-year-old humans where T2D/IR incidence peaks, before 

and after high fat feeding were 60% of all calories are provided in the form of fat (see 

experimental scheme in Fig. 1A and B).
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We dynamically assessed glucose homeostasis by performing a glucose tolerance test (GTT) 

through the administration of an i.p glucose bolus to 5- and 11-month old mice before and 

after high-fat feeding. When fed a standard chow diet, 5-month-old APP/PS1 mice exhibited 

similar glucose excursions to Wt littermates (Fig. 1C). However, when these animals were 

challenged with a HFD for 4 weeks, APP/PS1 mice became glucose intolerant as evident 

from the significantly higher glucose excursion and area under the curve during the GTT 

(Fig. 1D). We also studied glucose tolerance in 11-month-old mice to determine whether 

aging, a well-known risk factor for both T2D and AD, differentially affects glucose 

homeostasis in APP/PS1 mice. When fed a standard chow, old APP/PS1 mice exhibited 

similar blood glucose excursions to Wt mice as reflected by the comparable areas under the 

curve (Fig. 1E). After high fat feeding, however, old APP/PS1 mice were markedly more 

glucose intolerant than Wt littermates (Fig. 1F).

To determine whether the observed glucose intolerance in APP/PS1 mice is due to impaired 

insulin action, we performed an insulin tolerance test (ITT) by administering an i.p. insulin 

bolus to 5- and 11-month-old mice before and after high-fat feeding. Five-month-old 

APP/PS1 mice demonstrated similar decreases in blood glucose during the ITT when fed a 

standard chow (Fig. 1G) and after 4 weeks of high-fat feeding (Fig. 1H) suggesting that 

insulin sensitivity was still maintained in young APP/PS1 mice. Similarly, 11-month-old 

APP/PS1 mice fed a standard chow diet exhibited comparable insulin tolerance, albeit with a 

trend to perform worse in the APP/PS1 mice (Fig. 1I). However, when fed a HFD for 6-

weeks, old APP/PS1 mice exhibited worse insulin tolerance which became statistically 

significant at time point 60 minutes and was also reflected in the larger area under the curve 

(Fig. 1J), although it did not reach statistical significance (P = .064). Taken together, these 

findings suggest that HFD challenge and aging unveil a metabolic phenotype in APP/PS1 

mice. This was also reflected in the fasting glucose levels (Fig. 1K–N) and the fasting 

insulin levels (Fig. 1O–Q) that were significantly worse in the aged and HFD fed APP/PS1 

mice compared to the Wt littermates.

We next probed the ability of APP1/PS1 mice to maintain metabolic homeostasis when 

transitioning from the fasted to the fed state, which is commonly impaired in the pre-diabetic 

and diabetic state and is a sign of metabolic inflexibility. We compared 5-month-old 

overnight fasted mice to mice refed after an overnight fast in their ability to regulate 

postprandial glucose, insulin, plasma lipids, and BCAAs (see experimental scheme in Fig. 

2A). After refeeding, APP/PS1 mice exhibited similar glucose excursions to that of Wt mice 

(Fig. 2B) which is in line with the GTT results indicating that young APP/PS1 mice are able 

to maintain glucose homeostasis. Of note, postprandial insulin levels remained elevated in 

APP/PS1 mice 2 hours after refeeding (Fig. 2C), which is indicative of insulin resistance, 

although the glucose excursions were not different. APP/PS1 mice also exhibited higher 

triglyceride excursions after refeeding (Fig. 2F), whereas postprandial plasma glycerol and 

NEFA levels were not different (Fig. 2D and 2E). Taken together, these observations further 

support the notion that young APP/PS1 exhibit a very discrete metabolic phenotype that is 

exacerbated by nutritional challenges and/or aging.

The metabolic impairment observed in APP/PS1 mice could be due to altered energy 

homeostasis. To address this possibility, we measured food intake and body weight from 5- 
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and 11-month-old mice before and/or after high-fat feeding. At the age of 5 months, there 

was no difference in average caloric intake between APP/PS1 and Wt mice (Fig. 3A). 

Although the total calories consumed increased during high-fat feeding, there was no 

difference in caloric intake between genotypes (Fig. 3B). APP/PS1 mice aged 11 months fed 

a HFD exhibited a tendency toward greater caloric intake (Fig. 3C), but this was not 

statistically different (P =.081). Body weight was not different between 5-month old 

APP/PS1 and Wt mice when fed a regular chow (Fig. 3D) or a HFD (Fig. 3E) which is in 

line with similar caloric intake in these mice. Similarly, 11-month-old APP/PS1 mice did not 

differ in body weight from Wt mice when fed a standard chow (Fig. 3F) or a HFD (Fig. 3G). 

Furthermore, we measured body composition in old APP/PS1 as these mice showed a 

tendency toward higher caloric intake and found that fat mass and lean mass were also not 

different before or after high-fat feeding (Supplementary Fig. 1). Thus, food intake or 

adiposity fails to explain the observed metabolic impairment in APP/PS1 mice.

Altered lipid homeostasis can give rise to lipotoxicity, a key feature of the metabolic 

syndrome and T2D. We tested whether APP/PS1 mice exhibit alterations in circulating 

lipids by measuring fasting plasma glycerol, NEFA and triglycerides (TG) levels. Plasma 

glycerol levels were unaltered in 5-month-old APP/PS1 mice fed a standard chow (Fig. 4A), 

after high fat feeding (Fig. 4B) or after high-fat feeding in old APP/PS1 mice (Fig. 4C). 

Plasma NEFA levels were also not different in 5-month old mice fed a standard chow (Fig. 

4D), after high-fat feeding (Fig. 4E) or after high-fat feeding in old APP/PS1 mice (Fig. 4F). 

Similar to glycerol and NEFA, plasma triglycerides were also not different between any of 

the groups (Fig. 4G–I). Thus, APP/PS1 mice are still able to maintain lipid homeostasis.

Hypothalamic insulin signaling is an important regulator of CNS control of nutrient 

partitioning and a disruption of hypothalamic insulin signaling could account for the 

dysmetabolic phenotype of the APP/PS1 mice. Hence we probed hypothalamic insulin 

signaling in 5-month old APP/PS1 mice after fasting-refeeding (standard chow) or high fat 

feeding, by administering an i.p. bolus of insulin and harvesting the hypothalami 15 minutes 

later. Western blot analysis of hypothalamic protein extracts revealed that APP/PS1 mice had 

decreased induction of GSK-3 and AKT phosphorylation over basal activation (Fig. 5A) and 

hence exhibited impaired hypothalamic insulin signaling. Thus, hypothalamic insulin 

resistance likely contributes to the impaired glucose homeostasis observed in these mice.

Plasma levels of branch chain amino acids (BCAAs) are commonly elevated in obese, 

prediabetic, and/or diabetic humans, rise very early in the course of diabetes development 

and are a sensitive predictor for the future risk for diabetes [29]. Our laboratory has recently 

demonstrated that brain insulin action induces BCAA catabolism, whereas inhibition of 

hypothalamic insulin signaling results in higher levels of circulating BCAAs [16]. Because 

hypothalamic insulin signaling was reduced in APP/PS1 mice, we assessed BCAA 

homeostasis. Indeed, 5-month-old APP/PS1 mice fed a regular chow diet exhibited 

significantly higher levels of circulating BCAAs (Fig. 5B). High-fat feeding induces 

hypothalamic insulin resistance, and hence, BCAA levels were higher in Wt mice compared 

to standard chow fed Wt mice. However, BCAA levels were not further elevated by high-fat 

feeding (Fig. 5C). Although BCAA levels trended to be higher in aged APP/PS1 mice, this 

did not reach significance (Fig. 5D) possibly due to hypothalamic insulin resistance 
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preceding the high-fat feeding and/or the more pronounced systemic hyperinsulinemia of the 

APP/PS1 mice.

There are several molecular pathways that can impair insulin signaling within the CNS. 

Accumulation of misfolded proteins induces the unfolded protein response leading to 

endoplasmic reticulum (ER) stress which has been observed in the frontal cortex of AD 

patients [30,31] and in the brains of rodent models of T2D [32,33]. Of note, ER stress may 

also play an important role in hypothalamic dysfunction in obesity and diabetes [34]. 

Chronic and/or excessive ER stress also contributes to the activation of autophagy pathways 

[35] and inflammation pathways [36], and brain inflammation is implicated in both AD [37] 

and diabetes [38].

To determine whether APP/PS1 mice displayed an altered cortical ER stress response, we 

dissected the prefrontal cortex and measured mRNA expression of genes involved in ER 

stress including C/EBP homologous protein (CHOP), Binding immunoglobulin protein 

(BiP/GRP-78), and activating transcription factors (ATF), ATF3, ATF4, and ATF6. We found 

that 12-month-old APP/PS1 mice fed a HFD tended toward higher expression levels of (1) 

the ER molecular chaperone Bip/GRP-78 (a protein that plays a key role in initiating the 

unfolded protein response [39]); (2) the DNA damage induced transcript CHOP; (3) the 

CHOP-regulated protein ATF3 [40]; and (4) ATF4, a protein that is essential for the 

induction of genes involved in autophagy [41] (Fig. 6A). These observations suggest that 12-

month-old APP/PS1 mice display a molecular signature consistent with the development of 

a state of increased ER stress and autophagy in the frontal cortex.

As the prefrontal cortex of old APP/PS1 mice exhibited elevated mRNA levels of genes 

involved in ER stress and in autophagy as demonstrated by the higher expression of ATF4, 

we measured expression levels of other genes involved in autophagy such as the autophagy-

related protein (Atg) 4a, Atg5, Atg6, Atg 7, Atg12 and light chain 3 (LC3A and LCB) that 

are important cytoplasmic effectors of SIRT1-driven autophagy. SIRT1 is a member of the 

sirtuin family of deacetylases that regulates life span and nutritional state-dependent 

autophagy [42]. Consistent with the increased expression of ATF4, mRNA levels for all 

autophagy-related genes trended toward elevation in old APP/PS1 mice (Fig. 6B), suggestive 

of increased cellular degradation, but these differences were not statistically significant.

Based on the observation that 12-month-old APP/PS1 mice show increased expression of 

genes involved in ER stress and autophagy, we assessed the levels of several 

proinflammatory cytokines and found that old APP/PS1 mice tended to have increased 

mRNA expression of IL-1β, TNF-α, MCP-1, and SOCS3 (a negative regulator of cytokine 

signaling) and displayed a higher expression of IKBKβ which is essential for NF-κβ 
inflammatory signaling (Fig. 6C). Of note, APP/PS1 mice also tended to exhibit elevated 

expression of Trem2 and Tyrobp which play key roles in microglial-mediated immune 

response in postmortem brains of AD patients [43]. Thus, aged APP/PS1 mice fed a HFD 

tended to have higher expression of genes involved in ER signaling, autophagy, and 

inflammation in the prefrontal cortex, potentially exacerbating AD pathology, impairing 

insulin signaling, and inducing metabolic pathology.
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To test whether the observed induction of ER stress, inflammation, and autophagy pathways 

in 12-month old high fat diet-fed APP/PS1 mice was likely to be a cause or a consequence 

of the AD neuropathology, we analyzed prefrontal cortex samples from 6-month-old 

APP/PS1 mice fed a HFD because young APP/PS1 mice are asymptomatic and as of yet 

have no obvious AD neuropathology [44]. In contrast to old mice, young APP/PS1 mice 

tended to have lower expression of genes involved in ER stress (Fig. 6D), autophagy (Fig. 

6E), and inflammation (Fig. 6F) in the prefrontal cortex. Hence, it appears more likely that 

ER stress, autophagy, and inflammation in the brain result from AD neuropathology 

progression and that activation of these pathways is unlikely to be a driver of AD-associated 

metabolic dysregulation.

4. Discussion

Our aging societies are faced with an increased prevalence of both T2D/IR and AD. Aging is 

clearly a risk factor for both of these conditions and AD increases the prevalence for T2D/IR 

and vice versa. Here, we tested the hypothesis that in a commonly used mouse model of AD, 

the APP/PS1 mice, AD pathology can induce brain insulin resistance which in turn disrupts 

metabolic homeostasis and increases susceptibility to T2D/IR. Our data demonstrate that 

HFD feeding and/or aging unveils a metabolic phenotype of the APP/PS1 mice and hence 

increased susceptibility to diabetes. This is likely due to impaired hypothalamic insulin 

signaling in APP/PS1 mice which is also reflected in impaired BCAA homeostasis.

When fed a standard chow, APP/PS1 and Wt mice exhibited similar metabolic control 

except for very discrete abnormalities in APP/PS1 mice. Although APP/PS1 mice exhibited 

normal glucose excursions during the fasting-refeeding protocol, these mice were unable to 

maintain postprandial plasma triglyceride and insulin levels suggesting a predisposition to 

metabolic dysregulation. Indeed, after a high fat diet metabolic challenge, both young and 

old APP/PS1 mice demonstrated impaired glucose homeostasis which was more pronounced 

in the old cohort indicating that aging exacerbates the metabolic phenotype of AD mice. The 

metabolic impairment seen in APP/PS1 mice was not due to greater food intake, body 

weight, or adiposity as all these measures were not different from Wt controls. 

Hypothalamic insulin signaling is critical for the regulation of hepatic glucose production 

[45] and BCAA catabolism [16]. To the best of our knowledge, this study is the first to 

report that APP/PS1 mice exhibit hypothalamic insulin resistance, which we speculate 

accounts for the impaired glucose and BCAA homeostasis. Of note, hypothalamic insulin 

resistance in APP/PS1 mice was observed even before a HFD challenge (Fig. 5A) when the 

metabolic impairment in these mice still was very discrete. In line with the notion that 

hypothalamic insulin resistance accounts for impaired BCAA homeostasis, APP/PS1 mice 

exhibited significantly higher circulating BCAA levels.

High-fat feeding impaired BCAA homeostasis in Wt mice, whereas it did not further 

exacerbated this in APP/PS1 mice. One may speculate that in the presence of preexisting 

hypothalamic insulin resistance of the APP/PS1 mice, high-fat feeding does not further 

worsen BCAA homeostasis. It is important to note that while BCAA levels are consistently 

higher in insulin resistant humans, insulin resistance in rodents is not always associated with 

increased plasma BCAA levels. For example, BCAAs are increased in genetic forms of 
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obesity, but not HFD fed mice, possibly due to the hyperinsulinemia which is able to 

maintain some metabolic parameters within the normal range such as BCAAs and 

triglycerides, but not others such as glucose [46]. Hence, the compensatory hyperinsulinemia 

is able to maintain nutrient homeostasis in younger, but not in older animals which is in line 

with our finding that BCAA levels are slightly increased after high fat feeding in old 

APP/PS1 mice.

Central nervous system inflammation is considered a primary driver of brain insulin 

resistance in AD [47]. Likewise, ER stress and autophagy have been demonstrated to impair 

insulin signaling within the CNS, at least in several studies of mouse model of diabetes [48]. 

As we used the hypothalami for immunoblotting in our insulin signaling studies, we were 

unable to assess ER stress and autophagy via mRNA analysis in the hypothalamus. Hence, 

we assessed ER stress, autophagy, and inflammation in the frontal cortex, a region well 

known to be affected in AD patients and APP/PS1 mice and to correlate with AD 

neuropathology [49]. We observed that 12-month-old APP/PS1 mice fed a HFD exhibited a 

molecular signature consistent with a state of increased ER stress, autophagy, and 

inflammation (Fig. 6A–C). Yet, if indeed ER stress, autophagy, and/or inflammation are 

primary drivers of impaired CNS control of metabolism, one would expect these pathways to 

be activated before metabolic regulation is impaired and/or before AD pathology is 

manifested. However, when we assessed 6-month-old APP/PS1 mice where a discrete 

metabolic impairment is already present, we failed to observe elevated mRNA levels of 

genes indicative of ER stress, autophagy, and/or inflammation. Thus, our data suggest that 

these pathways are more likely to be activated in response to AD pathology and hence are 

likely not primary drivers of the metabolic impairment.

Future studies should test whether brain insulin action is impaired by combining glucose 

clamp studies and isotope tracer dilution techniques with intracerebroventricular insulin 

infusion. This protocol will permit to test whether the amyloid pathology of APP/PS1 mice 

has any impact on the ability of brain insulin signaling to suppress hepatic glucose 

production and adipose lipolysis [15]. We propose that the brain amyloid pathology causes 

this disturbance in hypothalamic insulin signaling, and that the glucose intolerance (at least 

in this AD model) occurs as a result of impaired hypothalamic insulin action given its 

important role in controlling hepatic glucose metabolism [14]. Furthermore, as BCAAs can 

directly affect energy homeostasis by activating hypothalamic mammalian Target of 

Rapamycin (mTOR) signaling which in turn can induce or worsen hypothalamic insulin 

resistance [50], it would be informative to assess whether elevated BCAAs in AD mice 

contribute to insulin resistance by inducing hypothalamic mTOR signaling.

In summary, this study shows that APP/PS1 mice exhibit an increased susceptibility to 

metabolic impairment due to high-fat feeding and/or aging. This increased susceptibility to 

diabetes is likely due to hypothalamic insulin resistance. Furthermore, the hypothalamic 

insulin resistance of the APP/PS1 mice was reflected in impaired BCAA homeostasis. This 

observation may be of clinical relevance as it suggests that plasma BCAAs may serve as a 

marker for impaired brain insulin action in patients with AD.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

1. Systemic review: To advance our understanding of the relationship between 

Alzheimer’s disease (AD) and diabetes, we performed an extensive Pubmed 

literature search to identify studies of animal models of AD that examined 

metabolism and insulin signaling.

2. Interpretation: Our studies provide evidence that AD increases the 

susceptibility to aging and/or HFD induced insulin resistance. As insulin 

action within the hypothalamus controls systemic metabolism, our finding of 

impaired hypothalamic insulin signaling could account for the link between 

AD and diabetes. Furthermore, we identified plasma branch chain amino 

acids (BCAA) as a potential marker of impaired hypothalamic insulin action 

in a mouse model of AD.

3. Future directions: Studies should elucidate the molecular mechanism through 

which AD impairs neuronal insulin signaling. Is hypothalamic insulin action, 

that is, the ability of brain insulin to regulate systemic metabolism impaired in 

patients with AD and are plasma BCAA levels a biomarker of impaired brain 

insulin action in patients with AD?
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Fig. 1. 
APP/PS1 mice are more susceptible to high-fat diet (HFD)–induced glucose intolerance, 

which is exacerbated with age. Experimental scheme for the two cohorts of (A) young (5 

months) and (B) old (11 months) mice. Glucose tolerance test for young mice fed a standard 

chow (C) and a HFD (D) and old mice fed a standard chow (E) and a HFD (F). Insulin 

tolerance test for young mice fed a standard chow (G) and a HFD (H) and old mice fed a 

standard chow (I) and a HFD (J). Fasting blood glucose concentration for young mice fed a 

standard chow (K) and during high-fat feeding (L) and old mice fed a standard chow (M) 

and during high-fat feeding (N). Fasting insulin concentration for young mice fed a standard 

chow (O) and during high-fat feeding (P) and old mice during high-fat feeding (Q). 
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Displayed are averages ± SEM. Statistical significance is defined as *P < .05, **P < .01. Wt 

n = 5 and APP/PS1 n = 4.

Ruiz et al. Page 15

Alzheimers Dement. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
APP/PS1 mice exhibit impaired postprandial insulin and triglyceride levels. Experimental 

scheme for the fasting and refeeding protocol (A). Glucose excursion before and after 

refeeding with an Ensure solution (B). Plasma insulin (C), glycerol (D), non-esterified free 

fatty acids (E), and triglycerides (F) concentrations during the fasting-refeeding protocol. 

Displayed are averages ± SEM. Wt n = 6 and APP/PS1 n = 6.
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Fig. 3. 
Food intake and body weight were not different between APP/PS1 and Wt mice. Averaged 

daily caloric intake for young mice fed a standard chow (A) and during high-fat feeding (B) 

and for old mice during high-fat feeding (C). Averaged body weight for young mice fed a 

standard chow (D) and HFD (E) and old mice fed a standard chow (F) and a HFD (G). 

Displayed are averages ± SEM. Wt n = 5 and APP/PS1 n = 4.
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Fig. 4. 
Plasma lipid parameters were not different between APP/PS1 and Wt mice. Plasma glycerol 

concentration for young mice fed a standard chow (A) and high-fat diet (HFD) (B) and old 

mice fed a HFD (C). Plasma nonesterified free fatty acids for young mice fed a standard 

chow (D) and high fat diet (E) and old mice fed a HFD (F). Plasma triglycerides 

concentrations for young mice fed a standard chow (G) and HFD (H) and old mice fed a 

HFD (I). Displayed are averages ± SEM. Wt n = 5 and APP/PS1 n = 4.

Ruiz et al. Page 18

Alzheimers Dement. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
APP/PS1 mice exhibit hypothalamic insulin resistance and impaired BCAAs homeostasis. 

Western blot analysis of hypothalamic protein extracts from 5- to 6-month-old mice after the 

fasting-refeeding protocol (standard chow) and after high-fat feeding for 4 weeks (ITT plus 

insulin bolus) (A). Plasma BCAA concentration for young mice fed a standard chow diet (B) 

and after high-fat feeding (C) and old mice after high-fat feeding (D). Displayed are 

averages ± SEM. significance is defined as *P < .05. Wt n = 5 and APP/PS1 n = 4. 

Abbreviation: ITT, insulin tolerance test.
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Fig. 6. 
Old APP/PS1 mice exhibit greater expression of genes involved in ER stress, autophagy, and 

inflammation in the frontal cortex after high-fat feeding. Expression of genes involved in ER 

stress, autophagy, and inflammation pathways from frontal cortex samples of old (A, B, and 

C, respectively) and young (D, E, and F, respectively) mice fed a high-fat diet. Displayed are 

averages ± SEM. Wt n = 5 and APP/PS1 n = 3–4.
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