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Abstract

The amyloid precursor protein (APP) generates a number of peptides when processed 

through different cleavage mechanisms, including the amyloid beta peptide that 

is implicated in the development of Alzheimer’s disease. It is well established that 

APP via its cleaved peptides regulates aspects of neuronal metabolism. Emerging 

evidence suggests that amyloidogenic processing of APP can lead to altered systemic 

metabolism, similar to that observed in metabolic disease states. In the present study, 

we investigated the effect of APP deficiency on obesity-induced alterations in systemic 

metabolism. Compared with WT littermates, APP-deficient mice were resistant to diet-

induced obesity, which was linked to higher energy expenditure and lipid oxidation 

throughout the dark phase and was associated with increased spontaneous physical 

activity. Consistent with this lean phenotype, APP-deficient mice fed a high-fat diet 

(HFD) had normal insulin tolerance. However, despite normal insulin action, these mice 

were glucose intolerant, similar to WT mice fed a HFD. This was associated with reduced 

plasma insulin in the early phase of the glucose tolerance test. Analysis of the pancreas 

showed that APP was required to maintain normal islet and β-cell mass under high 

fat feeding conditions. These studies show that, in addition to regulating aspects of 

neuronal metabolism, APP is an important regulator of whole body energy expenditure 

and glucose homeostasis under high fat feeding conditions.

Introduction

The amyloid precursor protein (APP) is expressed in 
a variety of cell types and is the precursor to a number 
of smaller peptides generated through different peptide 
cleavage mechanisms (Zheng & Koo 2011). Notably, 
APP generates the amyloid beta (Aβ) peptides that are 
implicated in the pathogenesis of Alzheimer’s disease 

(AD). However, APP cleavage can also generate other 
peptides with different biological functions (Eggert et al. 
2004). Processing of APP can occur through two distinct 
processing pathways. In the first pathway, APP is first 
cleaved by the plasma membrane-bound α-secretase, 
which can yield a soluble APPα (sAPPα) peptide that is 
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released into the extracellular space (Sisodia 1992). The 
remaining intracellular peptide can be further cleaved by 
the γ-secretase at the trans-golgi network, resulting in two 
peptides, termed AICD and p3 (Kummer & Heneka 2014). 
The second processing pathway involves APP cleavage in 
the endosomal compartment by the β-secretase enzyme 
β-site APP-cleaving enzyme 1 (BACE-1) (Rajendran et al. 
2006). This results in a soluble APPβ (sAPPβ) peptide that 
is exported into the extracellular environment, leaving a 
peptide that can be further cleaved by the γ-secretase in 
the endosomal system, generating AICD and Aβ peptides 
(Goodger et al. 2009). Greater processing of APP through 
this second, amyloidogenic pathway is thought to result in 
the Aβ accumulation that is characteristic of the amyloid 
plaques implicated in neuron loss in AD (van der Kant & 
Goldstein 2015).

A body of evidence is emerging that describes potential 
roles for APP-derived peptides in the regulation of various 
aspects of metabolism (Cai et  al. 2015). This not only 
includes regulation of metabolism in neurons, but also in 
peripheral tissues that contribute to whole body metabolic 
homeostasis. Non-amyloidogenic processing of APP can 
positively influence aspects of metabolism. For example, 
BACE-1-deficient mice have increased energy expenditure 
that protects against diet-induced obesity (Meakin 
et  al. 2012). Mechanistically, loss of BACE-1 or BACE-1 
inhibition increases non-amyloidogenic processing of 
APP and sAPPα production, which enhances glucose 
oxidation in muscle cells (Hamilton et al. 2014). However, 
greater amyloidogenic APP processing appears to have 
deleterious effects on cellular metabolism. Indeed, it has 
been recognised for some time that Aβ can impair neuronal 
glucose metabolism through a variety of mechanisms 
(Meier-Ruge et al. 1994, Mark et al. 1997, Hoyer 2004), as 
well as impairing mitochondrial function (Hawlitschek 
et  al. 1988, Manczak et  al. 2011, Mossmann et  al. 2014). 
While these roles for Aβ in the control of metabolic 
processes have long been considered in the context 
of AD, only recently have they been examined in the 
context of whole body metabolism and metabolic disease 
states. Interestingly, a number of AD animal models with 
increased circulating Aβ levels are reported to recapitulate 
aspects of the metabolic disturbances seen in obesity and 
type 2 diabetes. These include insulin resistance, glucose 
tolerance and dyslipidaemia (Mody et  al. 2011, Jimenez-
Palomares et al. 2012, Shie et al. 2015, Plucinska et al. 2016). 
Administration of the Aβ42 peptide to mice has similar 
effects by inducing hepatic insulin resistance (Zhang 
et  al. 2012, 2013). Other peptides generated through  
APP cleavage, such as AICD, can also influence  

metabolic processes. AICD plays a key role in inhibiting 
sphingolipid synthesis though transcriptional repression of 
the serine-palmitoyl transferase enzyme (Grimm et al. 2011). 
A number of sphingolipid sub-species such as ceramides 
have been linked to the development of insulin resistance 
in peripheral tissues (Holland et  al. 2007). Furthermore, 
high nutrient environments that drive metabolic diseases 
such as obesity and type 2 diabetes increase amyloidogenic 
processing of APP (Ho et al. 2004). Together, these findings 
suggest that peptides derived from the amyloidogenic 
processing of APP could be critical in mediating deleterious 
metabolic adaptations including lipid accumulation and 
insulin resistance that lead to alterations in whole body 
metabolism such as glucose intolerance. However, the 
absolute requirement for these peptides in the development 
of these metabolic alterations remains unknown. Here, we 
sought to address this question by studying mice deficient 
in APP using a diet-induced obesity model, which renders 
mice insulin resistant and glucose intolerant. We show that 
APP has multiple unexpected roles in regulating whole 
body metabolism.

Materials and methods

Mouse line and genotyping

Ethics approval was granted by the Deakin University 
Animal Ethics Committee (application A32-2011), which 
is subject to the Australian Code for the Responsible 
Conduct of Research. The APP-knockout (KO) mouse 
line (strain name: B6.129S7 – APPtm1Dbo/J) was 
obtained from the Jackson Laboratory, where it had 
been backcrossed to a C57Bl6/J background for more 
than 10 generations. Male and female APP KO mice 
were backcrossed to C57Bl6/J mice for an additional 
generation in our laboratory to obtain heterozygous 
mice, which were used to maintain the colony and 
generate littermate WT and KO mice for experiments. 
Genomic DNA was isolated from ear-clippings by 
incubating in 75 μL of 25 mM NaOH, 0.2 mM EDTA at 
98°C for 1 h. For PCR analysis using the KOD hot start 
polymerase (Millipore), the following primer sets were to 
detect the WT and KO APP alleles, respectively: Forward 
5′ AGA GCA CCG GGA GCA GAG 3′, Reverse 5′ AGC 
AGG AGC AGT GCC AAG 3′ and Forward 5′ CTT GGG 
TGG AGA GGC TAT TC 3′, Reverse 5′ AGG TGA GAT 
GAC AGG AGA TC 3′. These primer pairs generated a 
250 bp product from the WT allele and a 280 bp product 
for the KO allele (Supplementary Fig. 1, see section on 
supplementary data given at the end of this article).
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Animal experiments

Eight-week-old male WT and KO mice (n = 9–10/group) 
were maintained on either a standard rodent diet or a 
high-fat diet (HFD) consisting of 43% of calories from 
fat (23.5% by weight; SF04-001 Rodent Diet, Research 
Diets D12451 Equivalent; Specialty Feeds) for 14 weeks. 
Throughout the experiment, three APP KO mice on the 
chow diet unexpectedly died (see ‘Discussion’ section 
for details). Data from these mice were excluded from all 
analyses. Mice were maintained on a 12-h light–darkness 
cycle. Bodyweight and food intake were recorded 
weekly. Metabolic measures such as indirect calorimetry, 
intraperitoneal glucose tolerance test (i.p.GTT) and 
intraperitoneal insulin tolerance test (i.p.ITT) were 
performed in weeks 12–13. Mice were killed after 14 weeks 
by cervical dislocation after a 5-h fast. After cardiac 
puncture to obtain plasma, the following tissues were 
removed and snap frozen in liquid nitrogen: hippocampus; 
striatum; hypothalamus; heart; epididymal, mesenteric, 
inguinal and subscapular (white and brown) fat; liver; 
kidney; quadriceps. All tissues were subsequently stored 
at −80°C.

Body composition

Body composition was determined using an EchoMRI 
Whole Body Composition Analyzer, as previously 
described (Gaur et  al. 2017). Scans were performed 
fortnightly by placing mice into a probe with a cylindrical 
plastic insert added to limit their movement. A system 
test was performed on the day prior to measurement scans 
with a canola oil test sample serving as a standard.

Indirect calorimetry

Mice were housed in metabolic cages (Fusion Metabolic 
System, AccuScan Instruments) for 25 h with data recorded 
over the final 24 h. Energy expenditure and substrate 
oxidation rates were determined as previously described 
(Gaur et al. 2016).

i.p.GTT and i.p.ITT

The i.p.GTT and i.p.ITT tests were performed 7  days 
apart, as previously described (Bond et al. 2017). Briefly, 
for the i.p.GTT, mice were fasted for 5 h from 08:00 
before receiving a bolus of glucose (2 g/kg lean mass) by 
i.p. injection. Blood glucose was determined from blood 
obtained from tail tip using a handheld glucometer  

(Accu-Check Performa, Roche) prior to glucose 
administration (0 min) and then 15, 30, 45, 60 and 90 min 
post administration. An additional 30 μL of blood was 
obtained from the tail tip at 0, 15, 30 and 60 min time 
points in heparin-coated tubes for the determination of 
plasma insulin concentration. For the i.p.ITT, mice were 
again fasted for 5 h from 08:00 before receiving a bolus 
of insulin (0.75 U/kg lean mass) by i.p. injection. Blood 
glucose was determined from blood obtained from tail 
tip using a handheld glucometer (Accu-Check Performa, 
Roche) prior to insulin administration and then 20, 40, 
60, 90 and 120 min post administration.

Plasma analyses

Plasma collected throughout the i.p.GTT was analysed for 
insulin content using a Mouse Insulin ELISA kit (ALPCO, 
Salem, NH, USA). Plasma free fatty acids (FFA) were 
determined using a colorimetric kit (Sigma).

Tissue analyses

For analysis of signalling in the right striatum, ~20 mg 
tissue were homogenised in ~200 μL lysis buffer (50 mM 
Tris pH 7.5, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% 
Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 
1 mM DTT, 1× protease inhibitor cocktail (Sigma)). The 
total protein concentration of the lysates was determined 
using the BCA total protein kit (Pierce). 20 µg protein were 
denatured in SDS reducing buffer and incubated at 37°C 
for 5 min before being subjected to SDS-PAGE. Proteins 
were transferred onto PVDF membranes, which were 
blocked in 1% BSA in Tris-buffered saline and 0.05% Tween 
(TBST) for 1 h at room temperature before being exposed 
to primary antibodies to phosphorylated and total PKA 
(pT197), CREB (pS133), Erk1/2 (pT202/Y204), glycogen 
synthase kinase 3 beta (GSK3β) (pS9) and Akt (pS473) 
(all from Cell Signaling Technology). Membranes were 
washed in TBST and exposed to appropriate anti-species 
horseradish peroxidase-conjugated secondary antibodies 
for 1 h at room temperature, before final washes. Protein 
bands were detected using ECL Chemiluminescent 
Substrate Reagent Kit (Invitrogen) and visualised on a 
Chemidoc XRS System and Analysis Software (Bio-Rad 
Laboratories).

Determination of skeletal muscle and liver lipids 
was performed with liquid chromatography, electrospray 
ionisation–tandem mass spectrometry using an HP 1200 
liquid chromatography system (Agilent Technologies) 
combined with a PE Sciex API 4000 Q/TRAP mass 

https://doi.org/10.1530/JOE-18-0051


https://doi.org/10.1530/JOE-18-0051
http://joe.endocrinology-journals.org	 © 2018 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

314Amyloid precursor protein and 
metabolism

J K Czeczor et al. 237:3Journal of 
Endocrinology

spectrometer (Applied Biosystems/MDS SCIEX) with a 
turbo-ionspray source (350°C) and Analyst 1.5 data system 
(Applied Biosystems/MDS SCIEX), as we have previously 
described (Gaur et al. 2016).

Real-time RT-PCR was performed as previously 
described (McGee et  al. 2014). Briefly, ~10 mg liver were 
lysed and total RNA was extracted using the RNeasy Kit 
(Qiagen) and reverse transcribed (Maxima H Minus First 
Strand cDNA Synthesis Kit; Thermo Fisher Scientific). 
Quantification of cDNA was determined using the 
Quant-iT OliGreen ssDNA Assay Kit (Molecular Probes). 
Primer sequences were designed using the Beacon Designer 
software (Premier Biosoft International, Palo Alto, CA, USA) 
and are provided in relevant figure legends. Quantitative 
real-time PCR was performed using Luminaris Color 
HiGreen qPCR Master Mix (Thermo Fisher Scientific) on 
a PikoReal system (Thermo Fisher Scientific). Relative gene 
expression was calculated as 2−Ct/cDNA concentration.

Histology

Beta-cell and islet analyses were performed histologically 
as previously described (Aston-Mourney et  al. 2013). 
Pancreata were fixed in neutral buffered formalin 10% 
(wt/vol) overnight and embedded in paraffin. 10 μM 
sections were labelled with insulin antibody (I-2018, 
Sigma-Aldrich, diluted 1:2000) to visualise beta cells, 
and Hoechst 33258 to visualise nuclei. Section, beta-cell 
and islet areas were determined by an observer who was 
blinded to the genetic and diet status of the mice using 
ImageJ. Total section area and islet area were determined 
by manually circumscribing the sections/islets and 
quantifying the area of interest in μM. Beta-cell area was 
determined by setting a colour threshold that selected all 
insulin-positive (red) staining within the defined islet area 
and then quantifying the selected area in μM2. Islet area 
was calculated as % of total section area and beta-cell area 
calculated as % total section area and as % islet area.

Statistical analyses

All data are expressed as mean ± s.e.m. Data normality 
was assessed using SPSS statistical software. For normally 
distributed data, differences between groups were assessed 
using t-test, one, two and three-way ANOVA as appropriate 
using Minitab statistical software. Specific differences 
between groups were identified using Tukey post hoc tests. 
For non-normally distributed data, non-parametric tests 
were employed using SPSS statistical software. Differences 
were considered statistically significant where P < 0.05.

Results

APP KO mice are resistant to diet-induced obesity

APP KO mice had lower body weight compared with WT 
mice over the course of the study (Fig.  1A). Although 
APP KO mice appeared largely resistant to HFD-induced 
weight gain, there was a main effect for the HFD to 
increase body weight (Fig.  1A). Similarly, there was a 
main effect for HFD to increase body weight over the 
diet period when expressed as a percentage increase 
from initial starting weight (Fig. 1B). Although lean mass 
accounted for the lower overall body weight in APP KO 
mice (Fig. 1C), there were no differences in the percentage 
increase in lean mass over the course of the experiment 
between groups (Fig.  1D). This was reflected by lower 
absolute mass of skeletal muscle and the liver in APP 
KO mice (Supplementary Fig. 2A and B). In contrast, fat 
mass was initially similar across all groups and remained 
similar between chow-fed WT and APP KO mice (Fig. 1E). 
However, APP KO mice did not increase fat mass to the 
same extent as WT mice when fed a HFD (Fig. 1E and F). 
Both subcutaneous and visceral fat pads were lower in 
mass in APP KO mice (Supplementary Fig.  2C and D). 
These data show that APP deficiency results in resistance 
to diet-induced obesity.

APP KO mice have increased energy expenditure 
and locomotor activity

To gain insights into why APP KO mice were refractory to 
adiposity when fed a HFD, energy balance was examined. 
The impairment in weight gain in APP KO mice fed the HFD 
was not explained by differences in food intake between 
genotypes (Fig. 2A). Energy expenditure was analysed using 
indirect calorimetry with data normalised to lean mass to 
account for differences in body mass between groups. APP 
KO mice had increased daily energy expenditure, which 
was specific to the dark phase (Fig. 2B) and was associated 
with greater lipid oxidation during this period (Fig. 2C). 
There were no differences in glucose oxidation between 
genotypes (Supplementary Fig. 3). The increase in energy 
expenditure in APP KO mice was associated with greater 
daily voluntary activity represented by an increase in 
both ambulatory and total beam breaks (Fig.  2D). To 
examine the molecular mechanisms involved, the activity 
of key signalling pathways downstream of dopamine 
receptors in the striatum were assessed. These are thought 
to mediate voluntary activity levels and are altered in a 
number of models of hyperactivity. Indeed, activation of 
the Erk MAPK, the protein kinase A (PKA)/ CREB pathway 
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and inhibition of the Akt/GSK3β pathway have all been 
associated with hyperactive phenotypes (Mines & Jope 
2012, Cahill et  al. 2014). The phosphorylation of these 
signalling intermediates was assessed, and these analyses 
revealed no differences in the activation state of any of 
these signalling pathways (Supplementary Fig.  4A, B, 
C, D, E, F and G). Together, these data show that APP 
KO mice have elevated energy expenditure, which is 
associated with increased voluntary activity levels that are 

independent of alterations in striatal signalling pathways 
typically associated with hyperactivity.

APP KO mice have altered tissue lipid profiles

Through the AICD peptide, neuronal APP is thought 
to regulate the synthesis of ceramide lipid species that 
have been implicated in the development of metabolic 
abnormalities such as insulin resistance (Holland et al. 2007). 

Figure 1
APP-knockout (KO) mice are resistant to 
diet-induced obesity. (A) Body weight; (B) 
percentage change in body weight; (C) lean mass; 
(D) percentage change in lean mass; (E) fat mass 
and (F) percentage change in fat mass in WT or 
APP KO mice fed chow or a high-fat diet (HFD). 
Data are mean ± s.e.m., n = 7–10/mice per group 
and were analysed by 2-way ANOVA. #Denotes 
main effect for diet (P < 0.05), *denotes main 
effect for genotype (P < 0.05), ∔denotes P < 0.05 
WT HFD vs APP KO HFD, ∞denotes P < 0.05 vs 
alternate genotype, same diet.

Figure 2
APP-knockout (KO) mice have higher energy 
expenditure and are hyperactive. (A) Food intake; 
(B) energy expenditure over 24 h; (C) lipid 
oxidation throughout the light and dark phases 
and (D) total and ambulatory beam breaks as a 
measure of voluntary activity over 24 h in WT or 
APP KO mice fed chow or a high-fat diet (HFD). 
Data are mean ± s.e.m., n = 7–10/mice per group 
and were analysed by 2-way ANOVA. #Denotes 
main effect for diet (P < 0.05), *denotes main 
effect for genotype (P < 0.05), ∞denotes P < 0.05 vs 
alternate genotype, same diet.
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AICD generated through amyloidogenic APP processing 
translocates to the nucleus and acts as a transcriptional 
repressor for the serine palmitoyltransferase (Spt) gene, 
the rate limiting enzyme controlling sphingolipid and 
ceramide synthesis (Grimm et al. 2011). The role of APP in 
this process in peripheral tissues in the context of high fat 
feeding has not been examined. However, there were no 
differences in Spt expression in the liver between groups 
(Supplementary Fig.  5A). Nonetheless, ceramide levels 
were also assessed. As energy expenditure is known to 
influence lipid synthesis and accumulation, the effect of 
APP deficiency on ceramide abundance was normalised 
to tissue phosphatidyl-choline abundance. Consistent 
with unaltered Spt expression, there were no differences 
in total ceramide levels between groups in the liver 
(Fig. 3A). However, when individual ceramide species were 
examined, ceramide 20:0 levels were significantly lower 
in APP KO mice (Fig. 3B). The synthesis of this ceramide 
species is dependent on the ceramide synthase 4 (cerS4) 
enzyme (Ebel et al. 2014); however, no differences in cerS4 
expression levels were detected (Supplementary Fig. 5B). 
Similarly, no differences in total ceramides (Fig.  3C) or 
specific ceramide species (Fig.  3D) were detected in the 
quadriceps muscle between groups. These findings suggest 
that loss of APP does not influence the global synthesis 
of ceramides in metabolic tissues such as the liver and 
skeletal muscle.

As APP KO mice were observed to have increased 
energy expenditure and were refractory to diet-induced 

obesity, we predicted that this would prevent the tissue 
accumulation of other lipids, such as diacylglycerides 
(DG), which are thought to induce insulin resistance 
(Erion & Shulman 2010). Although a causal relationship 
between tissue triacylglyceride (TG) accumulation and 
insulin resistance has been difficult to identify, there 
is also a strong association between tissue TG levels 
and insulin action (Goodpaster & Kelley 2002). Prior 
to assessing these lipids in tissues, plasma FFA levels 
were assessed to determine whether there were any 
differences in tissue fatty acid availability; however, 
no differences were observed (Supplementary Fig. 6A). 
There were no differences in liver DG between groups 
(Fig.  4A); however, high fat feeding increased liver 
TG, which were also lower in APP KO mice (Fig.  4B). 
These effects could not be explained by alterations in 
the expression of genes thought to be important for 
lipogenesis, including Srebp1c and Fasn (Supplementary 
Fig. 6B). In contrast, HFD increased skeletal muscle DG 
(Fig.  4C). Analysis of specific DG species in skeletal 
muscle revealed a number of species that were either 
increased by high fat feeding or were decreased in 
APP KO (Fig. 4D). No diet–genotype interactions were 
observed. Similar to the liver, high fat feeding increased 
skeletal muscle TG, which were lower in APP KO mice, 
without any diet–genotype interaction (P = 0.056; 
Fig. 4E). These findings show that consistent with their 
higher energy expenditure, APP KO mice have lower 
hepatic DG and TG and skeletal muscle TG levels.

Figure 3
APP-knockout (KO) has no effect on tissue 
ceramides. (A) Liver total ceramides; (B) liver 
ceramide species; (C) skeletal muscle total 
ceramides and (D) skeletal muscle ceramide 
species in WT or APP KO mice fed chow or a 
high-fat diet (HFD). Data are mean ± s.e.m., 
n = 7–10/mice per group and were analysed by 
2-way ANOVA. *Denotes main effect for 
genotype (P < 0.05).
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APP KO mice are insulin sensitive but glucose 
intolerant upon high fat feeding

As APP KO mice were protected against diet-induced 
obesity and accumulation of DGs and TGs in the liver, the 
effect of APP deficiency on systemic glucose homeostasis 
was assessed. We predicted that APP KO mice would be 
protected against impairments in glucose homeostasis 
induced by high fat feeding. Indeed, APP KO mice had 
lower fasting blood glucose levels when compared with 
WT mice (Fig.  5A), while there were no differences in 
fasting insulin levels between groups (Fig.  5B). Blood 
glucose levels throughout an ITT were higher in HFD-fed 
mice and were persistently higher in WT mice fed a HFD 
when compared with APP KO mice fed a HFD (Fig. 5C). 
These impairments in insulin tolerance were also reflected 
in total area under the curve throughout the test (Fig. 5D). 
However, despite being lean and having normal insulin 
tolerance, APP KO was glucose intolerant when fed a HFD 
(Fig.  5E and F). This was associated with lower plasma 
insulin levels in the first 15 min of the i.p.GTT (Fig. 5G) 
and a lower overall area under the curve for plasma 
insulin throughout the i.p.GTT (Fig.  5H). These effects 
were not observed in APP KO mice fed the chow diet. 
These data in APP KO mice fed HFD are consistent with a 
recent report showing that APP deficiency reduces insulin 
secretion from isolated islets (Kulas et al. 2017). This same 
study showed that sAPPα increased insulin secretion from 
isolated islets at specific glucose concentrations (Kulas 
et al. 2017). However, it is unclear whether APP has other 
effects on islet and/or β-cell size, which were examined in 
the present study (Supplementary Fig. 7). Both islet area 
and β-cell area were reduced in APP KO mice fed a HFD 

when compared with WT mice fed a HFD (Fig. 5I and J). 
There was no effect of APP deficiency on these parameters 
in chow-fed mice. When expressed as a percentage of islet 
area, APP KO mice fed a HFD also showed a small but 
significant reduction in β-cell area. These data suggest that 
APP has a key role in maintaining islet and β-cell mass 
under high fat feeding conditions.

Discussion

The present study has identified that APP has multiple 
roles in regulating whole body metabolism. Firstly, APP 
deficiency resulted in hyperactivity that was associated 
with elevated energy expenditure, resistance to diet-
induced obesity and preserved insulin action. Secondly, 
APP deficiency also resulted in impaired glucose tolerance 
in the context of diet-induced obesity, which was linked 
to impaired insulin secretion. Furthermore, we identified 
a new role for APP in the maintenance of islet and β-cell 
mass in obesity. These findings highlight important roles 
for APP in the regulation of metabolic homeostasis that 
extend beyond the known roles for APP and its cleaved 
peptides in metabolic regulation in the context of AD. 
They also show that APP has important physiological 
effects in tissues and cell types beyond the brain and 
neurons.

The most obvious phenotypic trait in APP KO mice 
was their reduced size and resistance to obesity upon high 
fat feeding. Consistent with previous reports (Zheng et al. 
1995), APP KO mice had ~20% lower lean mass when 
compared with WT littermates. Despite comparable initial 
adiposity, APP-deficient mice failed to expand their fat 

Figure 4
APP knockout (KO) alters tissue lipid levels.  
(A) Liver total diglyceride (DG); (B) liver total 
triglyceride; (C) skeletal muscle total DG;  
(D) skeletal muscle DG species, and (E) skeletal 
muscle total TG in WT or APP-KO mice fed chow 
or a high-fat diet (HFD). Data are mean ± s.e.m., 
n = 7–10/mice per group and were analysed by 
2-way ANOVA. #Denotes main effect for diet 
(P < 0.05), *denotes main effect for genotype 
(P < 0.05).
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mass to the same extent as WT mice when fed a HFD. 
These findings are consistent with a recent study that 
provided these same mice a diet consisting of 21% fat by 
weight (Puig et al. 2017). However, in the present paper, 
we established that this effect was not associated with 
alterations in feeding behaviour, but instead was associated 

with elevated energy expenditure that was linked with 
hyperactivity. Initial characterisation of these mice 
concluded that the APP deficiency induced a hypoactive 
state (Zheng et  al. 1995). However, it is important to 
consider methodological differences that could account 
for the discrepancy in these conclusions. Initial studies 

Figure 5
APP knockout (KO) mice have normal insulin action but are glucose intolerant. (A) 5 h fasting blood glucose; (b) 5 h fasting plasma insulin; (C) blood 
glucose throughout an insulin tolerance test (ITT; 5 h fast, 0.75 U/kg insulin i.p.); (D) glucose area under the curve (AUC) for the ITT; (E) blood glucose 
throughout a glucose tolerance test (GTT; 5 h fast, 2 mg/kg glucose i.p.); (F) glucose incremental AUC (iAUC) for the GTT; (G) plasma insulin throughout a 
GTT; (H) insulin iAUC for the GTT; (I) islet area as a percentage of the pancreas; (J) β-cell area as a percentage of the pancreas, and (K) β-cell area as a 
percentage of islet area in WT or APP KO mice fed chow or a high-fat diet (HFD). Data are mean ± s.e.m., n = 7–10/mice per group and were analysed by 
2-way ANOVA. #Denotes main effect for diet (P < 0.05), *denotes main effect for genotype (P < 0.05), ∔denotes P < 0.05 WT HFD vs APP KO HFD, ∞denotes 
P < 0.05 vs alternate genotype, same diet.
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of locomotor activity in these APP KO mice quantified 
activity over a 60-min period, immediately after being 
placed into a new environment (Zheng et al. 1995), which 
tests a number of neurological aspects related to anxiety 
and exploration (Steimer 2011). It should be noted that at 
the conclusion of the 60-min test, the activity levels of WT 
and APP-deficient mice had converged (Zheng et al. 1995). 
In the present study, we analysed voluntary activity levels 
over a 24-h period during indirect calorimetry studies, 
after a period of familiarisation with the metabolic 
cage, which revealed marked increases in voluntary 
activity. During the study, three APP-deficient mice died 
unexpectedly after 2–3 days of exaggerated hyperactivity 
that resulted in drastic weight loss. Interestingly, these 
APP-deficient mice were all assigned to the chow group, 
and there were no unexpected deaths of APP KO assigned 
to the HFD group. This points towards impaired energy 
balance as being a key driver of death in these mice. 
Despite this clear hyperactivity, we did not observe any 
alterations in striatal signalling pathways typically linked 
with hyperactivity. While signalling through alternative 
pathways might explain this discrepancy, it should also 
be noted that tissue collection for the present study 
was performed early in the light phase when the energy 
expenditure was similar between WT and APP-deficient 
mice. Analysis performed on tissues collected in the dark 
phase could yield important insights into this phenotype.

Intriguingly, overexpression of mutant APP (Tg2576), 
which drives Aβ production, is also characterised by low 
adiposity and elevated energy expenditure (Ishii et  al. 
2014). Unfortunately, voluntary activity levels were not 
quantified in this study; however, the mechanism by 
which energy expenditure was elevated appears to be 
different to APP KO mice. Tg2576 mice had elevated 
energy expenditure throughout both the light and dark 
phases (Ishii et  al. 2014), suggesting enhanced intrinsic 
basal energy expenditure. In contrast, APP KO mice had 
elevated energy expenditure only in the dark period, 
which is when the majority of voluntary activity occurs 
in mice. Furthermore, BACE-1 deficiency, which reduces 
amyloidogenic processing of APP, increases energy 
expenditure but not voluntary activity levels (Meakin et al. 
2012). The extent to which diurnal effects may influence 
APP processing in the context of the aforementioned 
models is unknown. Symptoms in humans suffering 
from AD include the disruption of their sleep cycle and 
day time activity. While studies on the circadian rhythm 
on mice in relation to APP and metabolism have not 
been performed, the impact of diurnal alterations on 
metabolism are indisputable and cannot be excluded as 

a possible contributing mechanism leading to an increase 
in energy expenditure in APP KO mice. Some insight may 
be gained from studies on circadian rhythm in AD models 
that demonstrate disruption of circadian rhythmicity with 
increased Aβ deposition, but do not provide further insight 
into the metabolic outcomes (Sterniczuk et  al. 2010). 
Data obtained from Drosophila melanogaster suggest that 
fragmentation of behavioural rhythmicity is attributable 
to both α- and β-processing of APP (Blake et al. 2015), which 
may further highlight the differences observed in energy 
balance and activity between the previously published 
BACE1-deficient mice vs APP KO mice from this study. 
These studies highlight the complexity in APP-mediated 
regulation of whole body energy homeostasis and as we 
have recently hypothesised, could indicate that peptides 
derived from the amyloidogenic and non-amyloidogenic 
processing of APP could have different effects on aspects 
of systemic metabolism (Czeczor & McGee 2017).

Studies in neuronal cells have suggested that the AICD 
peptide derived from amyloidogenic processing of APP is 
a transcriptional repressor of ceramide synthesis (Grimm 
et  al. 2011). These lipids have been implicated in the 
development of insulin resistance and other metabolic 
disorders (Holland et  al. 2007). Specifically, nuclear 
translocation of AICD inhibits the expression Spt, the rate 
limiting enzyme controlling ceramide synthesis (Grimm 
et al. 2011). There was no effect of APP deficiency on the 
expression of Spt or the abundance of various ceramide 
species in either the liver or skeletal muscle. These findings 
suggest alternate regulation of ceramide synthesis in 
peripheral tissues. Indeed, fatty acid availability is very 
different in peripheral tissues compared with neuronal 
cell types, which is an important consideration given 
that one of the substrates catalysed by Spt is the saturated 
fatty acid palmitoyl-CoA. Although the accumulation 
of ceramides and DG in response to high fat feeding 
have been implicated as key drivers of insulin resistance 
(Holland et  al. 2007, Samuel & Shulman 2012), we did 
not observe increases in the hepatic levels of either of 
these lipids in WT mice fed a HFD, despite reductions in 
both insulin and glucose tolerance. However, hepatic TG 
levels were elevated in both the liver and skeletal muscle 
in WT HFD mice and were the best predictors of impaired 
insulin action and glucose intolerance. TGs are thought 
to be an inert form of excess substrate storage in many 
tissues, diverting substrate away from bioactive lipids 
such as ceramide and DG (Nagle et al. 2009). Although the 
mechanisms linking tissue lipid accumulation and insulin 
action remain to be completely understood, tissue TG 
levels may simply be a reflection of substrate oversupply. 
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It is likely that any number of metabolites through either 
metabolic feedback or metabolite-sensitive signalling 
pathways could contribute to the insulin resistance 
observed in WT HFD mice. Indeed, hepatic acetyl-CoA, an 
intermediate metabolite that is also the initial substrate 
for de novo lipogenesis, has recently been implicated in 
the insulin resistance observed with high fat feeding 
(Perry et al. 2015).

Despite resistance to obesity and normal insulin 
action, APP KO mice were glucose intolerant upon high 
fat feeding. This was linked with lower circulating insulin 
levels early in the i.p.GTT. Previous studies of APP KO mice 
under normal feeding conditions revealed that insulin 
secretion was enhanced in these mice during an i.v.GTT 
(Needham et al. 2008). No differences in plasma insulin 
were observed between chow-fed WT and APP KO mice 
during the i.p.GTT in the present study. However, a recent 
study has suggested that sAPPα enhances insulin secretion 
from isolated islets under specific glucose concentrations. 
Whether this effect is linked to the ability of sAPPα to 
enhance glucose oxidation through a PI3K-dependent 
mechanism (Hamilton et  al. 2014) remains unknown. 
However, when viewed with data from the present study, 
the ability of sAPPα to regulate insulin secretion could 
be particularly important under conditions of high 
fat feeding. The present study also revealed that APP is 
required to maintain islet and β-cell area under high fat 
feeding conditions. The mechanisms responsible were 
not identified; however, there are numerous examples 
of crosstalk between APP and pathways that regulate 
cellular growth and survival (Dawkins & Small 2014, 
Pandey et al. 2016). In neurons, APP derived peptides can 
signal through the nerve growth factor (NGF) receptors 
p75NTR and TrkA to regulate neuronal growth and 
survival. Specifically, it is thought that sAPPα signalling 
through these receptors can enhance neurite outgrowth 
(Hasebe et  al. 2013), while Aβ binding to these same 
receptors induces neuronal apoptosis (Perini et al. 2002). 
Interestingly, NGF signalling appears to be important 
for both β-cell viability (Pierucci et al. 2001) and insulin 
secretion (Rosenbaum et al. 2001). While it remains to be 
determined whether APP regulation of the NGF pathway 
is important for islet and β-cell physiology under high 
fat feeding conditions, these data reveal a new role for 
APP in growth of specific cell populations under context-
dependent conditions. A recent study has also determined 
that sAPPα can bind to and activate the insulin receptor 
(Aulston et al. 2018). Although this mechanism does not 
appear to regulate blood glucose levels in streptozotocin-
induced diabetes (Aulston et al. 2018), it is possible that 

this mechanism is involved in the maintenance of normal 
islet growth under high fat feeding conditions.

In conclusion, the present study shows that APP has 
multiple roles in regulating systemic metabolism and 
energy balance. Loss of APP increased energy expenditure, 
which was associated with hyperactivity and resulted in 
resistance to obesity upon high fat feeding. APP was also 
required to maintain normal glucose homeostasis under 
these conditions through the maintenance of islet and 
β-cell size. These findings reveal that APP has numerous 
roles in the regulation of systemic metabolism.
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