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Abstract (English) 

The risk of developing Alzheimer’s disease (AD) is increased in patients with type 2 diabetes 

mellitus. Both diseases share several common features, such as glucose intolerance and insulin 

resistance. As cerebral glucose hypometabolism already appears prior to Amyloid β (Aβ) plaque 

development, alterations in glucose metabolism are hypothesized to play a causal role during AD 

development. Moreover, weight loss is prevalently observed in AD patients, correlating with 

disease progression and mortality. As no curative therapy of AD exists, there is an urgent need of 

new therapeutic approaches. Lifestyle interventions, such as specific dietary regimens or physical 

activity, are subjects to numerous animal and clinical studies. However, underlying mechanisms 

of their beneficial effects often remain elusive. This thesis comprises three studies, investigating 

metabolic and behavioral features of a murine AD model with emphasis on the role of glucose 

metabolism in AD development and potential reasons for AD-related body weight changes. 

Moreover, the therapeutic potential of dietary supplementation with chia seeds as a modulator of 

glucose tolerance was examined as well as preventive and therapeutic effects of environmental 

enrichment (EE). APP23 mice, showing a genetically induced Aβ pathology, served as animal 

model. The present studies reveal that the lower body weight of APP23 mice compared to wild 

type (WT) mice results from hyperactivity, increased metabolic rate, and impaired energy balance, 

and already emerges long before plaque development. Proteome analyses additionally suggest an 

implication of altered mitochondrial function, going beyond the brain. Peripheral glucose tolerance 

was intact in younger APP23 mice. In contrast, aged APP23 mice were more vulnerable to diet-

induced metabolic stress than WT mice, depicted by deteriorated glucose tolerance. APP23 mice 

displayed deficits in spatial learning and flexible memory prior to plaque pathology. Cognitive 

performance was improved by both chia supplementation and EE. The effect of chia seeds is 

suggested to result from a mild amelioration of glucose tolerance together with a mild reduction 

of corticosterone and proinflammatory cytokine levels. The effect of EE might have been mediated 

by enhanced adult hippocampal neurogenesis – the generation of new neurons to serve as an 

“neurogenic reserve” crucial for neuronal plasticity – and the promotion of microglia recruitment, 

which are involved in Aβ clearance. Bearing in mind rising incidences of both AD and type 2 

diabetes mellitus, the basic research conducted during this thesis contributes to the urgently needed 

understanding of the metabolic component of AD and provides valuable approaches for further 

clinical research. 
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Abstract (German) 

Das Risiko an der Alzheimer Krankheit (AD) zu erkranken, ist bei von Typ-2-Diabetes mellitus 

(T2DM) Betroffenen erhöht. Beide Krankheiten weisen gemeinsame Charakteristika wie 

Glukoseintoleranz und Insulinresistenz auf. Bereits vor der Bildung von β-Amyloid (Aβ) Plaques 

treten Veränderungen im Glukosestoffwechsel des Hirns auf. Daher könnten diese Veränderungen 

mitursächlich für AD sein. Bei AD-Erkrankten wird häufig ein Gewichtsverlust beobachtet, der 

mit dem Voranschreiten der Erkrankung und der Mortalität korreliert. Da AD bisher unheilbar ist, 

werden dringend neue therapeutische Ansätze benötigt. Lebensstilinterventionen wie bestimmte 

Ernährungsparadigmen oder ein aktiver Lebensstil sind Gegenstand zahlreicher 

tierexperimenteller und klinischer Studien. Häufig bleiben jedoch die zugrundeliegenden 

Mechanismen ihrer Auswirkungen ungeklärt. Diese Arbeit umfasst drei Studien, in denen 

Stoffwechsel- und Verhaltensmerkmale des APP23-Mausmodells für AD analysiert wurden, 

welches eine genetisch induzierte Aβ Pathologie aufweist. Dabei standen insbesondere die Rolle 

des Glukosestoffwechsels bei der Entwicklung von AD sowie mögliche Gründe für eine AD-

bedingte Veränderung des Körpergewichts im Fokus. Zudem wurden das therapeutische Potenzial 

einer Nahrungsergänzung mit Chia-Samen, welche die Glukosetoleranz beeinflussen können, 

sowie einer reizreichen Umgebung untersucht. Die Ergebnisse zeigen, dass ein im Vergleich zum 

Wildtyp niedrigeres Körpergewicht der APP23-Mäuse auf Hyperaktivität, einer erhöhten 

Stoffwechselrate und einer dysfunktionalen Energie-Homöostase beruht und bereits lange vor der 

Plaque-Entwicklung auftritt. Proteom-Analysen deuten auf eine systemische Beeinträchtigung der 

Mitochondrien-Funktionalität hin. Während die periphere Glukosetoleranz bei jüngeren APP23-

Mäusen intakt war, waren ältere APP23-Mäuse anfälliger für eine Verschlechterung der 

Glukosetoleranz aufgrund von metabolischem Stress als der Wildtyp. APP23-Mäuse wiesen 

bereits vor der Plaquebildung kognitive Defizite auf. Diese wurden sowohl durch die Gabe von 

Chia-Samen als auch durch eine reizreiche Umgebung verbessert. Der Effekt von Chia-Samen 

beruhte vermutlich auf der moderaten Verbesserung der Glukosetoleranz kombiniert mit der 

moderaten Senkung des Kortikosteron- und des proinflammatorischen Zytokinspiegels. Der Effekt 

einer reizreichen Umgebung wurde vermutlich durch eine Förderung der adulten hippokampalen 

Neurogenese, der im Rahmen von neuronaler Plastizität erforderlichen Bildung neuer Neurone, 

und der vermehrten Rekrutierung von Mikroglia zum Abbau von Aβ induziert. Angesichts der 

zunehmenden Inzidenz von AD und T2DM trägt die in dieser Arbeit durchgeführte 

Grundlagenforschung zum dringend erforderlichen Verständnis der Stoffwechselkomponente von 

AD bei und bietet wertvolle Ansätze für die weitere klinische Forschung.  
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1. Introduction 

Globally, more than 50 million patients are affected by dementia, with Alzheimer’s disease (AD) 

being the most prevalent cause (1). Due to demographic changes, the number of AD patients is 

increasing, causing substantial socio-economic costs (2,3). Proceeding dementia is a key symptom 

of AD, representing a severe burden for patients and their environment (2,4). As more than 

100 years of research failed to decode the underlying mechanisms of AD, no curative therapies are 

available yet (5). Existing symptomatic treatment can only slow down AD progression, hence 

application at an early stage is crucial (3). However, early diagnosis of AD is challenging due to a 

lack of reliable disease markers (3). Therefore, basic research is of utmost importance to shed light 

on its causative mechanisms, to identify diagnostic markers and new targets for drug development. 
 

AD is characterized by extracellular plaques of aggregated amyloid β (Aβ) protein, intracellular 

tangles of hyperphosphorylated tau, neuroinflammation, as well as progressive synaptic and 

neuronal loss (4). These neuropathological alterations cause progressive cognitive decline (4). 

Adult hippocampal neurogenesis, a process likely involved in the maintenance of structural 

neuronal plasticity (6), is differentially altered during AD progression (7). Evidence suggests that 

impaired neurogenesis might contribute to cognitive symptoms, whereas enhanced neurogenesis 

might reflect a compensatory mechanism to neuronal loss (7). In the majority of cases, AD is 

accompanied by a variety of symptoms such as agitation, aggressive behavior and depression – 

summarized under the term ‘behavioral and psychological symptoms of dementia’ (BPSD) (8). 

30-40% of patients additionally suffer from advancing involuntary weight loss (9).  
 

The amyloid cascade hypothesis, suggesting the accumulation of Aβ and its aggregation into 

plaques as the central mechanism of AD pathogenesis (10), has long been the main focus of AD 

research. Though, reducing Aβ burden has failed to significantly improve cognitive symptoms of 

AD in numerous clinical trials (11). Consequently, different pathogenic causes have been 

considered recently, such as implications of glucose metabolism. Alterations in cerebral glucose 

metabolism, namely reduced cerebral glucose tolerance and insulin sensitivity (12), already occur 

years before cognitive symptoms emerge (13). Those alterations are strikingly similar to type 2 

diabetes mellitus (T2DM), a known risk factor of AD (14). Additionally, frequently observed 

changes of body weight might play a role in AD pathogenesis (15). This weight loss progresses 

with advancing AD stage and results in increased mortality rates (9). Interestingly, a low body 

weight in old age is suggested to predict AD onset (16). Contrary, obesity in midlife is also 

associated with an increased risk of developing AD (14), underlining the complexity of metabolic 

alterations and the importance of investigating their implication in AD development. 
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Lifestyle interventions might provide a useful tool in the prevention of AD and in therapeutic 

support (17). A healthy lifestyle, such as nutritional practices, physical and cognitive activity, 

reduces the risk of developing AD (18). Although numerous studies have addressed this issue, 

there is a lack of concise data revealing the underlying reasons. The influence of diet might be 

attributed to specific macro- or micronutrients, such as polyunsaturated fatty acids and 

antioxidants (19). Bearing in mind the risks of obesity and T2DM with regard to AD (14), the 

positive effect of nutrition might also be related to glucose metabolism. Chia seeds have been 

reported to positively influence obesity and T2DM by improving glucose tolerance and reducing 

adiposity (20,21). They also contain high amounts of polyunsaturated fatty acids (22), which are 

thought to exert beneficial effects on cognitive abilities (23). Physical activity as well as a 

stimulating environment and a social lifestyle, summarized under the term ‘environmental 

enrichment’, have been shown to reduce the risk of developing AD and to slow down disease 

progression (24,25). However, the underlying mechanisms remain elusive. It is suggested that this 

beneficial effect might arise from stimulation of adult hippocampal neurogenesis (26). 
 

This thesis investigates the implications of glucose metabolism and energy balance in the 

pathogenesis of AD to elucidate its relevance in disease development. Moreover, lifestyle 

interventions are examined as potential preventive and therapeutic options. In this context, three 

studies were conducted in the murine APP23 disease model. Transgenic APP23 mice overexpress 

the amyloid precursor protein (APP), resulting in an AD-like plaque pathology in the brain 

accompanied by cognitive impairment. The objective of study I was the metabolic phenotyping of 

APP23 mice to explore potential reasons for their lower body weight compared to wild type 

littermates, which matches the lower body weight frequently observed in AD patients. Mice were 

additionally challenged with obesogenic diets, rich in sucrose or fat, to investigate the impact of 

different fuel sources and metabolic stress. The aim of study II was the investigation of the causal 

relationship between glucose metabolism and AD development. Here, mice were metabolically 

stressed with a sucrose-rich diet and behavioral and cognitive performance were evaluated. 

Furthermore, the therapeutic potential of chia seeds as a promising modulator of glucose 

metabolism was investigated with regard to metabolic and cognitive features. Study III focussed 

on alterations of adult hippocampal neurogenesis as a potential neuropathological correlate to 

cognitive decline. Moreover, the occurrence of BPSD in pre-plaque APP23 mice was examined 

with regard to a potential use as early diagnostic marker. At last, the preventive potential of 

environmental enrichment as a stimulator of adult hippocampal neurogenesis was analyzed. 
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2. Methods 

2.1. Animals 

All experiments conducted in living animals were approved by the Landesamt für Gesundheit und 

Soziales, Berlin (Germany) and were executed in agreement with the European Council Directive 

of 22 September 2010 (10/63/EU) as well as with ARRIVE guidelines (27). 

In all studies, female transgenic APP23 mice, bred on a C57BL6/J background, and female age-

matched wild type littermates (study I and II) or non-transgenic C57BL6/J mice (study III) were 

used (WT mice). Genotyping was performed by PCR of ear punches using primers against human 

APP. In APP23 mice, the human APP751 transgene containing the Swedish double mutation is 

overexpressed in brain tissue under the Thy-1 promotor, leading to a deposition of Aβ plaques 

starting around six months of age (28). Mice were group-housed in a temperature- and humidity-

controlled animal facility with a 12 h light/dark-cycle and ad libitum access to food and water. 

Mice were randomly allocated to experimental groups. The experimenter was blinded regarding 

the experimental condition. Animal numbers varied between eight and fifteen mice per genotype 

and experimental group and can be found in Fig. 1 of (29), Fig. 1 of (30), and Fig. 1 of (31). 
 

2.2. Lifestyle interventions 

2.2.1. Diets 

As described in 2.3, mice of study I and II received different diets obtained from Research Diets. 

In study I, a normal-control diet (NCD), a high-sucrose diet (HSD), and a high-fat diet (HFD) were 

applied. NCD and HSD provided 60% of energy from carbohydrates (long-chained corn starch in 

NCD and short-chained sucrose in HSD), whereas HFD provided 60% of energy from fat. Protein 

(17-20%) and total energy content (4.2-5.2 kcal/g) were similar in all diets. In study II, the same 

control diet (CD) and sucrose-rich diet (SRD) were used complemented by a chia seed-

supplemented version (milled; Onset Worldwide) of each diet (CD+Chia and SRD+Chia), 

providing the same nutritional values as the respective diets without chia seeds. Detailed 

composition of diets can be found in Suppl. Tab. S1 and S2 of (30) and Suppl. Tab. S1 of (31). 
 

2.2.2. Environmental and social enrichment 

Within study III, environmental enrichment (EE) was applied, combined with a social component. 

Compared to standard (STD) cages (42 cm x 27 cm x 15 cm), EE cages were larger 

(74 cm x 74 cm x 30 cm) and equipped with additional plastic tubes, boxes and houses of variable 

shapes, which were frequently rearranged. To increase social interactions, up to ten animals were 

housed in one EE cage instead of up to five animals per STD cage. 
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2.3. In vivo study design 

2.3.1. Study I 

Four to six weeks old APP23 and WT mice received either NCD, HSD, or HFD for a duration of 

20 weeks. Weekly, food intake and body weight were documented. Every four weeks, body 

composition was analyzed using nuclear magnetic resonance spectroscopy and blood was 

collected to monitor plasma insulin levels. Activity, respiration, and energy expenditure were 

measured by indirect calorimetry at baseline (week 0), and after 12 and 20 weeks of dietary 

interventions. Furthermore, glucose tolerance upon acute glucose challenge was analyzed in 

intraperitoneal glucose tolerance tests (ipGTT) after 12 and 20 weeks of diet. Mice were sacrificed 

after 20 weeks of dietary interventions and tissues were collected to analyze organ weight, 

adipocyte size, hepatic steatosis, different blood parameters as well as proteomic profiles of brain 

and liver. A scheme of the experimental design can be found in Fig. 1 of (31). 
 

2.3.2. Study II 

APP23 and WT mice in a pre-plaque stage (PRE; 4-6 weeks old) and an advanced-plaque stage 

(ADV; 28-32 weeks old) received either CD or SRD for a pre-treatment duration of 12 weeks. 

Subsequently, each dietary group was split into a control group continuing their original diet 

(CD+CD or SRD+SRD) and into a therapeutic group receiving a chia seed-supplemented version 

of their original diet (CD+Chia or SRD+Chia). Body weight of mice was monitored on a weekly 

basis. Acute glucose handling was analyzed at the end of pre-treatment in week 12 and at the end 

of therapy in week 20 using an ipGTT. 5-Bromo-2´-deoxyuridine (BrdU) was administered in 

week 16 for examination of adult hippocampal neurogenesis. Anxiety, motor coordination and 

cognitive performance were analyzed at the end of the therapeutic period. After sacrifice, brain 

tissue was collected to investigate Aβ plaque load, neuroinflammation, and adult hippocampal 

neurogenesis. A scheme of the experimental design can be found in Fig. 1 of (30). 
 

2.3.3. Study III 

Five weeks old APP23 and WT mice were allocated to STD or EE conditions for a duration of one 

week (adolescent, 1 W), twelve weeks (young-adult, 12 W), or 24 weeks (adult, 24 W). 

Subsequently, anxiety, anhedonia, motor coordination, and cognitive performance were analyzed 

using a set of behavioral tests. BrdU was applied four weeks (adolescent: three weeks) prior to 

sacrifice to later investigate adult hippocampal neurogenesis. In the end, mice were sacrificed and 

brains were collected to analyze Aβ plaque load, microglia abundance, and adult hippocampal 

neurogenesis. A scheme of the experimental design can be found in Fig. 1 of (29). 
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2.4. Metabolic tests 

All metabolic tests took place in the morning and after habituation of mice to a quiet experimental 

room. Mice were extensively accustomed to handling prior to metabolic testing. 
 

2.4.1. Glucose tolerance test 

To analyze glucose homeostasis upon acute glucose challenge, ipGTTs were conducted after 

12 and 20 weeks of dietary intervention in studies I and II. Prior to ipGTT, mice were placed in 

single cages and fasted for 6 hours starting at the beginning of the light phase. After application of 

local analgesia (lidocaine/prilocaine salve), a small incision of the tail tip was performed. Glucose 

levels were analyzed in duplicates of blood drops obtained from the distal tail vein using a 

commercially available blood glucose meter (Contour Next, Bayer) before (0 min), 15, 30, 60, and 

120 min after i.p. injection of glucose solution (2 mg/kg body weight). In study I, additional blood 

was collected at 0 min for analysis of fasted plasma insulin levels (see 2.7.3.1.). 
 

2.4.2. Nuclear magnetic resonance spectroscopy  

Nuclear magnetic resonance spectroscopy was performed monthly in study I to longitudinally 

assess the body composition of mice. For this purpose, mice were placed within a Minispec LF50 

(Bruker), which analyzed fat mass and fat-free (i.e. lean) mass. 
 

2.4.3. Indirect calorimetry 

To investigate respiration, energy expenditure, and activity, mice in study I were analyzed in a 

LabMaster System (TSE). For this purpose, mice were placed for a duration of 48 h in hermetic 

single cages connected to external gas tanks and to the LabMaster software. Data were collected 

and analyzed for a 36 h period (one light and two dark phases) after a 12 h adaption period (one 

light phase). In intervals of 30 min, O2 consumption and CO2 production were measured by gas 

sensors, before cages were flooded with a set gas mixture to replace the used air. The respiratory 

exchange ratio (RER) was calculated as the ratio from O2 consumption and CO2 production. 

Activity of mice was measured via the interruption of multiple infrared beams running through 

each cage. From respiratory and activity data, the energy expenditure was calculated, which was 

later corrected for lean mass according to (32). 
 

2.5. Behavioral tests 

All behavioral tests were carried out in the morning and after acclimatization of mice to the 

experimental room. Mice were always handled by the same experimenter (within each study) and 

extensively habituated to handling prior to behavioral testing. Behavioral testing equipment was 

cleaned with 70% ethanol between trials (except for the Morris Water Maze). 
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2.5.1. Elevated Plus Maze and Elevated Zero Maze 

The Elevated Plus Maze (EPM, study II) and the Elevated Zero Maze (EZM, study III) were 

performed to investigate anxiety based on mice’s natural avoidance of open spaces. Both mazes 

consisted of an elevated runway (plus-shaped for EPM, round for EZM) with two open sections 

(no walls) and two closed sections (with walls). Mice were placed in the neutral centre region 

facing a closed section (EPM) or in one of the closed sections (EZM). Mice freely explored the 

maze for a duration of 5 min. The time spent in the open and closed sections was recorded with 

TSE VideoMot 3D Classic Version 8.02 (study II) or Biobserve Viewer Software (study III). 
 

2.5.2. Sucrose Preference Test 

The Sucrose Preference Test was carried out in study III to detect anhedonia, a main characteristic 

of depression, here represented by a decreased interest in sugared water. For this purpose, mice 

were placed in pairs of two in a cage equipped with two identical drinking bottles. During the 24 h 

habituation phase, mice were presented two bottles filled with 5% sucrose solution for 12 h, 

followed by two bottles filled with regular water for the subsequent 12 h. During the 24 h test 

period, mice could choose between one bottle filled with 5% sucrose solution and one bottle filled 

with regular water. The amount of ingested liquid was analyzed by weighing the bottles before 

and after presentation. Sucrose preference was calculated according to the following formula: 

𝑆𝑢𝑐𝑟𝑜𝑠𝑒 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 [%] =
ingested sucrose solution

(ingested sucrose solution + ingested regular water)
 𝑥 10024 

 

2.5.3. Rotarod Performance Test 

The Rotarod Performance Test was conducted in studies II and III as described in (29,30) to assess 

motor coordination and fatigue resistance. Mice were placed on an elevated accelerating 

(5 to 40 rpm) rotating rod, where they had to balance for a maximum time of 5 min per trial. The 

latency to drop off the rod was automatically recorded with TSE-ROD Version 4.0 (study II) or 

TSE RotaRod Version 4.1.7 (study III). On training days (day 1-2), four trials each were conducted 

with an inter-trial-interval of 15-30 min. On the test day (day 3), three trials were performed. The 

latency to fall off the rod was averaged across these trials. 
 

2.5.4. Morris Water Maze 

The Morris Water Maze (MWM) was performed in studies II and III according to a well-

established protocol to investigate hippocampus-dependent spatial learning and flexible memory 

(33). A circular pool with a diameter of 1.2 m, virtually divided into four quadrants, was filled 

with opaque water. Different geometric shapes were placed on the wall above each quadrant. A 

circular escape platform was positioned in the middle of one quadrant, 1 cm below the water 
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surface. A reversal learning paradigm was applied: The escape platform remained within the same 

quadrant during the acquisition phase (day 1-3) and was relocated into the opposite quadrant 

during the reversal learning phase (day 4-5). Mice performed six trials per day with a maximum 

length of 2 min. The inter-trial-interval was 30-45 min. Mice were guided to the escape platform 

by the experimenter’s hand, if they were unable to detect its location within the duration of the 

trial. Each trial ended with a 10 sec long stay on the platform. The starting position within the 

MWM alternated each day. A graphical description of the MWM paradigm is given in Fig. 1c, d 

of (30). Swimming trajectories of mice were recorded with TSE VideoMot 2 Version 5.68 (study 

II) or Biobserve Viewer Software (study III). Matlab R2011b was used to further process swim 

trajectory data into presence probability maps (heatmaps) and to additionally analyze search 

strategies in study III. 
 

2.6. Administration of 5-Bromo-2´-deoxyuridine and blood withdrawal 

BrdU, an analog of thymidine, is incorporated into the DNA of proliferating cells (34). Its presence 

can be visualized with antibodies. In studies II and III, BrdU was i.p. injected four weeks before 

sacrifice, thus serving as a marker for cell survival of newborn cells. In study I, blood was drawn 

from Vena Facialis monthly. Blood serum was stored at -80°C for later analysis of insulin levels. 
 

2.7. Post-mortem analyses 

In all three studies, mice were sacrificed after deep anesthesia with ketamine/xylazine. In study II, 

mice were fasted for 6 h beforehand as described in 2.4.1. In studies I and II, a final blood 

withdrawal from Vena Facialis (study I) or Inferior Vena Cava (study II) was performed prior to 

or after laparotomy, respectively. Subsequently, thoracotomy and a transcardial perfusion with 

phosphate-buffered saline (PBS) was conducted. In study I, whole brain, liver, and epigonadal 

white adipose tissue (eWAT) were removed from all animals. Brain and parts of the liver and 

eWAT were snap-frozen and stored at -80°C. The remaining parts of the liver and eWAT were 

stored in 4% paraformaldehyde (PFA) at 4°C. In study II, the hippocampi of one half of animals 

were dissected from whole brains, snap-frozen and stored at -80°C. In the other half of mice within 

study II and in all mice of study III, perfusion with PBS was followed by perfusion with PFA. 

Whole brains were removed, post-fixated at 4°C in PFA for 24 h, dehydrated at 4°C in sucrose 

solution for 48 h and finally deep-frozen. 
 

2.7.1. Tissue processing 

In studies II and III, post-fixated whole brains were cut into 40 µm coronal slices using a cryostat 

(Leica). Slices were collected and stored in cryoprotectant solution at -20°C. In study I, post-
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fixated liver tissue was cut into 5 µm sections using a cryostat (Leica). Post-fixated eWAT was 

paraffin-embedded and cut into 5 µm slices using a microtome (Thermo Scientific). Liver and 

eWAT sections were mounted on object slides and stored at -20°C (liver) or room 

temperature (eWAT). 
 

2.7.2. Immunohistochemistry and immunofluorescence 

2.7.2.1. Analysis of hepatic steatosis and adipocyte size 

In study I, the degree of hepatic steatosis was analyzed represented by the amount of fat 

incorporated into liver tissue. Mounted liver slices were treated with Oil Red O. The percentage 

area coverage was calculated using ImageJ V1.52a. To investigate adipocyte size in study I, 

mounted eWAT slices were incubated with hematoxylin, followed by incubation with eosin Y. 

Cell size was measured using ImageJ V1.52a. 
 

2.7.2.2. Analysis of plaque load 

Aβ plaque load was determined in a one-in-twelve series of brain sections with fluorescent 

pentameric oligothiophene (pFTAA) in study II and with Congo Red in study III.  

In study II, free-floating brain sections were incubated with pFTAA and subsequently counter-

stained with 4′,6-diamidino-2-phenylindole (DAPI). pFTAA-positive plaques were imaged using 

a fluorescent microscope (Leica). The percentage area coverage within hippocampi and cortices 

was measured using ImageJ V1.52a. 

In study III, mounted brain slices were at first incubated with haemalaun. This was followed by 

incubation with alcoholic sodium chloride (NaCl) including sodium hydroxide (NaOH) and by 

incubation with alcoholic NaCl excluding NaOH. Finally, slices were incubated with Congo Red. 

The number of Congo Red-positive plaques was determined using a light microscope (Olympus). 
 

2.7.2.3. Analysis of microglia and macrophages 

In studies II and III, microglia and macrophages were quantified as a correlate for 

neuroinflammation. A one-in-twelve series (study II) and a one-in-six series (study III) of free-

floating brain slices were pre-treated with hydrogen peroxide (H2O2) and blocked with donkey 

serum, followed by overnight incubation with a primary antibody against ionized calcium-binding 

adapter molecule 1 (Iba1) – a microglia/macrophage marker. Tissue was then treated for 2 h with 

a biotinylated secondary antibody, followed by incubation with streptavidin-biotin complex. 

Results were visualized with diaminobenzidine(DAB)-nickel staining. Iba1-positive cells in the 

hippocampus were stereologically extrapolated via Stereo Investigator (MBF Bioscience) (study 

II) or counted and extrapolated using ImageJ V1.52a (study III). 
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2.7.2.4. Analysis of adult hippocampal neurogenesis 

Adult hippocampal neurogenesis was investigated in studies II and III. A one-in-six-series of free-

floating brain slices was treated as described in 2.7.2.3. with an additional pre-treatment step with 

hydrochloric acid (HCl) for BrdU-staining only. Primary antibodies against BrdU as a marker for 

survival of newborn cells (studies II and III) or doublecortin (DCX) as a marker for immature 

neurons (study II) were applied. BrdU- and DCX-positive cells were counted using a light 

microscope (Zeiss). In study III, an additional triple fluorescent staining against BrdU, DCX, and 

neuronal nuclei (NeuN), a marker for mature neurons, was performed to analyze the 

developmental stage of newborn cells. For this purpose, a one-in-six-series of free-floating brain 

sections was pre-treated with HCl, followed by an overnight incubation with primary antibodies 

against BrdU, DCX, and NeuN. Subsequently, tissue was incubated with fluorescent secondary 

antibodies for 4 h. The co-expression of BrdU/DCX, BrdU/NeuN, or BrdU/DCX/NeuN was 

analyzed in a total of 50 BrdU-positive cells per animal using a confocal microscope (Leica). 
 

2.7.3. Biochemical analyses 

2.7.3.1. Analysis of insulin and corticosterone levels 

Insulin levels were analyzed via enzyme-linked immunosorbent assay (ELISA). In study I, insulin 

was measured in serum, monthly obtained from fed mice, and in plasma obtained from fasted mice 

at the baseline time-point of both ipGTTs. In study II, insulin was measured in plasma obtained 

from fasted mice during sacrifice. Serum or plasma samples were analyzed in duplicates using the 

Mouse Insulin ELISA kit. Additionally, corticosterone levels were investigated in plasma obtained 

during sacrifice of fed (study I) or fasted (study II) mice. Samples were measured in duplicates 

using the Corticosterone ELISA kit (for human, rat and mouse).  
 

2.7.3.2. Analysis of free fatty acids and triglycerides 

In study I, triglycerides were quantified in liver tissue. For this purpose, liver tissue was 

saponificated in alcoholic potassium hydroxide (KOH) and magnesium chloride (MgCl2). After 

centrifugation, the supernatant was analyzed in duplicates using the Triglycerides FS 10’ kit. 

Additionally, non-esterified fatty acids (NEFA) were measured in plasma duplicates obtained 

during sacrifice using the NEFA-HR(2) Assay. 
 

2.7.3.3. Proteome analyses by mass spectrometry 

In study I, proteome analyses were conducted in snap-frozen brain and liver tissue using a two-

column liquid chromatography–mass spectrometry/mass spectrometry (LC-MS/MS). Tissue was 

suspended, homogenized and processed as previously described (35–37). Further details are given 
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in (31). Proteome data were processed with MaxQuant software V1.6.0.1 (brain) or DIA-NN 

software V1.7.12 (liver) (38,39). Results were then searched against the mouse UniProt database 

for annotation. 
 

2.7.3.4. Analysis of inflammatory cytokines 

In study II, inflammatory cytokines were quantified in snap-frozen hippocampal tissue. 

Hippocampi were sheared in suspension with radioimmunoprecipitation assay (RIPA) buffer and 

protease inhibitor. After centrifugation, the protein concentration of the supernatant was analyzed 

using the Pierce™ BCA Protein Assay Kit. Proinflammatory cytokine quantification was 

performed in duplicates using the V-PLEX Plus Proinflammatory Panel1 Mouse Kit and 

subsequently normalized for total protein concentration. 
 

2.8. Statistical analyses 

In all studies, data was visualized as 25th to 75th percentile boxes with median and whiskers from 

minimum to maximum (including individual data points as scatter in studies I and II) or as mean 

with standard deviation using GraphPad Prism V8.4.2 (studies I and II) or V7 (study III). No data 

was excluded. In all studies, a p-value of ≤0.05 was considered significant. 

In all studies, Shapiro-Wilks and Levene’s test were applied using IBM SPSS Statistics V25 

(studies I and II) or V23 (study III) to analyze distribution and variance of data. If assumptions for 

parametric testing were violated, R packages (R V3.6.3) nparcomp and nparLD were used to 

conduct Tukey-type nonparametric multiple contrast test in case of independent data or 

nonparametric ANOVA-type statistics in case of repeated measures (40,41). Here, the effect of the 

factors genotype (g), diet (d), and time (t) was investigated. If data met assumptions for parametric 

testing, two-way or repeated measures ANOVA with Tukey post-hoc test was performed in 

study I investigating the factors genotype (g), diet (d) (and time (t) where applicable) using 

GraphPad Prism. Likewise, three-way or repeated measures ANOVA for the factors genotype (g), 

cage condition (c), and duration (d) (and time (t) where applicable) with Bonferroni post-hoc was 

conducted in study III. In study I, energy expenditure data were analyzed with ANCOVA 

according to (32) to correct for effects of lean mass/body weight. In study I, mass spectrometry 

data were processed (filtering, imputation of missing values, contrast analysis) using R packages 

car, DEP and clusterProfiler. MATLAB R2012a optimization toolbox was used to generate 

Volcano plots and heatmaps, and to perform gene set enrichment analyses. Metabolic capacities 

were computed with MATLAB R2012a using an established kinetic model, which was calibrated 

with proteome profiles (42,43). 
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Table 1: List of materials used in all three studies 

   

Substance / Reagent
Abbreviation /     

Formula
Company

Concentration /    

Dilution / Dose

Normal-control diet (study I) / Control diet (study II) NCD / CD Research Diets 4.15 kcal/g

Control diet supplemented with Chia seeds CD+Chia Research Diets 4.15 kcal/g

High-sucrose diet (study I) / Sucrose-rich diet (study II) HSD / SRD Research Diets 4.28 kcal/g

Sucrose-rich diet supplemented with Chia seeds SRD+Chia Research Diets 4.28 kcal/g

High-fat diet HFD Research Diets 5.2 kcal/g

Chia seeds (milled) - Onset Worldwide 286 g/kg diet

5-Bromo-2´-deoxyuridine antibody (rat) anti-BrdU Biozol 1:500

Doublecortin antibody (guinea pig) (study II) /       

Doublecortin antibody (goat) (study III)
anti-DCX

Merck Millipore / Santa 

Cruz Biotechnology
1:1000 / 1:100

Ionized calcium-binding adapter molecule 1 antibody 

(rabbit) anti-Iba1

Fujifilm Wako 

Chemicals Europe 1:500

Neuronal nuclei antibody (mouse) anti-NeuN Merck Millipore 1:1000

mouse Alexa 488 antibody (goat) - Invitrogen 1:1000

goat Alexa 647 antibody (donkey) - Invitrogen 1:300

rat/guinea pig/rabbit Biotin-SP-conjugated antibodies 

(goat/donkey) -
Dianova 1:250

rat Rhodamine X antibody (goat) - Dianova 1:250

4′,6-Diamidino-2-phenylindole DAPI Thermo Scientific 1:2000

3,3'-Diaminobenzidine DAB Sigma-Aldrich 25 µg/ml

Eosin Y - Carl Roth 0.5%

Fluorescent pentameric oligothiophene pFTAA Sigma-Aldrich 20 µg/ml

Mayer’s hematoxylin - Merck Millipore undiluted

Oil Red O ORO Carl Roth 0.0072 mM

Donkey serum - Merck Millipore 300µl/ml PBS

Hydrochloric acid HCl Merck Millipore 2 M

Hydrogen peroxide H2O2 Carl Roth 0.6%

Nickel chloride NiCl Sigma-Aldrich 400 µg/ml

Vectastain® ABC Elite kit ABC Vector Laboratories 9 µl/ml

Corticosterone ELISA kit (for human, rat and mouse) - IBL International -

Mouse Insulin ELISA kit - Mercodia -

NEFA-HR(2) Assay
-

Fujifilm Wako 

Chemicals Europe -

Pierce™ BCA protein assay kit - Thermo Scientific -

Triglycerides FS 10’ kit - Diagnostic Systems -

V-PLEX Plus Proinflammatory Panel1 Mouse Kit - Meso Scale Discovery -

cOmplete™ Mini Protease Inhibitor Cocktail Protease inhibitor Roche 1 tablet/10 ml

Magnesium chloride MgCl2 Sigma-Aldrich 1 M

Potassium hydroxide KOH VWR 30%

Radioimmunoprecipitation assay buffer RIPA buffer Abcam 1:10

Sodium dodecyl sulphate SDS Thermo Scientific 1%

Ammonium bicarbonate ABC Sigma-Aldrich 100 mM

Protease inhibitor cocktail PIC Sigma-Aldrich 1.25x

Formic acid CH2O2 Thermo Scientific 0.1%

Acetonitrile C2H3N Carl Roth 80%

Emla Creme (Lidocaine/Prilocaine) - AstraZeneca 25 mg/g + 25 mg/g

Ketamine - Inresa Arzneimittel 50 mg/ml, 300 mg/kg

Xylazine - CP-Pharma 20 mg/ml, 20 mg/kg

5-Bromo-2´-deoxyuridine BrdU Sigma-Aldrich 10 mg/ml, 50 mg/kg

2-Methylbutane C15H12 Sigma-Aldrich undiluted

Paraformaldehyde PFA Sigma-Aldrich 40 g/l

Phosphate-buffered saline PBS Carl Roth 0.1 M

Sucrose (for Sucrose Preference Test or for tissue 

dehydration)
C6H12O6 Carl Roth 50 g/l or 300 g/l 
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3. Results 

3.1. Study I: APP23 mice were less affected by obesogenic diets and showed increased 

activity, respiration, and energy expenditure 

APP23 mice displayed a significantly lower body weight compared to WT mice across the whole 

study period (F(1.00,52.55)=30.25, p<0.001), without showing differences in body length. A body 

weight difference of 8% (p=0.001) was already present at baseline, remaining similar during 

20 weeks of NCD and HSD (both ns.) but rising to 15% during HFD (p=0.008). At baseline, this 

difference was caused exclusively by a 10% lower lean mass in APP23 mice (p<0.001). After 

20 weeks, an additive effect of lower lean mass (p=0.087 in HFD-fed mice) and up to 37% lower 

fat mass (p=0.007 in HFD-fed mice) was observed. Food intake of APP23 mice was constant 

across all diets, whereas WT mice ingested more food during HSD and HFD compared to NCD. 

Moreover, APP23 mice showed up to 40% smaller adipocytes compared to WT mice, most 

prominently during HFD (p=0.015), although eWAT weight did not differ between genotypes. In 

accordance with lower liver weight, APP23 livers contained smaller and less lipid droplets during 

HSD (p=0.009) and HFD (<0.001) as well as lower levels of hepatic triglycerides during HFD 

(p<0.001). After both 12 and 20 weeks, ipGTT revealed superior glucose tolerance in APP23 mice 

(week 12: F(1.000,49.541)=3.764, p=0.052; week 20: F(1.000,41.614)=4.183, p=0.041), 

becoming particularly evident in HFD-fed APP23 mice showing up to 32% lower glucose levels. 

Indirect calorimetry uncovered an increase in O2 consumption by up to 22% (baseline: p<0.001; 

week 12: NCD – p=0.030, HSD – p=0.013, HFD – p=0.002; week 20: NCD – p=0.013, HSD – 

p=0.057, HFD – p<0.001) and an elevation in CO2 production by up to 14% in APP23 mice 

(baseline: p<0.001; week 12: NCD – p<0.001, HFD – p=0.003; week 20: NCD – p=0.018, HFD – 

p<0.001) at any time-point regardless of diet. CO2 consumption in HFD-fed mice was reduced by 

up to 22% compared to NCD and HSD (week 12: NCD vs. HFD – p=0.051 (WT)/p=0.003 

(APP23), HSD vs. HFD – p<0.001 (WT and APP23 each)). Energy expenditure was elevated up 

to 11% in APP23 mice of all dietary groups (baseline: F(1,58)=15.488, p<0.001; week 12: 

F(1,63)=51.102, p<0.001; week 20: F(1,65)=21.948, p<0.001; all corrected for lean mass and 

pooled across dietary groups). Accordingly, APP23 mice displayed up to 84% higher locomotor 

activity (baseline: p=0.009; week 12: NCD – p=0.016, HFD – p=0.061; week 20: NCD – p=0.010, 

HFD – p=0.007). However, HFD reduced activity by up to 60% compared to NCD and HSD (week 

12: NCD vs. HFD – p=0.016 (APP23), HSD vs. HFD – p=0.004 (WT); week 20: NCD vs. HFD – 

p<0.001 (WT)/p=0.001 (APP23), HSD vs. HFD – p=0.007 (WT)/p=0.002 (APP23)). Proteome 

analyses revealed that several proteins implicated in mitochondrial function, oxidative 
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phosphorylation, β-oxidation, and metabolic stress were differentially regulated in APP23 livers. 

In APP23 brains, this effect occurred to a lesser extent together with a differential regulation of 

proteins required for signal transduction, neuronal plasticity, and synaptic function. 
 

Altogether, the early body weight difference of APP23 mice could not be compensated for during 

the dietary intervention. It was initially caused by lower lean mass and later further promoted by 

lower fat mass. APP23 mice were resilient against diet-induced hepatic weight gain, triglyceride 

build-up and adipocyte hypertrophy. Diet-induced glucose intolerance was less evident in APP23 

mice, although no differences in glucose tolerance were observed during NCD. APP23 mice 

showed increased respiration, energy expenditure, and locomotor activity. Proteome analyses 

pointed towards altered mitochondrial function in APP23 mice. 
 

3.2. Study II: Chia seeds moderately improved spatial learning deficits in APP23 mice 

accompanied by a mild amelioration of glucose tolerance and a mild reduction of 

corticosterone and proinflammatory cytokine levels 

During the acquisition phase, PRE and ADV APP23 mice swam up to 46% longer distances in the 

MWM to detect the escape platform compared to WT mice (PRE: F(1,78.596)=21.148, p<0.001; 

ADV: F(1,84.952)=25.685, p<0.001). Chia seeds reduced the covered distance of APP23 mice 

almost to WT-level on the last day of acquisition in both age groups, however not significantly. In 

ADV APP23 mice, chia supplementation even resulted in a superior performance compared to 

CD+CD (p=0.078). SRD+SRD induced a 14% reduction of the covered distance compared to 

CD+CD in ADV APP23 mice (p=0.068). Heatmaps revealed that the distance reduction due to 

both chia supplementation and SRD was also reflected in more directed swim patterns. During the 

reversal learning phase, APP23 mice of both age groups covered up to 30% longer distances than 

WT mice (PRE: F(1,82.512)=12.035, p<0.001; ADV: F(1,89.701)=10.169, p<0.001). Chia seeds 

had no effect on the MWM performance within the reversal leaning phase, whereas SRD+SRD 

improved the performance by up to 51% on the last day of reversal learning in both PRE (p<0.001) 

and ADV APP23 mice (p=0.048). Again, more targeted swim patterns were observed in the 

heatmaps due to SRD. Glucose tolerance of CD-fed APP23 mice was similar to WT mice in the 

PRE group but inferior to WT mice in the ADV group (p=0.001). 12 weeks of SRD-pre-treatment 

did not alter glucose tolerance in PRE APP23 and WT mice. However, ADV APP23 mice showed 

a 21% impaired glucose tolerance after 12 weeks of SRD-pre-treatment (p=0.015). In the PRE 

group, additional 8 weeks of SRD started to deteriorate glucose tolerance in WT mice by up to 

35% (SRD+SRD: p=0.027, SRD+Chia: p=0.008), but did not affect APP23 mice. Chia 

supplementation did not influence glucose tolerance in the PRE group. In contrast, chia seed 
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supplementation of both CD and SRD resulted in up to 18% inferior glucose tolerance in both 

genotypes of the ADV group, however not significant. Moreover, ADV APP23 mice displayed 

about 2.5-fold elevated corticosterone levels compared to WT mice (CD+CD WT vs. APP23: 

p=0.033). Chia seeds reduced corticosterone levels by 51% (ns.) in ADV APP23 mice. Aβ plaque 

load and the number of microglia were not affected by any diet, but were increased in ADV APP23 

mice compared to PRE APP23 mice. In both age groups, proinflammatory cytokine levels in the 

hippocampus were similar between genotypes. In the PRE group, SRD+SRD increased 

proinflammatory cytokine levels by up to 86% in both genotypes, but more prominent in APP23 

mice (TNF-α: WT CD+Chia vs. SRD+SRD, p=0.008, APP23 SRD+SRD vs. SRD+Chia, p=0.049; 

IL-1β: APP23 SRD+SRD vs. SRD+Chia, p=0.040; IL-6: WT CD+CD/CD+Chia vs. SRD+SRD, 

p=0.048/p=0.027, APP23 SRD+SRD vs. SRD+Chia, p=0.047). However, chia seeds completely 

reversed this effect by reducing proinflammatory cytokines to CD-comparable levels or even 

lower. Proinflammatory cytokine levels in the ADV group were not affected by any diet. 
 

To sum up, chia seeds but also SRD improved impaired spatial learning in APP23 mice, more 

prominently in ADV mice. Impaired cognitive flexibility in both age groups was not affected by 

chia seeds but ameliorated by SRD. ADV APP23 mice displayed superior glucose tolerance 

compared to WT mice during CD, but were earlier affected by SRD-mediated deterioration of 

glucose tolerance. Chia supplementation mildly improved glucose tolerance in aged mice of both 

genotypes and mildly reduce elevated corticosterone levels in ADV APP23 mice. Aβ plaque load 

and microglia abundance were not altered by any diet, whereas SRD-induced elevation of pro-

inflammatory cytokine levels in the PRE group was completely reversed by chia supplementation. 
 

3.3. Study III: Pre-plaque APP23 mice showed early signs of BPSD, cognitive deficits, and 

altered adult hippocampal neurogenesis, all of which partially alleviated by EE  

APP23 mice of any age were less anxious compared to WT mice, represented by spending more 

time in the open quadrants of the EZM (p<0.001). EE did not affect anxiety behavior in WT mice, 

but further reduced anxiety in APP23 mice, regardless of age (1 W: p=0.009; 12 W and 24 W: 

p<0.001). The significantly higher consumption of sweetened water compared to pure water 

(p<0.001) was neither influenced by age, genotype, nor EE. No differences in motor coordination 

were observed in any group. During the acquisition phase of the MWM task, APP23 mice of all 

age groups covered longer distances to the escape platform than age-matched WT mice (p<0.001). 

EE reduced the covered distances of WT mice during the acquisition phase (p=0.002), whereas 

APP23 mice did not benefit from EE. During the reversal learning phase, APP23 mice covered 

longer distances than WT mice, regardless of age (p<0.001). However, EE resulted in a reduction 
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of covered distances in young-adult (p=0.001) and adult APP23 mice (p=0.056) as well as in WT 

mice of all age groups (1 W/12 W: p<0.001; 24 W: p=0.045). Corresponding to their inferior 

performance, APP23 mice applied significantly less spatial search strategies to detect the escape 

platform compared to WT mice (p<0.001). EE increased the use of spatial search strategies in both 

genotypes (WT: p=0.003; APP23: p=0.015), with a greater effect in APP23 mice (p=0.007). Aβ 

plaque load was only observed in adult APP23 mice and was not influenced by cage condition. 

The abundance of newborn neuronal precursor cells (BrdU-/DCX-positive cells) in the dentate 

gyrus in adolescent APP23 and WT mice outnumbered any other age group (1 W vs. 12 W: 

p<0.001; 1 W vs. 24 W: p<0.001). Adolescent APP23 mice produced more neuronal precursor 

cells than WT mice (p<0.001). EE elevated the number of neuronal precursor cells in adolescent 

APP23 mice (p<0.001), but had no effect in age-matched WT mice. A similar quantity of newborn 

mature neurons (BrdU-/NeuN-positive cells) in the dentate gyrus was observed in all age groups 

and genotypes. EE increased the number of mature neurons in adolescent WT mice (p<0.001) but 

not in age-matched APP23 mice. Contrary, young-adult APP23 mice displayed increased numbers 

of mature neurons due to EE (p<0.001) but not age-matched WT mice. Microglia abundance was 

increased in APP23 mice compared to WT mice (p=0.002). Microglia numbers were elevated by 

EE (p=0.012). 
 

Altogether, APP23 mice of all age groups showed impaired spatial learning and flexible memory, 

accompanied by a favour of non-spatial over spatial search strategies. Although EE could only 

reduce the covered distance of APP23 mice during the reversal learning phase, it generally 

increased the use of spatial strategies. Adolescent APP23 mice showed elevated numbers of 

newborn neuronal precursor cells in the dentate gyrus, which were further increased by EE. 

However, the abundance of newborn mature neurons was similar between genotypes but still 

positively affected by EE. Microglia were more frequently observed in APP23 mice and their 

number was increased by EE. 

 

4. Discussion 

This thesis investigated metabolic and behavioral features of the APP23 mouse model for AD with 

a focus on the implications of glucose metabolism in AD pathogenesis and on the therapeutic 

potential of early lifestyle interventions. For this purpose, three animal studies were conducted. In 

study I, body composition and distinct metabolic characteristics of pre-plaque APP23 mice were 

monitored while challenged with obesogenic diets. In study II, metabolically stressed PRE and 

ADV APP23 mice underwent a dietary therapy with chia supplementation. Here, cognitive 
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abilities, glucose tolerance, and inflammatory parameters were key aspects of the investigations. 

In study III, the suitability of BPSD as early diagnostic markers was examined in adolescent, 

young-adult, and adult APP23 mice and early treatment with EE was applied. Analyses focused 

on cognitive performance and potential neuropathological correlates, namely adult hippocampal 

neurogenesis and neuroinflammation. 
 

4.1. Potential causes of lower body weight in APP23 mice 

Decoding the underlying mechanisms of lower body weight in APP23 mice is of clinical 

importance, as it corresponds to lower body weight frequently observed in AD patients due to pre-

clinical weight loss (44), often leading to a life-threatening disease aggravation (9). Study I 

revealed that lower body weight of APP23 mice mainly came from lower lean mass, a phenomenon 

also detected in AD patients (45). In HFD-fed APP23 mice, a lower fat mass additionally 

contributed to lower body weight, which has been similarly observed in other murine AD models 

(46). Food intake was altered in APP23 mice, such as they consumed equal amounts of each diet, 

whereas WT mice increased their ingested amount of food from NCD to HSD to HFD. Usually, 

mice adapt their food intake according to a ratio of low protein to high carbohydrates (47). This 

adaption seems to occur in WT but not in APP23 mice. Moreover, increased energy expenditure 

and activity of APP23 mice were not, as expected (48), compensated for with higher food intake. 

Together, this suggests an impaired energy balance, which is mediated by hypothalamic leptin 

signalling (49). Dysfunctional hypothalamic leptin signalling has been previously observed in 

different AD mouse models (50), thus representing an interesting target of future analyses. 

Moreover, study I revealed increased O2 consumption and elevated CO2 production, accompanied 

by higher energy expenditure and locomotor activity of APP23 mice compared to WT mice. These 

observations are corroborated by observations in other murine AD models (50) and potentially are 

main reasons for lower body weight. Interestingly, activity and CO2 production were reduced in 

HFD-fed mice of both genotypes, whereas energy expenditure and O2 production were not affected 

by diet. This strongly suggests that additionally to hyperactivity an elevated resting metabolic rate 

may have led to higher energy expenditure in APP23 mice. Hence, future studies should address 

the question of elevated resting metabolic rate in AD patients as a potential underlying mechanism 

of involuntary weight loss, as existing studies are outdated revealing inconclusive results (51–54).  
 

4.2. Metabolic phenotype of APP23 mice with emphasis on glucose tolerance 

In accordance with lower body weight and in line with literature (46), APP23 mice in study I 

displayed a lesser degree of hepatic steatosis, lower hepatic triglyceride levels, as well as smaller 

adipocytes, especially during HFD. Moreover, HFD-fed APP23 mice showed lower insulin levels 
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towards the end of the dietary intervention as well as superior glucose tolerance upon acute glucose 

challenge compared to WT mice, which has been reported previously (46). In addition, study II 

revealed superior glucose tolerance in ADV APP23 mice even during CD. However, there is also 

literature contradicting these results, reporting higher insulin levels and impaired glucose tolerance 

in HFD-fed AD mice (55). Potentially, these conflicting observations result from differences in 

peripheral Aβ levels, as there is evidence that they promote dysfunctional glucose metabolism 

(56). The generally low plasma Aβ levels in APP23 mice (57) may therefore represent a downside 

of this model with regard to the investigation of peripheral AD-related metabolic alterations. 

Moreover, low peripheral Aβ levels together with lower body weight – a key regulator of glycemic 

control (58) – might contribute to APP23 mice being less prone to a metabolic syndrome-like 

phenotype. However, ADV APP23 mice were earlier affected by a SRD-induced deterioration of 

glucose tolerance than WT mice. As mentioned above, similar observations have been made in 

HFD-fed AD mouse models (55). These data indicate that the increasing abundance of cerebral 

Aβ with advancing age, in combination with metabolic stress, might also contribute to glucose 

intolerance, for example mediated by Aβ-induced impairment of hypothalamic insulin 

signalling (59). Additionally, proteome analyses in study I suggest that mitochondrial function 

might be altered in liver and brain of APP23 mice. This is especially interesting regarding 

hypotheses about a potential key role of mitochondria in the development of AD (60). Notably, 

oxidative stress and altered mitochondrial pathways have been previously observed in APP23 

brains (61). Beyond that, the results of this thesis indicate a general implication of mitochondria 

in AD not only limited to the brain. 
 

4.3. Therapeutic potential of chia supplementation in APP23 mice 

Confirming previous observations (29,62), PRE APP23 mice already showed deficits in spatial 

learning and cognitive flexibility. Given the very low Aβ deposition at this age, this observation 

further supports the hypothesis of Aβ not being the sole driver of AD-related cognitive decline. 

Chia supplementation lead to a moderate enhancement of spatial learning, more prominently in 

ADV APP23 mice. Only two previous studies analyzed a potential cognitive effect of chia seeds 

in AD models, observing either no effect (63) or even an aggravation of cognitive deficits (64). 

However, in none of the used models AD-like pathology was induced by Aβ-overexpression. 

Hence, they might not mimic AD-related glycemic alterations, which seem to be dependent on 

Aβ (56). Chia-induced improvement of spatial learning might be caused by a combination of the 

following observations: Chia seeds mildly ameliorated glucose tolerance in ADV APP23 mice and 

there is evidence of glucose tolerance being associated with cognitive performance (65). 
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Moreover, chia seeds mildly reduced corticosterone levels in ADV APP23 mice, which similarly 

have been shown to impact cognitive abilities (66). Additionally, chia supplementation exerted a 

beneficial impact on proinflammatory cytokine levels in PRE APP23 mice. Evidence suggests a 

link between neuroinflammation and cognitive function (67). Finally, chia seeds are a rich source 

of polyunsaturated fatty acids (22). These are thought to improve cognitive performance via 

several mechanisms such as enhanced long-term potentiation, neuroprotection and increased 

synaptogenesis (23). Notably, chia seeds had no effect on cognitive flexibility. Bearing in mind 

that reversal learning requires a high degree of functional plasticity (e.g. to inhibit the memory of 

the old platform position, to memorize the new platform position, or with regard to motivational 

aspects) (68), the mentioned beneficial aspects of chia seeds might not be sufficient in our AD 

model, as functional plasticity is potentially impaired (69). Unexpectedly, SRD ameliorated spatial 

as well as reversal learning. Contradicting the present results, previous studies have revealed 

cognitive impairment induced by SRD or similar energy-rich diets (70,71). However, since these 

studies have typically compared high-caloric diets to conventional diets, the results may represent 

the effect of high calorie intake rather than the effect of sugar. Calorie intake is suggested to 

modulate several aspects of brain function, such as adult hippocampal neurogenesis (72). In 

contrast, the SRD used in the present study was isocaloric to the CD. Moreover, the notably leaner 

APP23 mice might have profited from the supply of short-chain carbohydrates as a fast energy 

source, potentially enhancing cognitive capacities. 
 

4.4. BPSD and cognitive performance in APP23 mice 

Study III revealed reduced anxiety in APP23 mice compared to WT mice across all ages, hence 

before deposition of Aβ plaques. This observation is consistent with findings in similar murine 

AD models (73). Although anxiety in AD patients is usually increased but not decreased (74), the 

observed decreased anxiety of APP23 mice can be seen as an aberration from the physiological 

state, which is typically anxious for mice and not anxious for humans. Hence, anxiety behavior of 

APP23 mice indeed models early AD-related alterations of anxiety (74). In contrast, APP23 mice 

showed no signs of depressive behavior during the sucrose preference test. This is in line with 

literature (75) and should generally be assessed in the light of the challenge regarding animal 

models of depression (76). In summary, APP23 mice partially reflect BPSD with the present 

symptoms occurring very early in disease development, hence potentially contributing to early 

diagnosis. Spatial learning was impaired in APP23 mice. Interestingly, although adolescent and 

young-adult APP23 mice performed inferior to WT mice in the beginning of the acquisition phase, 

they were able to catch up with the performance of their WT littermates on the last day of 
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acquisition. In contrast, adult APP23 mice covered longer distances than WT mice across the entire 

acquisition phase. As previous studies obtained similar results (77), these data suggest that deficits 

in spatial learning already occur before plaque onset in APP23 mice and can only be compensated 

for with training in early disease stages. During reversal learning, APP23 mice of all ages 

performed inferior compared to WT mice. This finding promotes the above suggested theory of 

reversal learning being even more challenging for APP23 mice, potentially due to a lack of 

functional plasticity (69). The observation of a less frequent use of spatial search strategies in all 

age groups of APP23 mice has been previously made in other AD mouse models (78), strongly 

indicating a beginning impairment of cognitive function. 
 

4.5. Therapeutic effect of EE and its potential neuropathological correlates  

Unexpectedly, EE failed to improve spatial learning in APP23 mice during the acquisition phase. 

This contradicts previous studies, which have shown beneficial effects of EE on the cognitive 

performance of APP23 mice (79,80). Although there is overwhelming evidence of a positive 

impact of EE on cognitive performance, one study using a similar AD mouse model could not 

show an effect of EE on MWM performance either (81). Interestingly, the mentioned studies 

observing a positive effect of EE have applied 7-10 days of acquisition phase in the MWM task. 

In contrast, the study showing no effect of EE has applied a 3-day acquisition phase, such as in 

this thesis. Thus, the EE-induced amelioration of spatial learning might be dependent on the 

training intensity. In line with previous studies (82), EE ameliorated the performance of APP23 

mice during the reversal learning phase, although only young-adult and adult APP23 mice profited 

by EE. This suggests that the short exposure to EE within the adolescent group might be 

insufficient to exert its positive influence. Additionally, EE increased the use of the more efficient 

spatial search strategies during both acquisition and reversal learning phase. Altogether, this 

indicates that the positive impact of EE on the use of more efficient search strategies seems to 

develop already quite early, whereas the transition of more efficient search strategies into shorter 

swim paths might be dependent on training intensity. Adult hippocampal neurogenesis was 

investigated as a potential neuropathological correlate of cognitive impairment and of the effect of 

EE, as it is suggested to be crucial in building a neurogenic reserve, important for neuronal 

plasticity (83). We observed increased abundance of neuronal precursor cells in adolescent APP23 

mice compared to WT mice, indicating a compensatory mechanism to early disease manifestations 

(7). Interestingly, this was further promoted by EE, suggesting a potential mechanism for the 

beneficial effect of EE on cognitive performance (7). In young-adult APP23 mice the effect of EE 

shifted from increased neuronal precursor abundance to increased numbers of mature neurons. 
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Those mature neurons probably integrate into the neuronal network, hence providing larger 

capacities for complex tasks such as reversal learning (83). Moreover, microglia abundance was 

elevated in APP23 mice and further increased by EE. Neuroinflammation in early disease stages 

is thought to be protective, as microglia increase the clearance of Aβ, whereas neuroinflammation 

in later disease stages is potentially detrimental due to the prolonged release of proinflammatory 

factors and neurotoxins (84). As the observed age groups of APP23 mice represent early disease 

stages, the EE-mediated increase in microglia abundance might contribute to the beneficial effect 

of EE on cognitive performance. 
 

4.6. Limitations 

The conclusions drawn from the APP23 mouse model regarding underlying mechanisms might be 

limited, as the pathology of this model is naturally caused by the genetic overexpression of APP. 

Moreover, amyloidosis, as observed in this model, does not fully reflect AD neuropathology. 

However, due to the complexity and the multitude of open questions regarding AD etiology, there 

are no animal models available, which fully mimic the disease or accurately model its 

development. Among the existing models, the APP23 mouse is a well-characterized animal model, 

facilitating the integration of the present data into literature. Another caveat of this thesis could be 

the gender bias. All studies were conducted in female mice, since females are more prone to 

develop AD (85). The underlying reasons for the overrepresentation of women among AD patients 

remain elusive, hence a focus on gender differences is important. However, the usage of female 

mice might increase variation within study data due to a potential interference of the estrous cycle 

with analyzed parameters. Thus, the estrous cycle of female mice should be monitored in future 

experiments and similar investigations should be conducted in male mice to reveal potential 

differences. 
 

4.7. Conclusions and future directions 

This thesis extensively analyzed metabolic and behavioral features of the APP23 mouse model 

with emphasis on implications of body weight regulation and glucose metabolism as well as the 

therapeutic potential of lifestyle interventions in AD. The following conclusions can be drawn 

from the present thesis: (1) Pre-plaque APP23 mice show hyperactivity, increased metabolic rate, 

and impaired energy balance, resulting in lower body weight and accompanied by strong signs of 

systemic mitochondrial dysfunction; (2) Peripheral glucose metabolism of younger APP23 mice 

is unaltered or even superior to WT mice, but aged APP23 mice are more vulnerable to metabolic 

stress; (3) Cognitive impairment of APP23 mice occurs prior to plaque onset; (4) Cognitive 

deficits of APP23 mice are ameliorated by chia supplementation, potentially due to an additive 
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effect of improved glucose tolerance and reduced corticosterone and proinflammatory cytokine 

levels; (5) EE positively affects the cognitive performance of APP23 mice possibly via the 

enhancement of adult hippocampal neurogenesis and the elevation of microglia abundance. These 

data are of clinical relevance as the metabolic component of AD is coming more and more into 

focus recently and accessory symptoms of AD such as weight loss strongly correlate with mortality 

rate. Therefore, the underlying mechanisms of the observed metabolic alterations should be 

addressed in future studies, for example by investigating hypothalamic leptin signalling as a 

regulator of energy balance or the role of mitochondria in AD pathogenesis. Moreover, clinical 

investigations are of utmost importance to analyze, whether those functional changes also occur 

in AD patients and to compile adequate strategies for the prevention of fatal involuntary weight 

loss. While no curative therapies exist, lifestyle interventions are useful and easy implementable 

therapeutic approaches. Hence, a balanced diet, supplemented with chia seeds, and an active and 

socially enriched lifestyle might contribute to prevention or slowdown of AD pathology as well as 

amelioration of cognitive symptoms, such as demonstrated in the APP23 mouse model during the 

present studies. 
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ABSTRACT 
 
Alzheimer’s disease (AD) is frequently accompanied by progressing weight loss, correlating with mortality. 
Counter-intuitively, weight loss in old age might predict AD onset but obesity in midlife increases AD risk. 
Furthermore, AD is associated with diabetes-like alterations in glucose metabolism. Here, we investigated 
metabolic features of amyloid precursor protein overexpressing APP23 female mice modeling AD upon long-
term challenge with high-sucrose (HSD) or high-fat diet (HFD). Compared to wild type littermates (WT), APP23 
females were less prone to mild HSD-induced and considerable HFD-induced glucose tolerance deterioration, 
despite unaltered glucose tolerance during normal-control diet. Indirect calorimetry revealed increased energy 
expenditure and hyperactivity in APP23 females. Dietary interventions, especially HFD, had weaker effects on 
lean and fat mass gain, steatosis and adipocyte hypertrophy of APP23 than WT mice, as shown by 1H-magnetic-
resonance-spectroscopy, histological and biochemical analyses. Proteome analysis revealed differentially 
regulated expression of mitochondrial proteins in APP23 livers and brains. In conclusion, hyperactivity, 
increased metabolic rate, and global mitochondrial dysfunction potentially add up to the development of AD-
related body weight changes in APP23 females, becoming especially evident during diet-induced metabolic 
challenge. These findings emphasize the importance of translating this metabolic phenotyping into human 
research to decode the metabolic component in AD pathogenesis. 

mailto:sebastian.brachs@charite.de
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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INTRODUCTION 
 
To date, Alzheimer’s disease (AD) cannot be cured and 
its underlying mechanisms remain elusive [1]. Early 
diagnosis of AD – a crucial requirement for the 
application of existing symptomatic treatment – is 
complicated due to its multifaceted pathology and a 
variety of accessory symptoms, which are partially not 
well understood [2]. Thus, basic research focusing on 
these symptoms might provide important insights into 
pathological mechanisms leading to new approaches for 
diagnosis and therapy. 
 
Worldwide, about 50 million patients suffer from AD, 
the most common neurodegenerative disease [3]. Brains 
affected by AD are characterized by extracellular 
amyloid-beta (Aβ) aggregates, intracellular 
neurofibrillary tangles of hyperphosphorylated tau, and 
progressive neurodegeneration [4, 5]. Synapse and 
neuronal loss ultimately result in dementia [6]. For 
decades, AD research focused on Aβ – cleaved from the 
amyloid precursor protein (APP) – and its aggregation 
into plaques as disease etiology [7]. Nevertheless, 
decreasing Aβ burden using antibodies has failed to 
significantly improve patients’ condition [8]. Thus, 
alternative causes came into the spotlight: 
Epidemiologic studies identified metabolic dysfunctions 
such as insulin resistance and glucose insensitivity as 
risk factors, potentially involved in AD pathology [9, 
10]. These shared features lead to the suggestion that 
AD might represent brain-specific diabetes [11]. 
However, the exact mechanisms linking both 
pathologies remain unknown. 
 
Counter-intuitively, both obesity in midlife and low 
body weight in old age increase the risk of developing 
AD [12, 13]. However, at least 30-40% of patients 
suffer from AD-related involuntary weight loss, 
aggravating as AD progresses leading to poorer health, 
reduced quality of life, and increased mortality [14]. 
Since weight loss already occurs years before the onset 
of clinical AD symptoms, body weight changes in old 
age might represent early AD manifestations potentially 
contributing to early diagnosis [15, 16]. 
 
Weight loss occurs with negative energy balance, i.e. 
lower energy intake than energy expenditure [17]. 
Reasons for negative energy balance might be reduced 
energy intake, e.g. due to reduced food intake or 
malabsorption [18], hypermetabolism originating from 
elevated resting energy expenditure, e.g. increased 
thermogenesis, or elevated total energy expenditure, e.g. 
increased physical activity [18]. Previous body weight 
analyses in AD patients remained inconclusive, 
requiring further research to elucidate underlying 
mechanisms of AD-related weight loss. 

Here, we investigate early AD-related metabolism and 
body weight changes challenging the APP-
overexpressing APP23 mouse model [19] with different 
diets before Aβ-plaque development to extensively 
characterize its metabolic features and the impact of 
different fuel sources. Thereby, we aim to gain insights 
into underlying mechanisms of AD-related metabolic 
and body weight changes, which might provide valuable 
information for early diagnosis or therapeutic 
approaches. 
 
RESULTS 
 
APP23 mice showed lower body weight due to lower 
fat and lean mass 
 
To investigate the impact of APP overexpression on 
metabolism, APP23 and WT mice were challenged with 
normal-control (NCD), high-sucrose (HSD) or high-fat 
diet (HFD) for 20 weeks (Figure 1A, 1B). Across the 
experiment, all groups significantly gained body weight 
(F(4.04,52.55)=484.37, p<0.001; Figure 2A). However, 
APP23 mice showed a significantly lower body weight 
(F(1.00,52.55)=30.25, p<0.001). The effect of diet 
(F(1.90,52.55)=63.47, p<0.001) was most prominent in 
HFD (up to 41% higher body weight compared to 
NCD/HSD), while HSD had virtually no effect. At 
baseline, body weight of APP23 mice was 8% lower 
compared to WT mice (p=0.001; Figure 2B). This body 
weight difference remained constant until week 20 in 
NCD- and HSD-fed mice (NCD: 6%, n.s.; HSD: 7%, 
n.s.; Figure 2C). After 20 weeks of dietary intervention, 
HFD elevated body weight up to 85% in WT mice and 
up to 68% in APP23 mice (both p<0.001), while HSD 
had no effect on body weight. The body weight 
difference between genotypes rose to 15% in HFD-fed 
mice (p=0.008). 
 
Lean mass was 10% lower in APP23 mice at baseline 
(week 0, p<0.001; Figure 2D). After 20 weeks of 
dietary intervention, lean mass was up to 7% lower in 
NCD- and HSD-fed APP23 mice, however not 
significant, and 8% lower in HFD-fed APP23 mice 
(p=0.087; Figure 2E). While HSD did not affect lean 
mass, HFD significantly increased lean mass in both 
genotypes but more prominently in WT mice (HFD WT 
vs. NCD/HSD WT, both p<0.001; HFD APP23 vs. 
NCD/HSD APP23, both p≤0.005). Fat mass was equal 
between genotypes at baseline (week 0; Figure 2F). 
While 20 weeks of HSD had almost no effect on fat 
mass, HFD significantly elevated fat mass in both 
genotypes (p<0.001; Figure 2G). Fat mass was 37% 
lower in HFD-fed APP23 mice (p=0.007) and up to 
10% lower during NCD and HSD, however not 
significant. Lower body weight did not originate from a 
smaller growth as body length was almost identical in 
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young adult APP23 and WT mice (Figure 2H). Notably, 
food intake gradually increased in WT mice from NCD 
to HSD to HFD (NCD WT vs. HFD WT, p<0.001), 
whereas it remained constant between diets in APP23 
mice resulting in a significantly lower HFD intake 
compared to WT mice (p<0.001; Figure 2I). 
 
In summary, APP23 mice showed lower body weight due 
to both lower fat and lean mass. The difference in lean 
mass was already present at baseline, whereas the 
difference in fat mass occurred only at the end of dietary 
intervention. APP23 mice could not catch up for this 
body weight difference due to a similar body weight gain. 
 
Diet-induced adipocyte hypertrophy and steatosis 
were extenuated in APP23 mice 
 
To further examine body composition changes, tissues 
were analyzed upon sacrifice. Epigonadal white adipose 
tissue (eWAT) weight was similar between genotypes 
and only elevated by HFD (5-fold, vs. NCD/HSD each 
p<0.001; Figure 3A). Liver weight was also similar 
during NCD and elevated by HFD (e.g. NCD APP23 vs. 
HFD APP23, p<0.001) but 45% (p=0.002) and 20% 
(n.s.) lower in HSD- and HFD-fed APP23 mice (Figure 
3B). Adipocyte size was analyzed in hematoxylin/eosin-
stained eWAT (Figure 3C, 3D). APP23 mice displayed 

20% (NCD, n.s.) to 40% (HSD, n.s.; HFD, p=0.015) 
smaller adipocytes than WT mice. In contrast to 
unaffected eWAT weight, HSD increased adipocyte 
size 2.3-fold (n.s.). HFD rose adipocyte size compared 
to NCD (7.3-fold, NCD WT/APP23 vs. HFD 
WT/APP23, both p<0.001) and HSD (3.1-fold, HSD 
WT vs. HFD WT, p<0.001; HSD APP23 vs. HFD 
APP23, p=0.010). Moreover, hepatic fat content (i.e. 
liver steatosis) was analyzed by Oil Red O staining and 
triglyceride quantification (Figure 3E–3G). During 
NCD, lipid droplet size and amount was similar, while 
HSD- and HFD-fed APP23 mice embodied less and 
smaller droplets than WT mice (HSD: 4.5-fold, 
p=0.009; HFD: 2-fold, p<0.001; Figure 3E, 3F). 
According to increasing liver weight, lipid droplet size 
and amount gradually rose from NCD to HFD, 
specifically prominent in WT mice (NCD vs. HSD: 11-
fold, p=0.002; HSD vs. HFD: 2-fold, p<0.001). 
Furthermore, hepatic triglycerides were similar between 
genotypes and diets during NCD and HSD (Figure 3G). 
In contrast, HFD-fed WT mice showed up to 9.2-fold 
elevated hepatic triglycerides compared to NCD- and 
HSD-fed mice of both genotypes (p<0.001), whereas 
triglycerides in HFD-fed APP23 mice were only 
increased by 3.4-fold (n.s.). Thus, during HFD hepatic 
triglycerides were 2.3-fold higher in WT mice 
compared to APP23 mice (p<0.001). 

 

 
 

Figure 1. Experimental design and nutritional values of diets. (A) Experimental procedures: In week 0, baseline measurements of 
body composition (NMR) and indirect calorimetry (LM) were conducted, as well as the first blood withdrawal (BL). Diets were fed from week 
1 to 20. Body weight was assessed weekly. Monthly, NMR and BL were performed. In week 12 and 20, mice additionally underwent LM 
measurements and glucose tolerance tests (GTT). (B) Group layout and diet composition: 4-6-week old transgenic APP23 and WT mice were 
assigned to either normal-control diet (NCD), high-sucrose diet (HSD) or high-fat diet (HFD). Shown n numbers represent animal numbers for 
all measurements in living animals and in the animals’ blood. 
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Figure 2. Body weight, body composition, body length, and food intake. (A) Development of body weight during 20 weeks of dietary 
intervention (NCD, HSD or HFD). (B) Body weight at baseline (week 0). (C) Body weight after 20 weeks of dietary intervention. (D) Lean mass 
at baseline (week 0). (E) Lean mass after 20 weeks of dietary intervention. (F) Fat mass at baseline (week 0). (G) Fat mass after 20 weeks of 
dietary intervention. (H) Exemplarily measured body length in male and female adult (mean age 10 weeks) APP23 and WT mice. (I) Mean 
daily food intake averaged over the entire intervention and across mice occupying the same cage. Data are represented as box (25th to 75th 
percentile) with median and whiskers from minimum to maximum. Black asterisks indicate significant differences between groups (*: p<0.05; 
**: p<0.01; ***: p<0.001), gray asterisk indicates a statistical trend towards significance (p<0.1) according to nonparametric ANOVA-type 
statistics (A), ordinary 2-way ANOVA with Tukey post-hoc test (C, G, I), multiple contrast Tukey-type test (E), or nonparametric t-test (B, D, F, 
H). nWeek 0 WT=35, nWeek 0 APP23=31, nNCD WT=15, nNCD APP23=9, nHSD WT=10, nHSD APP23=14, nHFD WT=10, nHFD APP23=10; for body length: nWT=8, nAPP23=11. 
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Figure 3. Weight of eWAT and liver, histological analysis of adipocyte size in eWAT and lipid droplets in liver tissue, and 
quantification of hepatic triglycerides. Weight of eWAT (A) and liver (B) upon sacrifice of mice after 20 weeks of dietary interventions 
(NCD, HSD or HFD). (C) Quantification of mean adipocyte size in eWAT sections analyzed with ImageJ (D) Representative hematoxylin/eosin 
stainings of eWAT tissue. Scale bar: 100 µm (E) Lipid quantification of Oil Red O-stained hepatic sections analyzed with ImageJ. (F) 
Representative Oil Red O stainings of liver tissue. Arrowheads point to individual Oil Red O-stained lipid droplets. Scale bar: 100 µm. (G) 
Quantification of hepatic triglycerides. Measured triglyceride concentrations were multiplied by liver weight to obtain absolute amounts of 
triglycerides. Data are represented as box (25th to 75th percentile) with median and whiskers from minimum to maximum. Black asterisks 
indicate significant differences between groups (*: p<0.05; **: p<0.01; ***: p<0.001), gray asterisk indicates a statistical trend towards 
significance (p<0.1) according to nonparametric multiple contrast Tukey-type test (A, B) and Tukey post-hoc test of an ordinary 2-way ANOVA 
(C, E, G). For (A, B) nNCD WT=15, nNCD APP23=9, nHSD WT=10, nHSD APP23=14, nHFD WT=10, nHFD APP23=10. For (C, D) n=6 each. For (E, F) n=8 each, For (G) 
n=6 each. 
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Altogether, APP23 mice resisted against HSD- and 
HFD-induced hepatic weight gain, lipid accumulation 
and adipocyte hypertrophy. 
 
Insulin levels were unaltered in APP23 mice during 
NCD and HSD but lower during HFD 
 
To investigate glucose homeostasis, we monthly 
analyzed plasma insulin levels in fed mice (Figure 4). 
NCD and HSD did not alter insulin levels, with APP23 
mice showing no differences compared to WT mice 
(Figure 4A, 4B). In contrast, HFD elevated insulin 
levels over time (F(2.75,49.50)=15.72, p<0.001), 
starting around week 8 of dietary intervention (Figure 
4C). Interestingly, genotypes were differentially 
affected by the HFD-induced elevation of insulin levels 
(F(1,8)=6.915, p=0.017). In week 16 (p=0.019) and 20 
(n.s., p=0.182), insulin levels of WT mice were almost 
twice as high as those of APP23 mice. In all, only HFD 
elevated insulin levels, whereas APP23 mice were less 
affected. Additionally, corticosterone and non-esterified 
free fatty acid (NEFA) levels were measured in final 
plasma. Corticosterone levels were similar between 
genotypes and increased by trend from NCD to HFD 
(NCD WT vs. HFD WT, p=0.098) (Figure 4D). In 
contrast, NEFA levels slightly decreased during HFD 
but similarly between genotypes (NCD APP23 vs. HFD 
APP23, p=0.062; HSD APP23 vs. HFD APP23, 
p=0.023; Figure 4E). 
 
HFD deteriorated glucose tolerance earlier and 
stronger than HSD but less in APP23 mice 
 
To further analyze glucose homeostasis upon glucose 
challenge, an ipGTT was performed after 12 and 20 
weeks (Figure 5, statistics see Supplementary Table 2). 
After 12 weeks, glucose handling was affected by diet 
(F(1.941,49.542)=50.159, p<0.001), such as HSD and 
HFD both delayed the glucose peak (Figure 5A). 
Additionally, the glucose peak of HFD-fed mice was 
30% higher compared to NCD/HSD. Whereas NCD- 
and HSD-fed mice approximately returned to basal 
levels after 120 min, glucose levels remained 31% 
(APP23) and 82% (WT) elevated in HFD-fed mice. 
APP23 mice showed by trend 9% lower glucose levels 
than WT mice (F(1.000,49.541)=3.764, p=0.052). This 
was especially prominent in HFD-fed APP23 mice, 
which returned to 32% lower final glucose levels than 
WT mice. After 20 weeks, diet still affected glucose 
handling (F(1.943,41.614)=82.409, p<0.001) with HSD 
and HFD delaying the glucose peak, the effect of HFD 
having even grown (Figure 5B). Furthermore, HFD-fed 
mice remained far above basal glucose levels after 120 
min (WT: 2.7-fold; APP23: 1.8-fold). Still, NCD- and 
HSD-fed mice nearly returned to fasting glucose levels. 
Again, APP23 mice showed 9% lower glucose levels 

compared to WT mice (F(1.000,41.614)=4.183, 
p=0.041), which was once more especially evident in 
HFD-fed APP23 mice. Evaluating the area under the 
curve (AUC) in week 12, HFD-fed mice displayed a 
significantly larger AUC compared to NCD- and HSD-
fed mice (Figure 5C). However, AUC of HFD-fed 
APP23 mice was 20% smaller compared to HFD-fed 
WT mice. After 20 weeks, AUC of HFD-fed mice was 
even more increased compared to NCD- and HSD-fed 
mice (Figure 5D). Still, HFD-fed APP23 mice displayed 
a significantly smaller AUC than HFD-fed WT mice, 
although the difference decreased to 15%. 
 
Fasting glucose levels gradually increased from NCD to 
HSD to HFD at both time-points (Figure 5E, 5F). HSD 
elevated fasting glucose levels up to 25% in APP23 but 
not in WT mice, while HFD increased fasting glucose 
levels up to 35% in both genotypes. Contrary, fasting 
insulin levels were only increased in HFD-fed mice 
(week 12: 3-fold; week 20: 6-fold) in both genotypes 
(Figure 5G, 5H). Fasting insulin was similar between 
genotypes. In summary, glucose tolerance was 
deteriorated by HSD and HFD, with HFD exerting an 
earlier and stronger effect and APP23 mice being less 
affected. Moreover, HSD and HFD increased fasting 
glucose levels, but only HFD elevated fasting insulin 
levels, both parameters being similar across genotypes. 
 
APP23 mice showed increased O2 consumption, CO2 
production, energy expenditure, and locomotor 
activity at night 
 
To further investigate whole-body metabolism of 
APP23 mice, indirect calorimetry was performed at 
baseline, week 12 and 20. Figure 6 (statistics see 
Supplementary Table 3) depicts results measured during 
active phase. Light phase data are displayed in 
Supplementary Figure 1. O2 consumption and CO2 
production adjusted for lean mass were increased in 
APP23 mice at any time-point. Measurements adjusted 
for body weight were similar (Supplementary Figure 2). 
On closer examination, APP23 mice consumed 12% 
more O2 at baseline (Figure 6A) and up to 22% in week 
12 and 20 (Figure 6B, 6C). Diet alone did not affect O2 
consumption at any time-point. Correspondingly, CO2 
production was 10% elevated in APP23 mice at baseline 
(Figure 6D) and up to 14% in week 12 and 20 (Figure 
6E, 6F). Contrary to O2 consumption, CO2 production 
was affected by diet, such as HFD-fed mice produced 
up to 22% less CO2 compared to NCD/HSD at both 
time-points. The respiratory exchange ratio was similar 
between genotypes at baseline (Figure 6G). During 
HSD, it decreased up to 10% in APP23 mice at both 
time-points (Figure 6H, 6I), while no genotype 
differences were observed during NCD and HFD. HSD 
increased the respiratory exchange ratio, however only 
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Figure 4. Analysis of basic metabolic parameters in blood of fed mice. (A–C) Plasma insulin measured in NCD-fed (A), HSD-fed (B) 
and HFD-fed (C) mice at baseline (week 0) and after 4, 8, 12, 16, and 20 weeks of diet. Corticosterone levels (D) and NEFA levels (E) measured 
in blood plasma obtained upon sacrifice after 20 weeks of diet. Data are represented as box (25th to 75th percentile) with median and 
whiskers from minimum to maximum. Black asterisks indicate significant differences between groups (*: p<0.05; **: p<0.01; ***: p<0.001), 
gray asterisk indicates a statistical trend towards significance (p<0.1) according to Tukey post-hoc test of repeated measures ANOVA (A–C) 
and nonparametric multiple contrast Tukey-type test (D, E). nNCD WT=15, nNCD APP23=9, nHSD WT=10, nHSD APP23=14, nHFD WT=10, nHFD APP23=10. 
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Figure 5. Acute glucose handling and fasting glucose homeostasis after 12 (left column) and 20 weeks (right column) of 
dietary interventions in APP23 and WT mice. (A, B) Course of blood glucose in an intraperitoneal glucose tolerance test (ipGTT) after 12 
(A) and 20 weeks (B) and the corresponding area under the curve (AUC) (C, D). The corresponding basal blood glucose (E, F) and insulin levels 
(G, H) of WT and APP23 mice were analyzed after 6 h of fasting in the morning. Data are represented as box (25th to 75th percentile) with 
median and whiskers from minimum to maximum. Black asterisks indicate significant differences between groups (*: p<0.05; **: p<0.01; ***: 
p<0.001), gray asterisk indicates a statistical trend towards significance (p<0.1) according to nonparametric ANOVA-type statistics (A, B) 
ordinary 2-way ANOVA with Tukey post-hoc test (C, D) or nonparametric multiple contrast Tukey-type test (E–H). nNCD WT=15, nNCD APP23=9, 
nHSD WT=10, nHSD APP23=14, nHFD WT=10, nHFD APP23=10. 
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Figure 6. O2 consumption, CO2 production, respiratory exchange ratio, energy expenditure, and activity during active phase 
at baseline (left column), after 12 (middle column) and 20 weeks of diet (right column). (A–C) Averaged O2 consumption per hour 
and (D–F) averaged CO2 production per hour (both adjusted for lean mass) as well as (G–I) corresponding mean respiratory exchange ratio. 
(J–L) Averaged energy expenditure per hour correlated with lean mass and (M–O) averaged locomotor activity per hour. Data are 
represented as box (25th to 75th percentile) with median and whiskers from minimum to maximum. Black asterisks indicate significant 
differences between groups (*: p<0.05; **: p<0.01; ***: p<0.001), gray asterisk indicates a statistical trend towards significance (p<0.1) 
according to nonparametric t-tests (A, D, G, M), nonparametric multiple contrast Tukey-type test (B, C, E, F, H, I, N, O), and Spearman 
correlation followed by ANCOVA (J–L). nNCD WT=15, nNCD APP23=9, nHSD WT=10, nHSD APP23=14, nHFD WT=10, nHFD APP23=10. 
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in WT mice and week 20, whereas HFD decreased it up 
to 16% in both genotypes at both time-points. 
 
Next, we evaluated energy expenditure and activity. To 
account for the major contribution of body weight, 
energy expenditure was correlated with lean mass 
(Figure 6J–6L and Supplementary Figure 1J–1L) or 
body weight (Supplementary Figure 2G–2I, 2P–2R; 
correlation statistics see Supplementary Table 4). Since 
diet alone did not affect energy expenditure, different 
dietary groups were pooled. APP23 mice showed 11% 
elevated energy expenditure compared to WT mice at 
baseline (F(1,58)=15.488, p<0.001 lean mass-corrected; 
Figure 6J), 9% in week 12 (F(1,63)=51.102, p<0.001 
lean mass-corrected; Figure 6K) and 10% in week 20 
(F(1,65)=21.948, p<0.001 lean mass-corrected; Figure 
6L). Supplementary Figure 3 shows energy expenditure 
over the course of 24 h revealing a constantly increased 
energy expenditure of APP23 mice, especially 
pronounced during dark phase. Correspondingly, 
APP23 mice were 38% more active than WT mice at 
baseline (Figure 6M) and up to 84% and 71% in week 
12 and 20 (Figure 6N, 6O). HFD feeding decreased 
locomotor activity up to 60% compared to NCD/HSD in 
both genotypes at both time-points. 
 
Altogether, APP23 mice showed notably higher O2 
consumption, CO2 production, and energy expenditure 
as well as increased activity. The effects of diet were 
mild and mainly represented by an HFD-induced 
reduction of activity and – as expected – of the 
respiratory exchange ratio. 
 
Proteome analyses indicated potential mitochondrial 
dysfunction of APP23 mice 
 
To investigate metabolic alterations in APP23 mice on 
protein level, we performed proteome analyses in liver 
(Figure 7) and brain (Supplementary Figure 4). Liver 
proteome profiles showed a genotype-clustering within 
NCD- and HSD-fed mice but a genotype-overlapping 
clustering within HFD-fed mice. (Figure 7A). Volcano 
plots displayed several differentially regulated proteins 
in APP23 mice, especially involved in lipid metabolism 
(CYP39A1, SDR39U1, AAMDC, FTO, ACOT8, 
VASP), oxidative phosphorylation, β-oxidation and 
general mitochondrial function (TBRG4, SCO2, 
MPV17, MRPL12, NDUFV2, NUBBPL, GLRX5, 
TIMM13, NFU1, COX5A, SCO1, CYP3A16, PDK4) or 
related to inflammation and metabolic stress (PRKAA2, 
SERPINB1A, TMEM258, LGALS3; Figure 7B–7D). 
Some mitochondria-related proteins were also 
differentially regulated in brain proteome of APP23 
mice (MCEE, ADCK1) but the majority is involved in 
signal transduction, vesicle trafficking, synaptic 
function and neuronal plasticity (SYT17, DIP2A, 

BLOC1S1, SNCB, BAIAP3, WDR11, KCNIP3, 
TRAPPC13; Supplementary Figure 4). Simulation of 
metabolic capacities showed only minor differences in 
hepatic glucose tolerance. NCD-fed APP23 mice had 
slightly better glucose tolerance at low external glucose, 
while their glucose tolerance was slightly inferior at 
high external glucose (F(9,90)=2.710, p=0.008), 
contrary during HSD (F(9,90)=5.750, p<0.001) and 
without difference during HFD (Figure 7E–7G). NEFA 
tolerance seemed to be slightly decreased in NCD- and 
HSD-fed APP23 mice (n.s.; Figure 7H–7J). Gene Set 
Enrichment Analysis (GSEA) revealed downregulation 
of protein sets affecting lipid metabolism, oxidative 
phosphorylation, and mitochondrial function in NCD-
fed APP23 mice (Figure 7K). Interestingly, the same 
protein sets were upregulated in HSD-fed APP23 mice 
but unchanged in HFD-fed APP23 mice. Instead, 
protein sets contributing to translation and amino acid 
metabolism were downregulated. 
 
DISCUSSION 
 
Involuntary weight loss advances with AD progression 
resulting in poorer health, reduced quality of life, and 
increased mortality [14]. Thus, identifying the role of 
(reduced) body weight in AD might contribute to the 
understanding of metabolic implications in AD 
pathogenesis. Therefore, we investigated APP23 mice 
during diet-induced metabolic challenge. To our 
knowledge, this is the first longitudinal study assessing 
metabolic features of APP23 females, revealing lower 
body weight, less adipocyte hypertrophy as well as 
steatosis, elevated energy expenditure as well as activity 
and evidence for potential mitochondrial damage. 
 
A lower body weight already emerges in 4-week old 
APP23 mice due to lower lean mass, whereas plaque 
development starts around 6 months of age [20]. 
However, lower body weight of APP23 mice did not 
result from smaller body length, which was also 
reported for 24-months old APP23 females [21]. 
Although APP23 mice do not model AD-related weight 
loss, their lower body weight at a pre-plaque stage 
corresponds to lower body weight of AD patients, 
which arises from early weight loss prior to the onset of 
clinical AD symptoms [16, 22]. Consistent with 
literature, HSD induced a mild, but HFD a substantial 
body weight gain [19, 23–25], in which APP23 mice 
gained less fat mass. Analysis of food intake as a 
potential mechanism for lower body weight revealed 
lower HFD consumption, contradicting a study in 
APP23 males reporting increased food intake [26]. 
However, estrogen might have influenced food intake 
via its interaction with leptin [27], counterbalancing 
food intake in APP23 females. HFD contains less 
carbohydrates than NCD and HSD but similar amounts 
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Figure 7. Proteome analyses of liver tissue. (A) Heatmap of differentially regulated proteins (B–D) Volcano plots of APP23 versus WT 
mice within each diet. (E–G) Simulated hepatic glucose tolerance of APP23 versus WT mice within each diet. (H–J) Simulated hepatic NEFA 
tolerance of APP23 versus WT mice within each diet. (K) GSEA of APP23 versus WT mice within each diet. (B, E, H) NCD; (C, F, I) HSD; (D, G, J) 
HFD. n=6 each. 
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of protein, which may explain the increased HFD-intake 
of WT mice, as mice adapt their food intake to a 
favored low protein/high carbohydrate ratio even by 
overeating [28]. In contrast, food intake of APP23 mice 
remained constant regardless of diet suggesting 
potential alterations of nutrient-specific feedback 
mechanisms. This is corroborated by a study in Tg2576 
mice (same App mutation/different promoter) revealing 
dysfunctional hypothalamic leptin signaling depicted by 
decreased leptin levels [29]. The fact that hyperactivity 
and increased energy expenditure of APP23 mice were 
not compensated by higher food intake, as one could 
have expected [30], also suggests a dysregulation of 
energy balance. Since the hypothalamus plays a crucial 
role in regulating food intake and energy balance [31], 
altered nutrient-specific feedback and lacking 
compensatory hyperphagia in APP23 mice might be 
caused by altered hypothalamic leptin signaling [32]. 
Altogether, although APP23 mice displayed only 
reduced food intake during HFD, compensatory 
hyperphagia to account for increased energy 
expenditure was not observed during any diet and, thus, 
potentially contributing to lower body weight of APP23 
mice. As a potential underlying mechanism, 
hypothalamic leptin signaling in APP23 mice deserves 
further investigations. 
 
Necropsy showed that while HSD induced mild liver 
weight gain only in WT mice, HFD induced substantial 
liver weight gain in both genotypes. Histology and 
triglyceride quantification revealed progressive steatosis, 
however diminished in APP23 mice, especially during 
HFD. The lower degree of steatosis in APP23 mice 
corresponds to their lower body weight. Indeed, it has 
been shown in weight loss experiments that body weight 
strongly influences the extent of hepatic steatosis [33]. 
Furthermore, steatosis considerably contributes to 
insulin resistance via hepatic inflammation [34]. 
Actually, the degree of steatosis was to some extent 
reflected in insulin levels: HFD-fed WT mice showed 
the most prominent steatosis accompanied by the most 
prominent elevation of insulin levels, while the lower 
extent of steatosis in HFD-fed APP23 mice might 
contribute to a less prominent insulin resistance. HSD 
related body weight gain and the corresponding degree 
of steatosis might not be sufficient to induce insulin 
resistance. Consistently, only HFD but not HSD elevated 
eWAT weight. Adipocyte size gradually increased from 
NCD to HFD, APP23 mice exhibiting less hypertrophy. 
Hypertrophic instead of hyperplastic adipose tissue 
expansion indicates metabolic disease [35]. Thus, HSD-
induced hypertrophy without increased fat mass suggests 
an incipient metabolic dysfunction. 
 
We longitudinally monitored glycemic control via fed 
insulin concentrations. Gradually increasing insulin 

levels during HFD indicate a compensation of 
beginning insulin resistance via higher insulin secretion 
to maintain physiological glucose levels. As insulin 
sensitivity is strongly correlated with body weight [36], 
lower body weight of APP23 mice together with the 
lesser degree of steatosis potentially accounts for lower 
insulin levels in HFD-fed APP23 mice suggesting 
superior insulin sensitivity. Furthermore, we examined 
corticosterone as a functional antagonist of insulin and 
NEFA as a correlate for lipolysis. Corticosterone levels 
were similar between genotypes as already described 
[19], possibly due to young age and low Aβ load of 
APP23 mice [37]. NEFA levels were unaltered by 
genotype but reduced by HFD, potentially due to the 
lipolysis-inhibiting effect of elevated insulin levels [38]. 
This observation rather points to a still physiological 
insulin sensitivity, as obesity and insulin resistance lead 
to increased lipolysis [39]. Additionally, fasting glucose 
and insulin levels were unaltered in APP23 mice. 
 
Although reduced brain glucose metabolism occurs 
early in AD progression [40], peripheral glycemic 
dysfunction is under debate and was not observed in 
APP23 mice. Evidence suggests that glycemic 
dysregulation in AD might be mediated by peripheral 
Aβ [41], which is low in APP23 mice [42]. Together 
with lower body weight and less steatosis this might 
account for an even slightly superior peripheral 
metabolism supporting current literature [43]. HFD 
considerably deteriorated glucose tolerance already after 
12 weeks potentially via a combination of elevated 
hepatic and adipose tissue inflammation, lipid overload 
and hypothalamic alterations [44]. HSD aggravated 
glucose tolerance only moderately after 20 weeks, 
possibly due to the scarce effect on body weight 
considering obesity a major contributor to glucose 
intolerance. 
 
To further investigate mechanisms underlying lower 
body weight of APP23 mice, indirect calorimetry was 
evaluated. We showed for the first time that APP23 
mice consumed notably more O2 and produced notably 
more CO2, indicating an increased metabolic rate even 
before Aβ plaque development. This finding confirms a 
study in pre-plaque Tg2576 mice with increased O2 
consumption also at rest [29]. Interestingly, the 
respiratory exchange ratio of NCD- and HSD-fed 
APP23 mice was decreased, suggesting a tendency 
towards fat instead of carbohydrates burning, 
potentially contributing to lower body weight and 
adiposity in APP23 mice. Furthermore, energy 
expenditure was elevated in APP23 mice, accompanied 
by hyperactivity. Hyperactivity has previously been 
observed in APP23 males, especially towards the end of 
the active phase, potentially reflecting so-called 
sundowning behavior of AD patients [45]. Whereas 



www.aging-us.com 13 AGING 

energy expenditure was unaffected by diet, activity was 
reduced during HFD as described [46]. The finding that 
HFD reduced activity but not energy expenditure and 
O2 consumption, suggests that elevated energy 
expenditure of APP23 mice might not solely depend on 
increased activity. Altogether, this indicates that 
increased O2 consumption, CO2 production, and energy 
expenditure of APP23 mice are probably not only 
caused by hyperactivity but additionally by an increased 
resting metabolic rate. 
 
Interestingly, our proteome analyses imply a 
mitochondrial dysfunction of APP23 mice. Studies 
indicate that dysfunctions of cerebral mitochondria, 
potentially induced by Aβ, might play a central role in 
AD pathogenesis [47]. Earlier proteome studies in 
APP23 brains revealed altered expression of proteins 
associated with glycolysis and oxidative 
phosphorylation as well as increased oxidative stress 
represented by a higher proportion of carbonylated 
proteins [48]. We also report alterations in 
mitochondria-related proteins in brain tissue. Even more 
interesting, we observed very similar modifications in 
liver tissue, revealing differential expression of proteins 
involved in oxidative phosphorylation, β-oxidation, and 
metabolic stress. Hence, our data might indicate a 
general mitochondrial dysfunction in APP23 mice not 
only limited to neurons. Notably, this dysfunction 
seems to be counterbalanced by HSD, potentially due to 
massive substrate provision (i.e. sucrose) possibly 
stimulating mitochondrial pathways. It has been shown 
previously that HSD induces overexpression of specific 
mitochondrial proteins in hepatocytes and increases the 
mitochondrial production of reactive oxygen species 
[49]. This reaction – normally a sign of oxidative  
stress – might be beneficial in HSD-fed APP23 mice to 
compensate for mitochondrial dysfunction represented 
by downregulated mitochondrial proteins in NCD-fed 
APP23 mice. This is in line with slightly inferior 
hepatic glucose tolerance in NCD-fed APP23 mice 
compared to slightly superior hepatic glucose tolerance 
in HSD-fed APP23 mice. As HFD and hepatic steatosis 
have been shown to induce oxidative stress and 
mitochondrial damage [50], we assumed a differential 
regulation of mitochondrial pathways in HFD-fed mice, 
however, found no such evidence. Moreover, a 
transcriptome analysis of HFD-fed APP23 brains has 
shown higher expression of genes involved in immune 
response and inflammation due to HFD [25], which was 
not obvious in our brain tissue on protein level. 
However, mice in the mentioned study were 12-months 
old, thus potentially being more prone to inflammation 
due to their advanced plaque pathology. 
 
In summary, this study is the first to systematically 
analyze lower body weight of pre-plaque APP23 mice, 

extensively characterizing metabolic features of this 
murine AD model. Although our data is descriptive, we 
conclude that lower body weight of APP23 mice is most 
likely caused by a combination of hyperactivity, 
increased metabolism, and dysregulated energy balance 
reflected by the absence of compensatory feeding 
mechanisms. Furthermore, we found evidence of 
dysfunctional mitochondrial pathways not only in the 
brain but for the first time also in the liver. These 
findings are highly interesting with regard to emerging 
hypotheses about the implication of mitochondrial 
dysfunction in AD pathogenesis. Both, mitochondrial 
dysfunction as well as altered hypothalamic leptin 
signaling deserve further research as they might 
underlie the described metabolic changes in APP23 
females. Interestingly, lower body weight of APP23 
mice may partially protect from diet-induced metabolic 
stress depicted by extenuated steatosis and adipocyte 
hypertrophy, which seem to contribute to improved 
insulin sensitivity. As the translation of basic animal 
research into the clinic is challenging, we strongly 
encourage thorough metabolic investigation of AD 
patients to contribute to the understanding of metabolic 
implications in AD pathogenesis. 
 
MATERIALS AND METHODS 
 
Ethics statement 
 
This study was approved by the local animal ethics 
committee (LAGeSo Berlin; G0074/16) and carried out 
in accordance with EU Directive 10/63/EU as well as in 
line with the ARRIVE guidelines. 
 
Animal experiments 
 
The study was conducted in 33 female transgenic 
APP23 mice (APP23) and 35 female healthy 
littermates (WT) on a C57BL/6J background. APP23 
mice overexpress human APP751 cDNA with the 
Swedish double mutation under the murine Thy-1 
promotor [20]. Aβ plaque deposition starts at 6 months 
of age [20]. Mice were group-housed (2-3/cage) in 
environmentally controlled, individually ventilated 
cages (21.5° C±1.5) with a 12-hour light/dark cycle 
and ad libitum access to food and water. 4-6-week old 
mice were randomly allocated to normal-control 
(NCD), high-sucrose (HSD) or high-fat diet (HFD; all 
Research Diets) for 20 weeks (Figure 1B and 
Supplementary Table 1). Body weight and food intake 
were recorded weekly (Figure 1A). Body length was 
exemplarily measured from tip of the nose to tail root 
in a separate set of young adult mice (8-11-week old 
female and male APP23 (n=11, thereof 4 females) and 
WT mice (n=8, thereof 2 females)). Monthly, body 
composition was measured by 1H-magnetic-resonance-
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spectroscopy (NMR) using a Minispec LF50 (Bruker) 
and blood was collected from Vena facialis in the 
morning. Serum was stored at -80° C for analysis of 
insulin levels. Indirect calorimetry and activity were 
analyzed in single-caged mice (LabMaster-System, 
TSE) for 48 h (12 h adaption/36 h evaluation: 1 light 
and mean of 2 dark phases) in week 0, 12, and 20. 
Intraperitoneal (i.p.) glucose tolerance tests (ipGTT) 
were performed in week 12 and 20 after a 6 h 
morning-fast and local analgesia of tail tip 
(lidocaine/prilocain, AstraZeneca). Glucose levels 
were measured in duplicates (Contour Next, Bayer) 
before (0 min), 15, 30, 60, and 120 min after injection 
of 2 g/kg body weight glucose. At 0 min, plasma was 
additionally collected and stored at -80° C for analysis 
of fasting insulin levels. Terminally, mice were 
sacrificed as described [19]. Plasma was stored  
at -80° C. Tissues were stored partially snap-frozen  
(-80° C) and partially in 4% PFA/PBS (4° C). 
 
Histology and immunohistochemistry 
 
PFA-fixed livers were transferred in O.C.T. Compound 
(Sakura) and 5 µm sections were cryocut using a Jung 
Frigocut 2800E (Leica). eWAT was dehydrated, 
infiltrated and embedded with paraffin and 5 µm 
sections were cut using a Microm Cool-Cut HM 325 
(ThermoFisher). 
 
eWAT and liver sections were stained with 
hematoxylin/eosin and Oil Red O, respectively, as 
described [51]. Hematoxylin/eosin-stained eWAT (4 
sections of 6 random mice/genotype/diet) and Oil Red 
O-stained liver (4 sections of 8 random 
mice/genotype/diet) were recorded with 20x on a BZ-
9000 microscope (Keyence). Average adipocyte size 
and mean percentage Oil Red O-covered area were 
analyzed with ImageJ (V1.52a). 
 
Biochemical analyses 
 
Triglycerides were quantified in liver tissue (6 random 
mice/genotype/diet). Frozen liver (~60 mg) was 
suspended in 600 µl alcoholic KOH and incubated at 60° 
C for 6 h. 540 µl 1M MgCl2 were added to 500 µl of the 
saponificated sample, followed by 10 min incubation on 
ice and 30 min centrifugation at full speed. Supernatant 
was collected and analyzed according to manufacturer 
instructions using the Triglycerides FS 10’ kit 
(Diagnostic Systems). Triglyceride concentrations were 
multiplied by actual liver weight measured upon 
sacrifice to obtain absolute values. 
 
Fed insulin was quantified in serum and fasting insulin 
in plasma using the Mouse Insulin ELISA kit 
(Mercodia). Corticosterone and NEFAs were measured 

in final plasma using the Corticosterone ELISA kit (IBL 
International) and the NEFA-HR(2) kit (Wako). 
 
Proteomics 
 
Frozen whole-brain (350-450 mg, 4 random 
mice/genotype/diet) was prepared and homogenized. 
18-55 mg were used for lysates, 30 µg digested and  
1 µg was analyzed using nano-LC-MS/MS as described 
[52, 53]. Data were processed with MaxQuant 
(V1.6.0.1) [54] and searched against mouse UniProtKB 
with 21,074 entries, released 12/2018. 
 
Frozen liver (~5mg, 6 random mice/genotype/diet) was 
suspended in 75 µl lysis buffer (1% SDS/100 mM 
ABC+1.25x PIC), sonicated twice (Covaris ML230: PIP 
375 W, DF 25%, CPB 50, 20 repeats, 10 s pulse, 10 s 
delay, 12 C, dither 3 mm Y-axis) and insoluble particles 
were removed by centrifugation. 15 µl lysate was 
adjusted to 50 µl with water and processed on a Biomek 
i7 workstation using protocol SP3 [55]. On a two-
column-system 1.25 µg tryptic peptides were analyzed 
by LC-MS/MS [53]. Separation was done by applying a 
gradient from 7.5% to 55% B in 120 min at a flow rate 
of 300 nL/min (solvent A: 0.1% formic acid in water; 
solvent B: 80% acetonitrile and 0.1% formic acid). The 
Orbitrap was configured to acquire 25 × 24 m/z 
(covering 400-1000 m/z), precursor isolation window 
data independent acquisition (DIA) spectra (17,500 
resolution, AGC target 1e6, maximum inject time 60ms, 
normalized HCD collision energy 27%) using 
overlapping windows. A full scan MS spectra (m/z 400-
1000) was recorded at 35,000 resolution after 60 ms 
accumulation of ions to a 1e6 target value in profile 
mode. Raw data were processed using DIA-NN 1.7.12 
[56], scan window size set to 14 and MS2 and MS1 
mass accuracies to 20 and 10 ppm, respectively. A 
project-independent public spectral library [57] and 
mouse UniProt (UP000000589) were used for 
annotation. The library was automatically refined based 
on the dataset, global q=0.01 (using the “Generate 
spectral library” option in DIA-NN) [58]. 
 
Modeling of metabolic capacities 
 
Metabolic capabilities of individual mice were 
evaluated using an established kinetic model of the 
energy metabolism of hepatic and neuronal cells 
encompassing glycolysis, citric acid cycle, the 
respiratory chain and oxidative phosphorylation [59, 
60]. This model describes the dynamic of metabolites 
and fluxes via ordinary differential equations taking into 
account the regulatory properties of the underlying 
metabolic enzymes, such as substrate affinities (Km-
values), allosteric properties (Ki-values and Ka-values) 
and alterations in these parameters due to 
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phosphorylation (interconversion). It distinguished 
between different cellular compartments (cytosol, 
mitochondria, endoplasmatic reticulum). As maximal 
enzyme activity is proportional to protein abundance, 
individualized models were generated scaling the 
maximal enzyme activities (Vmax) of each metabolic 
enzyme and transporter by the relation 

· ,
animal

animal control
max max control

EV V
E

=  where Econtrol is the average 

enzyme intensity in all controls and Eanimal is the 
enzyme concentration in the individual animal. 
Metabolic capacities were simulated by systemic 
variation of the external conditions (plasma nutrient and 
hormone composition). Hepatic glucose exchange flux 
was simulated by simultaneous variation of plasma 
glucose concentration, plasma free fatty acid 
concentration and plasma insulin and glucagon 
concentrations as in [59, 61, 62]. MATLAB 
(Release2012a; optimization toolbox) was used for 
simulations and respective graphs. 
 
Statistics 
 
Data are represented as boxes (25th to 75th percentile) 
with median and min/max-whiskers or as mean with 
standard deviation. SPSS Statistics (V25), GraphPad 
Prism (V8), and R (V3.6.3; packages nparcomp, 
nparLD, car, DEP, clusterProfiler) were used for 
statistics and graphs. 
 
MS output was filtered (FDR=0.01) at peptide level and 
for completeness in at least one experimental group, 
missing values were imputed and all contrasts between 
experimental groups were analyzed for differentially 
expressed proteins (α≤0.05, absolute log2 fold-
change≥1). Volcano plots and heatmaps were 
automatically generated. For GSEA, data were mapped 
to the human annotation and biological processes from 
the gene ontology database were selected. Results were 
filtered (20-500 gene set size, q≤0.01) and the top-10 
enriched terms per contrast and direction were plotted. 
 
Shapiro-Wilk test for normal distribution and Levene’s 
test for equality of variances were applied. If passed, 2-
way ANOVA (ordinary/repeated measures) with Tukey 
post-hoc test was performed. Otherwise, nonparametric 
t-test, nonparametric multiple contrast test type Tukey, 
or nonparametric (repeated measures) ANOVA-type 
statistics were chosen. According to [63], ANCOVA 
was performed for analysis of pooled energy 
expenditure data to correct for lean mass-/body weight-
effects. Therefore, equality of slopes was checked by 
simple linear regression before pooling dietary groups 
in a first step, energy expenditure was correlated with 
lean mass/body weight using Spearman correlation in a 
second step and finally ANCOVA was performed. 

Significance was considered *p≤0.05, **p≤0.01, 
***p≤0.001, trends towards significance (p<0.1) are 
displayed in gray. No data were excluded from any 
analysis. 
 
Data availability 
 
The datasets generated and/or analyzed during the 
current study are available from the corresponding 
author on reasonable request. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 

 
 

 

 
 

Supplementary Figure 1. Oxygen (O2) consumption, carbon dioxide (CO2) production, respiratory exchange ratio (RER), 
energy expenditure (EE), and locomotor activity of mice measured in metabolic cages during the light (inactive) phase at 
baseline (left column) and after 12 (middle column) and 20 weeks of diet (right column). (A–C) Averaged O2 consumption per 
hour and (D–F) averaged CO2 production per hour (both adjusted for lean mass) as well as (G–I) corresponding mean RER at baseline (A, D, 
G), after 12 (B, E, H) and 20 weeks of intervention (C, F, I). (J–L) Averaged EE per hour correlated with lean mass and (M–O) averaged 
locomotor activity per hour at baseline (J, M) and after 12 (K, N) and 20 weeks of diet (L, O). Metabolic cage data was collected after 12 h 
adaption time during 36 h analysis (1 light and mean of 2 dark phases) with 2 cycles per hour. Date of light and dark phase were analyzed 
separately. Data are shown averaged per hour and except for RER and locomotor activity adjusted for lean mass. Data are represented as box 
(25th to 75th percentile) with median and whiskers from minimum to maximum. Black asterisks indicate significant differences between 
groups (*: p < 0.05; **: p < 0.01; ***: p < 0.001), gray asterisk indicates a statistical trend towards significance (p<0.1) according to 
nonparametric t-tests (A, D, G, J, M) or nonparametric multiple contrast Tukey-type test (B, C, E, F, H, I, K, L, N, O). Abbreviations: WT: wild 
type control; APP23: transgenic mouse model; NCD: normal-control diet; HSD: high-sucrose diet; HFD: high-fat diet; RER: respiratory 
exchange ratio; EE: energy expenditure. 
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Supplementary Figure 2. Oxygen (O2) consumption, carbon dioxide (CO2) production, and, energy expenditure (EE) of mice 
measured in metabolic cages during the light (inactive) and dark (active) phase at baseline (left column) and after 12 (middle 
column) and 20 weeks of diet (right column). (A–C) and (J–L) Averaged O2 consumption per hour adjusted for total BW during dark 
(active) phase (A–C) and during light (inactive) phase (J–L). (D–F) and (M–O) Averaged CO2 production per hour adjusted for total BW during 
dark (active) phase (D–F) and during light (inactive) phase (M–O). (G–I) and (P–R) Averaged EE per hour correlated with total BW during dark 
(active) phase (G–I) and during light (inactive) phase (P–R). Metabolic cage data was collected after 12 h adaption time during 36 h analysis (1 
light and mean of 2 dark phases) with 2 cycles per hour. Date of light and dark phase were analyzed separately. Data are shown averaged per 
hour and except for RER and locomotor activity adjusted for lean mass. Data are represented as box (25th to 75th percentile) with median and 
whiskers from minimum to maximum. Black asterisks indicate significant differences between groups (*: p < 0.05; **: p < 0.01; ***: p < 
0.001), gray asterisk indicates a statistical trend towards significance (p<0.1) according to nonparametric t-tests (A, D, G, J, M) or 
nonparametric multiple contrast Tukey-type test (B, C, E, F, H, I, K, L, N, O). Abbreviations: WT: wild type control; APP23: transgenic mouse 
model; NCD: normal-control diet; HSD: high-sucrose diet; HFD: high-fat diet; EE: energy expenditure. 
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Supplementary Figure 3. Energy expenditure (EE) over the course of 24 hours (one light, one dark phase) at baseline (left 
column) and after 12 (middle column) and 20 weeks of diet (right column). Upper panel: Energy expenditure corrected for total 
body weight (BW). Lower panel: Energy expenditure corrected for lean mass. APP23 mice showed increased EE compared to WT regardless 
of time-point and diet. Data are represented as mean with standard deviation. Repeated measures 2-way ANOVA was performed. 
Abbreviations: WT: wild type control; APP23: transgenic mouse model; NCD: normal-control diet; HSD: high-sucrose diet; HFD: high-fat diet; 
BW: body weight; EE: energy expenditure. 
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Supplementary Figure 4. Proteome analysis of brain tissue. (A–C) Volcano plots of APP23 mice versus WT mice within each diet. Such 
as seen in liver proteome profiles, some mitochondria-related genes were differentially regulated in brain proteome profiles of APP23 mice 
(MCEE, ADCK1). However, the majority of differentially regulated proteins is involved in signal transduction, vesicle trafficking, synaptic 
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function and neuronal plasticity (Syt17, DIP2a, BLOC1s1, SNCB, BAIAP3, WDR11, KCNIP3, TRAPPC13). (D–F) Simulated neuronal glucose 
tolerance of APP23 mice versus WT mice within each diet. Simulated neuronal glucose tolerance did not differ between genotypes and 
dietary groups. (G–I) Simulated neuronal oxygen consumption of APP23 mice versus WT mice within each diet. (J–L) Simulated neuronal ATP 
production of APP23 mice versus WT mice within each diet. Simulated neuronal oxygen consumption and ATP production were slightly 
elevated in NCD-fed APP23 mice, which might be an overcompensation of beginning mitochondrial dysfunction, resulting in yet unaltered 
glucose tolerance. Thus, similar analyses in aged APP23 mice with advanced AD pathology would be of interest. Differences in HSD- and HFD-
fed APP23 mice were too small to be interpreted. (A, D, G, J) NCD; (B, E, H, K) HSD; (C, F, I, L) HFD. Abbreviations: WT: wild type control; 
APP23: transgenic mouse model; NCD: normal-control diet; HSD: high-sucrose diet; HFD: high-fat diet. 
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Supplementary Tables 
 

Supplementary Table 1. Detailed ingredients of NCD, HSD, 
and HFD. 
 NCD HSD HFD 
Product No. D16022602 D16022604 D12492 
Ingredient (g)    

Casein 160.5 160.5 200 
DL-Methionine 3.0 3.0 0 
L-Cystine 0 0 3.0 
Corn starch 442.5 0 0 
Maltodextrin 10 125.0 25.0 125.0 
Sucrose 0 542.5 68.8 
Cellulose, BW200 50.0 50.0 50.0 
Corn oil 98.4 98.4 0 
Soybean oil 0 0 25.0 
Lard 0 0 245.0 
t-Butylhydroquinone 0.02 0.02 0 
Mineral mix S10022M 35.0 35.0 0 
Mineral mix S10026 0 0 10.0 
Vitamin mix V10037 10.0 10.0 0 
Vitamin mix V10001 0 0 10.0 
Choline bitartate 2.5 2.5 2.0 
Dicalcium phosphate 0 0 13.0 
Calcium carbonate 0 0 5.5 
Potassium citrate 0 0 16.5 

Abbreviations: NCD: normal-control diet; HSD: high-sucrose diet; 
HFD: high-fat diet. 
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Supplementary Table 2. Corresponding p-values to significant comparisons shown in Figure 5. 

Parameter Time-point Comparison 
(A vs. B) 

Difference 
(B in relation to A) p 

AUC 

Week 12 

NCD WT vs. HFD WT + 83% <0.001 
NCD APP23 vs. HFD APP23 + 56% <0.001 

HSD WT vs. HFD WT + 59% <0.001 
HSD APP23 vs. HFD APP23 + 76% 0.009 

HFD WT vs. HFD APP23 - 20% 0.017 

Week 20 

NCD WT vs. HFD WT + 104% <0.001 
NCD APP23 vs. HFD APP23 + 85% <0.001 

HSD WT vs. HFD WT + 63% <0.001 
HSD APP23 vs. HFD APP23 + 51% <0.001 

HFD WT vs. HFD APP23 - 15% 0.049 

Fasting glucose 

Week 12 

NCD APP23 vs. HSD APP23 + 25% <0.001 
NCD WT vs. HFD WT + 26% 0.004 

NCD APP23 vs. HFD APP23 + 30% 0.011 
HSD WT vs. HFD WT + 21% 0.014 

Week 20 

NCD APP23 vs. HSD APP23 + 18% 0.027 
NCD WT vs. HFD WT + 21% 0.002 
HSD WT vs. HFD WT + 19% 0.004 

NCD APP23 vs. HFD APP23 + 35% 0.003 

Fasting insulin 

Week 12 

NCD WT vs. HFD WT + 231% 0.001 
NCD APP23 vs. HFD APP23 + 305% 0.009 

HSD WT vs. HFD WT + 231% 0.003 
HSD APP23 vs. HFD APP23 + 174% 0.039 

Week 20 

NCD WT vs. HFD WT + 522% <0.001 
NCD APP23 vs. HFD APP23 + 267% <0.001 

HSD WT vs. HFD WT + 479% <0.001 
HSD APP23 vs. HFD APP23 + 288% <0.001 

Statistical tests are described in the respective figure legend. Differences are displayed as percentage in 
relation to the first group of the comparison (e.g. NCD WT vs HFD WT +83% means that HFD WT shows 
83% more than NCD WT). Abbreviations: AUC: area under the curve. 
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Supplementary Table 3. Corresponding p-values to significant comparisons shown in Figure 6. 

Parameter Time-point Comparison 
(A vs. B) 

Difference 
(B in relation to A) p 

O2 consumption 

Baseline WT vs. APP23 + 12% <0.001 

Week 12 
NCD WT vs. NCD APP23 + 22% 0.030 
HSD WT vs. HSD APP23 + 15% 0.013 
HFD WT vs. HFD APP23 + 16% 0.002 

Week 20 
NCD WT vs. NCD APP23 + 22% 0.013 
HSD WT vs. HSD APP23 + 14% 0.057 
HFD WT vs. HFD APP23 + 10% <0.001 

CO2 production 

Baseline WT vs. APP23 + 11% <0.001 

Week 12 

NCD WT vs. NCD APP23 + 14% <0.001 
HFD WT vs. HFD APP23 + 14% 0.003 

NCD WT vs. HFD WT - 10% 0.051 
NCD APP23 vs. HFD APP23 - 10% 0.003 

HSD WT vs. HFD WT - 15% <0.001 
HSD APP23 vs. HFD APP23 - 9% <0.001 

Week 20 

NCD WT vs. NCD APP23 + 16% 0.018 
HFD WT vs. HFD APP23 + 13% <0.001 

NCD WT vs. HFD WT - 18% <0.001 
NCD APP23 vs. HFD APP23 - 20% <0.001 

HSD WT vs. HFD WT - 22% <0.001 
HSD APP23 vs. HFD APP23 - 15% <0.001 

Respiratory 
exchange ratio 

Week 12 

HSD WT vs. HSD APP23 - 9% 0.010 
NCD WT vs. HFD WT - 16% <0.001 

NCD APP23 vs. HFD APP23 - 11% 0.009 
HSD WT vs. HFD WT - 16% <0.001 

HSD APP23 vs. HFD APP23 - 9% 0.003 

Week 20 

HSD WT vs. HSD APP23 - 10% 0.020 
NCD WT vs. HSD WT + 7% 0.049 
NCD WT vs. HFD WT - 16% <0.001 

NCD APP23 vs. HFD APP23 - 14% <0.001 
HSD WT vs. HFD WT - 22% <0.001 

HSD APP23 vs. HFD APP23 - 14% <0.001 

Activity 

Baseline WT vs. APP23 + 38% 0.009 

Week 12 

NCD WT vs. NCD APP23 + 84% 0.016 
HFD WT vs. HFD APP23 + 57% 0.061 

NCD APP23 vs. HFD APP23 - 46% 0.016 
HSD WT vs. HFD WT - 46% 0.004 

Week 20 

NCD WT vs. NCD APP23 + 50% 0.010 
HFD WT vs. HFD APP23 + 71% 0.007 

NCD APP23 vs. HFD APP23 - 44% 0.001 
NCD WT vs. HFD WT - 50% <0.001 
HSD WT vs. HFD WT - 60% 0.007 

HSD APP23 vs. HFD APP23 - 40% 0.002 

Statistical tests are described in the respective Figure legend. Differences are displayed as percentage in 
relation to the first group of the comparison (e.g. NCD WT vs HFD WT +83% means that HFD WT shows 
83% more than NCD WT). 
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Supplementary Table 4. Results of spearman correlation of energy expenditure with lean 
mass, corresponding to Figure 6J–6L and Supplementary Figure 1J–1L, and to 
Supplementary Figure 2G–2I, 2P–2R. 

Figure Time-point rWT pWT rAPP23 pAPP23 

Figure 6J-L 
Baseline 0.348 0.041 0.607 0.001 
Week 12 0.662 <0.001 0.673 <0.001 
Week 20 0.615 <0.001 0.550 0.003 

Supplementary Figure 1J–1L 
Baseline 0.511 0.002 0.696 <0.001 
Week 12 0.662 <0.001 0.769 <0.001 
Week 20 0.734 <0.001 0.816 <0.001 

Supplementary Figure 2G–2I 
Baseline 0.179 0.305 0.642 <0.001 
Week 12 0.503 0.002 0.653 <0.001 
Week 20 0.488 0.003 0.489 0,004 

Supplementary Figure 2P–2R 
Baseline 0.417 0.013 0.629 <0.001 
Week 12 0.624 <0.001 0.793 <0.001 
Week 20 0.638 <0.001 0.826 <0.001 
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Chia seeds as a potential cognitive 
booster in the APP23 Alzheimer’s 
disease model
Stefanie Schreyer1*, Charlotte Klein1, Anna Pfeffer1, Justyna Rasińska1, Laura Stahn1, 
Karlotta Knuth1, Basim Abuelnor1, Alina Elisabeth Catharina Panzel1, André Rex2, 
Stefan Koch2,3, Shabnam Hemmati‑Sadeghi1,4 & Barbara Steiner1,4

Glucose hypometabolism potentially contributes to Alzheimer’s disease (AD) and might even 
represent an underlying mechanism. Here, we investigate the relationship of diet-induced metabolic 
stress and AD as well as the therapeutic potential of chia seeds as a modulator of glucose metabolism 
in the APP23 mouse model. 4–6 (pre-plaque stage, PRE) and 28–32 (advanced-plaque stage, ADV) 
weeks old APP23 and wild type mice received pretreatment for 12 weeks with either sucrose-rich 
(SRD) or control diet, followed by 8 weeks of chia seed supplementation. Although ADV APP23 mice 
generally showed functioning glucose homeostasis, they were more prone to SRD-induced glucose 
intolerance. This was accompanied by elevated corticosterone levels and mild insulin insensitivity. Chia 
seeds improved spatial learning deficits but not impaired cognitive flexibility, potentially mediated by 
amelioration of glucose tolerance, attenuation of corticosterone levels and reversal of SRD-induced 
elevation of pro-inflammatory cytokine levels. Since cognitive symptoms and plaque load were not 
aggravated by SRD-induced metabolic stress, despite enhanced neuroinflammation in the PRE group, 
we conclude that impairments of glucose metabolism do not represent an underlying mechanism of 
AD in this mouse model. Nevertheless, chia seeds might provide therapeutic potential in AD as shown 
by the amelioration of cognitive symptoms.

Alzheimer’s disease (AD), affecting about 50 million people worldwide, is the most common form of dementia1. 
Pathological hallmarks of AD are extracellular amyloid beta (Aβ) plaques, neurofibrillary tangles of hyperphos-
phorylated tau protein and chronic neuroinflammation mediated by activated microglia, potentially further 
promoting disease progression2. Cognitive decline, induced by neurodegeneration, is the most apparent symp-
tom of AD2. The hippocampus is very early affected during AD pathogenesis3. Alterations of adult hippocampal 
neurogenesis (AHN) have been shown in animal models and AD patients and might contribute to cognitive 
symptoms due to a loss of neuroplasticity4. Owing to the unknown underlying mechanisms of AD, currently no 
curative therapies are available.

So far, AD research focused on the amyloid cascade hypothesis, stating that the accumulation of Aβ, cleaved 
from the amyloid precursor protein (APP), and its formation into Aβ plaques is the underlying mechanism of 
cognitive decline5. However, the majority of clinical trials reducing Aβ burden with antibodies have shown no 
clinically significant improvements of cognitive performance6. Therefore, alternative potential causes, such as 
cerebral glucose metabolism, have been focused on recently. Cerebral glucose metabolism is reduced in AD 
patients, resulting in glucose intolerance and insulin resistance7. Glucose hypometabolism already occurs years 
before the onset of clinical symptoms of AD7, thus representing a potential underlying mechanism. Nevertheless, 
the implication of glucose hypometabolism in AD raises the question of causality. On the one hand, Aβ alters 
glucose metabolism, e.g. by reducing glucose uptake into cells8. On the other hand, glucose hypometabolism leads 
to energy deficiency and oxidative stress, which in turn induce Aβ overproduction9. Glucose hypometabolism 
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in AD brains is similar to pathogenic changes occurring during type 2 diabetes mellitus (T2DM)10. Additionally, 
T2DM is a major risk factor for developing AD and T2DM patients often show symptoms of cognitive decline, 
which might be partially mediated by peripheral and central inflammation11. Another aspect linking AD to glu-
cose metabolism is the dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis, leading to alterations in 
glucocorticoid (GC) levels12. GCs act as functional antagonists of insulin, whereupon chronically elevated levels 
of GCs cause insulin resistance and glucose intolerance13. Elevated GC levels observed in AD patients correlate 
with hippocampal degeneration and cognitive decline14. Similarly, GC secretion is elevated in T2DM patients15.

Chia seeds (Salvia hispanica L.) are a low glycemic index food due to their low amount of carbohydrates 
compared to traditional grains, which is useful for glycemic control in diabetes16,17. The fat content of chia seeds 
contains a great proportion of essential omega-3 and omega-6 polyunsaturated fatty acids (PUFAs), such as the 
omega-3 PUFA α-linolenic acid (ALA)18,19. ALA is the precursor of eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA)20. Both, EPA and DHA are crucial for numerous brain functions such as signal transduction 
and exert neuroprotective effects like the reduction of neuroinflammation21. Furthermore, alterations in PUFA 
metabolism occur in AD patients22. Studies in diabetic rats have shown that chia seeds normalize insulin resist-
ance and reduce visceral adiposity as well as cardiac and hepatic inflammation23,24. Likewise, human studies have 
shown the potential of chia seeds to reduce blood pressure, to promote weight loss, to stabilize blood glucose in 
diabetes and to increase serum omega-3 PUFAs25. However, to our knowledge no study has examined the effect 
of chia seeds on cognitive functions in healthy or diseased humans. Only two studies have investigated the effect 
of chia seeds in AD animal models so far, finding either no or detrimental effects on cognitive performance and 
on Aβ levels26,27. However, these studies were based on models that might not ideally mimic alterations of glucose 
metabolism occurring in AD, as present in genetically induced AD models.

This study further investigates the role of glucose metabolism in AD by the induction of metabolic stress in 
an AD mouse model. Based on the assumption that impairments in cerebral glucose metabolism represent an 
underlying mechanism of AD pathology, we hypothesize that (1) the AD mouse model displays disturbed glu-
cose homeostasis and that (2) metabolic stress further aggravates cognitive symptoms and AD histopathology. 
Additionally, this study examines the therapeutic potential of chia seeds as a dietary supplement in AD. Assum-
ing that chia seeds are able to improve glucose homeostasis, we hypothesize that (3) chia seed supplementation 
reverses or attenuates the effects of metabolic stress, thus ameliorating AD pathology and that (4) chia seed 
supplementation also leads to an improvement of AD pathology in mice that are not metabolically stressed due 
to their amelioration of underlying metabolic impairments.

Materials and methods
Animals.  Animal experiments were approved by the local animal ethics committee (Landesamt für Gesund-
heit und Soziales, Berlin, Germany; G0074/16) and carried out in accordance with the European Communities 
Council Directive of 22 September 2010 (10/63/EU). APP23 mice overexpress human APP751 cDNA with the 
Swedish double mutation under the murine Thy-1 promotor with Aβ plaque deposition starting at 6 months 
of age28. Breeding pairs were obtained from Novartis Pharma, the colony was maintained on a C57BL/6J back-
ground, and genotype was confirmed by PCR (Primers: APP ct forward: 5′ GAA TTC CGA CAT GAC TCA GG 
3′, APP ct reverse: 5′ GTT CTG CTG CTG CAT CTT CGA CA 3′). Two age groups of female mice were observed: 
44 APP23 mice and 53 healthy littermates (WT) entered the experiment aged 4–6 weeks old, (pre-plaque stage, 
PRE), 51 APP23 and 51 WT mice entered the experiment aged 28–32 weeks old (advanced-plaque stage, ADV). 
Animals were group-housed in a temperature- and humidity-controlled room (21.5 ± 1.5 °C, 40–60%) on a 12-h 
light/dark cycle with unrestricted access to food and water. Animals were randomly assigned to the different 
dietary conditions as described below (Fig. 1a). The experimenter was blinded to age, genotype and group allo-
cation. The body weight (BW) of mice was measured weekly. 50 mg/kg BW 5-bromo-2′-deoxyuridine (BrdU) 
dissolved in sodium chloride were injected intraperitoneally (i.p.) every 24 h on 3 consecutive days in week 16 
for examination of AHN (Fig. 1b).

Figure 1.   Study design (a,b) and reversal learning paradigm of the MWM (c,d). (a) The study was conducted 
in pre-plaque stage transgenic mice (PRE APP23 mice; 4–6 weeks old at start) and advanced-plaque stage 
transgenic mice (ADV APP23 mice; 28–32 weeks old at start) and age-matched healthy littermates (WT) 
as controls. Mice received either sucrose-rich diet (SRD) or control diet (CD) as a pretreatment. After 
pretreatment, mice underwent a therapy of either chia seed supplementation (CD + Chia or SRD + Chia) or of 
their respective diet from pretreatment (CD + CD or SRD + SRD) as a control. The last two rows display the 
group sizes for all measurements performed on the living animal and with the animals’ blood or for histological 
analyses of brain tissue, respectively. (b) Mice received pretreatment for 12 weeks, followed by 8 weeks of 
therapy. Glucose tolerance was assessed with an intraperitoneal glucose tolerance test (ipGTT) on the last 
day of pretreatment (week 12) and of therapy (week 20). In week 16, mice received injections of 5-bromo-2′-
deoxyuridine (BrdU) on 3 consecutive days. At the end of therapy, mice underwent behavioral testing, using 
the Elevated Plus Maze (EPM) on 1 day, the Rotarod Performance Test (RR) on 3 consecutive days, and the 
Morris Water Maze (MWM) on 5 consecutive days. Mice were given a break of 2 days after the last day of 
MWM, before the second ipGTT was conducted. After 20 weeks of experiment, mice were sacrificed the day 
after the second ipGTT at the age of 24–26 weeks (PRE group) and 48–52 weeks (ADV group), respectively. (c) 
Position of the hidden escape platform (filled circle) and release position of mice for all trials of the respective 
day (arrow) during 3 days of acquisition phase in the MWM. (d) Position of the hidden escape platform (filled 
circle) and release position of mice for all trials of the respective day (arrow) during 2 days of reversal learning 
phase in the MWM.
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Diets.  Mice received a 12 weeks long pretreatment of either a sucrose-rich diet (SRD) to induce metabolic 
stress or a control diet (CD) (Fig. 1a,b). SRD provided 4.28 kcal/g, CD provided 4.15 kcal/g, and both diets were 
composed of 17% protein, 23% fat and 60% carbohydrates. After 12 weeks, each group was randomly further 
subdivided into two groups for additional 8 weeks (Fig. 1a,b); the therapy group receiving their respective diet 
supplemented with 286 g/kg diet milled chia seeds (Onset Worldwide LC, Frenchtown, NJ, USA) (SRD + Chia 
or CD + Chia), the control group continuing with their original diet (SRD or CD). The amount of chia seeds 
added to the diets was based on a study of Chicco et al.23 and modified according to their content of nutrients 
and energy of the CD and SRD. SRD + Chia and CD + Chia had the same nutritional composition and value as 
SRD and CD, respectively. The exact composition of all diets and the nutritional facts of chia seeds can be found 
in Supplemental Tables S1 and S2.

Intraperitoneal glucose tolerance test.  Glucose tolerance was measured on the last day of pretreatment 
and on the last day of therapy (Fig. 1b) with an intraperitoneal glucose tolerance test (ipGTT) after a 6 h morning 
fast. Blood was obtained from a small incision of the distal tail vein after applying lidocaine/prilocaine ointment. 
Blood glucose was measured before (0 min) and 15, 30, 60, and 120 min after i.p. injection of 2 mg/g BW glucose 
solution. Glucose tolerance is expressed as area under the curve (AUC) in (mg/dl) × min. Higher blood glucose 
levels over a prolonged period of time result in a higher AUC, indicating a lower glucose tolerance.

Behavioral testing of anxiety, motor coordination, and cognition.  All behavioral tests were con-
ducted during the last 2 weeks of therapy (Fig. 1b). The Elevated Plus Maze (EPM) measures anxiety-related 
behavior. Each mouse was placed in the center region facing a closed arm and had a single trial of 5 min. The 
software TSE VideoMot 3D Classic Version 8.02 automatically recorded the percentaged time mice spent in the 
open arms, the number of entries into the open arms and the latency of the first entry into an open arm.

The Rotarod Performance Test measures motor coordination and fatigue resistance and was conducted as 
reported previously29 to preclude limitations in motility that might negatively affect the Morris Water Maze 
(MWM) performance. Briefly, mice had a maximum running time of 5 min per trial with gradually accelerating 
rotation speeds from 4 to 40 rpm. The time mice balanced on the rod was measured by the software TSE-ROD 
Version 4.0. 2 days prior to the test day, mice were habituated to the procedure, performing 4 trials per day with 
an inter-trial-interval of 15–30 min. On the test day, the animals went through 3 equally conducted test trials. 
The mean of 3 trials was calculated.

In the MWM, spatial learning is assessed during the acquisition phase and cognitive flexibility is examined 
during a reversal learning phase. The MWM task was performed as previously described29. Briefly, the circular 
pool was filled with opaque water (22 ± 2 °C) and virtually divided into four quadrants with a circular escape 
platform submerged 1 cm below the water surface in the center of one quadrant (Fig. 1c,d). A different visual 
cue was placed at the wall above each quadrant. During the acquisition phase (day 1–3), the platform location 
remained the same (Fig. 1c), whereas it was shifted to the opposite quadrant during the reversal learning phase 
(day 4–5) (Fig. 1d). Each day consisted of 6 trials with an inter-trial-interval of 30–45 min. The starting position 
remained the same over these 6 trials, but was alternated each day (Fig. 1c,d, arrow). A trial was finished either 
with reaching the platform or after 2 min. If the mouse was unable to detect the platform, it was guided to its 
position after 2 min had elapsed. Each mouse was given 10 s to memorize the platform position. The software 
TSE VideoMot 2 Version 5.68 was used to automatically track the swim paths of mice, measuring a.o. the total 
distance covered to the escape platform. Swim trajectories were used to generate spatial presence probability 
maps using Matlab R2011b as described in the legend of Fig. 3.

Perfusion and tissue preparation.  Animals were deeply anesthetized after a 6 h morning fast via i.p. 
injection of 300 mg/kg BW ketamine hydrochloride and 30 mg/kg BW xylazine hydrochloride. Laparotomy 
and a final blood withdrawal from the Inferior Vena Cava were performed. Blood was mixed with 10 µl heparin 
per 500 µl and immediately centrifuged at 4 °C and 13,000 rpm for 3 min. Plasma was collected and instantly 
deep-frozen. Thoracotomy and transcardial perfusion using 40 ml of 0.1 M phosphate buffered saline (PBS) 
were performed. In half of each experimental group, the hippocampus was directly dissected from the fresh 
brain and deep-frozen in liquid nitrogen for analysis of inflammatory cytokine levels. In the other half, a second 
perfusion with 40 ml of 4% paraformaldehyde (PFA) in PBS was performed, before brains were removed, post-
fixated overnight in 4% PFA in PBS at 4 °C, dehydrated for 48 h in 30% aqueous sucrose solution at 4 °C, and 
subsequently deep-frozen. Frozen coronal sections of 40 μm thickness were prepared for histological analyses 
with a cryostat.

Histological analysis of plaque load, microglia, and adult hippocampal neurogenesis.  Aβ 
plaque load was determined using the fluorescent pentameric oligothiophene (pFTAA) and only assessed in 
APP23 mice. A one-in-twelve series of brain slices containing the hippocampus was incubated for 30 min with 
20 µg/ml pFTAA and counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The percentaged area covered 
with Aβ plaques in both hippocampi and cortices was calculated automatically via the “Analyze Particles” tool 
of ImageJ in 6 sections per animal.

Brain slices containing the hippocampus were used for quantification of microglia and macrophages by 
staining against the ionized calcium-binding adapter molecule 1 (Iba1) in a one-in-twelve series. Sections of 
a one-in-six series were stained to assess AHN by quantification of survival of newborn cells, marked by the 
incorporation of BrdU, and by quantification of immature neurons, marked by the expression of doublecortin 
(DCX), as previously described30. Brain slices were pretreated with 0.6% H2O2. For BrdU, additional pretreatment 
with 2 M HCl was conducted. Subsequently, slices were incubated overnight at 4 °C with the primary antibody: 
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polyclonal rabbit anti-Iba1 (Fujifilm Wako Chemicals Europe, 1:500), monoclonal rat anti-BrdU (Biozol, 1:500), 
or polyclonal guinea pig anti-DCX (Merck Millipore, 1:1000). The next day, the tissue was incubated with the 
secondary antibody for 2 h at room temperature: Biotin-SP-conjugated goat anti-rabbit, donkey anti-rat, or 
goat anti-guinea pig (each dianova, 1:250). This was followed by incubation with streptavidin peroxidase com-
plex and the reaction was visualized by applying diaminobenzidine-nickel staining. The labeled microglia and 
macrophages in both hippocampi of 6 sections per animal were stereologically extrapolated using the “Optical 
Fractionator Probe” of MBF Bioscience Stereo Investigator with a grid size of 500 × 500 µm and a counting frame 
of 75 × 75 µm. The labeled BrdU+ and DCX+ cells in the granule cell layer and subgranular zone of both dentate 
gyri (DG) of 6 sections per animal were counted manually.

Analysis of inflammatory cytokine levels in hippocampal tissue.  A single hippocampus of 5 ani-
mals per group was suspended in radioimmunoprecipitation assay (RIPA) buffer mixed with protease inhibitor 
(100 µl buffer mix per 10 mg tissue) and mechanically minced. After 30 min of incubation on ice, samples were 
centrifuged at 13,000 rpm for 15 min at 4 °C and the supernatant was collected. Total protein concentration of 
samples was measured using the Pierce™ BCA Protein Assay Kit (Thermo Scientific) as described in the hand-
book. Samples were diluted 1:10 with PBS and a final volume of 10 µl was analyzed in duplicates. Concentrations 
of interferon-γ (IFN-γ), keratinocyte chemoattractant/human growth-regulated oncogene (KC/GRO), tumor 
necrosis factor-α (TNF-α) and interleukins (IL) IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70 were measured 
using the V-PLEX Plus Proinflammatory Panel1 Mouse Kit (Meso Scale Discovery) as described in the hand-
book. Duplicates of 50 µl undiluted samples were analyzed. Cytokine concentrations were normalized for total 
protein concentration. Measured levels of IL-10 were under detection range of the kit and thus excluded from 
the analysis.

Quantification of fasting insulin and corticosterone levels in blood plasma.  Blood plasma was 
analyzed using enzyme-linked immunosorbent assay (ELISA). Mouse Insulin ELISA kit (Mercodia) was used 
as described in the handbook to quantify fasting insulin levels. Duplicates of 5 µl undiluted plasma samples per 
animal were analyzed. Corticosterone ELISA kit (for human, rat and mouse, IBL International) was used as 
described in the handbook to analyze fasting corticosterone levels. For each animal, plasma samples were diluted 
1:5 with the included “Standard 0” to a final volume of 20 µl and analyzed in duplicates.

Statistical analysis.  All data sets were analyzed with IBM SPSS Statistics 25 to verify, whether the data 
meet the assumptions for parametric testing. The Shapiro–Wilk test was performed to check for normal distribu-
tion and the Levene’s test was conducted to check for equal variances. In all data sets, one or more assumptions 
for parametric testing were violated, therefore nonparametric tests were chosen. Data sets were analyzed with 
R Version 3.6.3 using the packages nparcomp and nparLD as described elsewhere31,32. The function mctp from 
the package nparcomp was used to perform nonparametric multiple contrast test (type Tukey) between groups. 
The function f2.ld.f1 from the package nparLD was used to perform nonparametric ANOVA-type statistics of 
data sets that include repeated measures. The effects of the two independent factors (f2) genotype (g) and diet 
(d) and the longitudinal factor (f1) time (t) on the respective outcome parameters were analyzed. For further 
analyses, nparcomp was used to examine differences between groups at crucial time points within longitudinal 
data. The Rotarod performance was correlated with BW using Spearman’s rank correlation. A p-value ≤ 0.05 was 
considered significant. Results were plotted using GraphPad Prism 8.4.2.

Results
Chia seeds and SRD positively affect spatial learning impairments in APP23 mice.  The daily 
MWM performance of mice is expressed as the mean distance covered to the escape platform of all trials (Fig. 2). 
Figure 3 shows exemplary heatmaps of presence probabilities. Complete heatmaps can be found in Supplemen-
tal Figure S3. Mice of both the PRE and the ADV group successfully learned the platform position during the 
acquisition phase, represented by a significant time-dependent reduction of the distance covered to the plat-
form (PRE: F(1.682,78.596) = 38.286, p < 0.001; ADV: F(1.684,84.952) = 32.354, p < 0.001) (Fig. 2a,b). However, 
PRE and ADV APP23 mice performed inferior to age-matched WT mice during the acquisition phase (PRE: 
F(1,78.596) = 21.148, p < 0.001; ADV: F(1,84.952) = 25.685, p < 0.001), as shown by up to 46% longer distances 
(Fig. 2a,b). Only in the ADV group, diet significantly improved the performance of mice (F(2.838,84.952) = 3.275, 
p = 0.022), as seen by a 16% distance reduction each due to CD + Chia and SRD + Chia and unexpectedly also a 
25% distance reduction due to SRD + SRD (Fig. 2b). In summary, PRE and ADV mice successfully learned the 
platform position during acquisition phase, but APP23 mice covered longer distances and thus showed weaker 
spatial learning capabilities than WT mice.

At the last day of acquisition (day 3), no statistically significant differences between groups were detectable, 
indicating that all mice learned the platform position equally well. Nevertheless, we want to point out some 
notable differences. Both PRE and ADV APP23 mice had more difficulties in detecting the escape platform than 
age-matched WT mice, reflected by up to 54% longer distances (Fig. 2c,d). Interestingly, CD + Chia improved 
the performance of both PRE and ADV APP23 mice, as represented by an almost equal distance covered to the 
platform compared to age-matched WT mice (Fig. 2c,d). In ADV APP23 mice, CD + Chia even reduced the 
covered distance by 36% compared to CD + CD (p = 0.078) (Fig. 2d). Unexpectedly, also SRD + SRD improved 
the performance of ADV APP23 mice by reducing the covered distance by 14% compared to CD + CD (p = 0.068) 
(Fig. 2d). Both, the effect of chia supplementation and SRD, were also apparent as more targeted swim patterns in 
the heatmaps (Fig. 3, Supplemental Figure S3). In summary, both chia supplementation as well as SRD positively 
affected spatial learning in APP23 mice, especially with age.
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Figure 2.   APP23 mice show impaired spatial learning, which is moderately improved by chia seeds, especially 
with age. APP23 mice show deteriorated reversal learning, which is improved by SRD. (a,b) Mean distance per day 
covered by PRE (a) and ADV mice (b) during acquisition phase (day 1–3) and reversal learning phase (day 4–5) in 
the MWM. Letters indicate significant factors (t = time, d = diet, g = genotype, combination of letters = interaction 
of two or three factors) regardless of significance level (p < 0.05), according to nonparametric repeated measures 
ANOVA-type test statistic. (c–f) Mean distance covered in the MWM by PRE (c, e) and ADV mice (d, f) on day 
3, the last day of the acquisition phase, and day 5, the last day of the reversal learning phase, respectively. Each box 
represents the 25th to 75th percentile, the line represents the median, whiskers reach from minimum to maximum. 
An asterisk indicates significant differences between groups regardless of significance level (p < 0.05), according to 
nonparametric multiple contrast Tukey-type test. WT wild type control, APP23 transgenic mouse model, PRE pre-
plaque stage, ADV advanced-plaque stage, CD control, SRD sucrose-rich, Chia chia seed supplementation.
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SRD improves impaired cognitive flexibility in APP23 mice.  During the reversal learning phase, 
mice of both the PRE and the ADV group successfully learned the new platform position, reflected by a sig-
nificant time-dependent reduction of the distance covered to the platform (PRE: F(1,82.512) = 55.473, p < 0.001; 
ADV: F(1,89.701) = 106.916, p < 0.001) (Fig. 2a, b). Consistently, PRE and ADV APP23 mice performed infe-
rior to age-matched WT mice also during the reversal learning phase (PRE: F(1,82.512) = 12.035, p < 0.001; 
ADV: F(1,89.701) = 10.169, p < 0.001), as shown by up to 30% longer distances (Fig.  2a,b). In both the PRE 
and ADV group, diet improved the performance of mice (PRE: F(2.924,82.512) = 3.760, p = 0.010; ADV: 
F(2.968,89.701) = 2.558, p = 0.053), although this missed statistical significance in the ADV group. The effect of 
diet was represented by a distance reduction of up to 25% due to SRD + SRD (Fig. 2a,b). In summary, all mice 

Figure 3.   Visual representation of the effect of chia seeds and SRD during acquisition and reversal learning 
phase by exemplary pseudocolor coded heatmaps showing presence probabilities of ADV mice in the MWM. 
Reddish tones denote high presence probabilities and bluish tones denote low presence probabilities. The left 
panel indicates the day, the platform position (black dot) and the starting position of mice (arrow). The first 
row of heatmaps shows the presence probabilities of WT mice receiving CD + CD. The second row of heatmaps 
represents the presence probabilities of ADV APP23 mice receiving CD + CD, showing notably less directed 
swimming trajectories. The third row of heatmaps represents the presence probabilities of ADV APP23 mice 
receiving CD + Chia. Day 2 and 3 (marked by gray box) show more targeted swimming trajectories, compared 
to APP23 mice on CD + CD. The last row of heatmaps represents the presence probabilities of ADV APP23 mice 
receiving SRD + SRD. Day 2 and 3, as well as day 4 and 5 (marked by gray boxes), show more targeted swimming 
trajectories compared to APP23 mice receiving CD + CD. Heatmaps were generated with Matlab R2011b as 
follows. First, for each mouse swim paths of all 6 trials per day were projected to planar space as binary images 
(swim trajectory was set to value 1, non-swim path was set to value 0). Second, a single swim path per mouse 
and day was obtained using the mathematical union operation with values set to 1, if the animal traversed this 
position in at least 1 out of 6 trials. Third, probabilistic maps were created based on the binary images of all 
mice in one group on one day, such that the probability of 1 was assigned to a pixel that was crossed by every 
mouse in the respective group on the respective day. Conversely, a probability of 0 was allocated to a pixel that 
was never traversed by any mouse in the respective group on the respective day. WT wild type control, APP23 
transgenic mouse model, PRE pre-plaque stage, ADV advanced-plaque stage, CD control, SRD sucrose-rich, 
Chia chia seed supplementation.
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successfully re-learned the platform position during the reversal learning phase, with APP23 mice again cover-
ing longer distances and thus showing less cognitive flexibility.

At the last day of reversal learning (day 5), SRD + SRD significantly improved the performance of both PRE 
and ADV APP23 mice compared to CD + CD, represented by a distance reduction of 57% (p < 0.001) and 48% 
(p = 0.048), respectively (Fig. 2e,f). The same effect was visible as more targeted swim patterns in the heatmaps 
(Fig. 3, Supplemental Figure S3). In summary, SRD improved cognitive flexibility in both PRE and ADV APP23 
mice, whereas chia seeds had no effect on reversal learning.

Chia seeds positively influence glucose tolerance with age.  In the PRE group, no significant dif-
ferences in the AUC of the ipGTT were detectable after 12 weeks of pretreatment, indicating that SRD did not 
induce glucose intolerance in any genotype (Fig.  4a). However, after additional 8  weeks of therapy, glucose 
tolerance of WT mice of the PRE group was impaired due to SRD, as shown by an up to 35% increased AUC 
(SRD + SRD: p = 0.027; SRD + Chia: p = 0.008) (Fig. 4c).

In the ADV group, 12 weeks of pretreatment resulted in impaired glucose tolerance in APP23 mice, indicated 
by a 21% increase in the AUC of APP23 mice due to SRD (p = 0.015) (Fig. 4b). In contrast, glucose tolerance 
of WT mice was not impaired after 12 weeks of SRD (Fig. 4b). Interestingly, not metabolically stressed APP23 
mice showed significantly superior glucose tolerance compared to WT mice, as shown by a 19% smaller AUC 
(p = 0.001) (Fig. 4b). In the ADV group, we could not detect significant differences in the AUC after 8 weeks 
of therapy. However, we want to point out that both CD + Chia and SRD + Chia ameliorated glucose tolerance, 
indicated by a 13% reduction of AUC in APP23 mice and a 18% reduction of AUC in WT mice (Fig. 4d). To 
sum up, although ADV APP23 mice showed an overall better glucose tolerance than age-matched WT mice, 

Figure 4.   APP23 mice show a better glucose tolerance than WT mice, but ADV APP23 mice are more 
vulnerable to SRD-induced glucose intolerance. Glucose tolerance can be moderately improved by chia seeds in 
ADV APP23 and age-matched WT mice. (a,b) Glucose tolerance of PRE (a) and ADV mice (b) represented by 
area under the curve in (mg/dl) × min in week 12 at the end of pretreatment. (c,d) Glucose tolerance of PRE (c) 
and ADV mice (d) represented by area under the curve in (mg/dl) × min in week 20 at the end of therapy. Each 
box represents the 25th to 75th percentile, the line represents the median, whiskers reach from minimum to 
maximum. An asterisk indicates significant differences between groups regardless of significance level (p < 0.05), 
according to nonparametric multiple contrast Tukey-type test. WT wild type control, APP23 transgenic mouse 
model, PRE pre-plaque stage, ADV advanced-plaque stage, CD control, SRD sucrose-rich, Chia chia seed 
supplementation.
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they were more prone to SRD-induced glucose intolerance. Chia seeds mildly ameliorated glucose tolerance in 
mice of both genotypes in the ADV group.

Old APP23 mice show mild SRD‑induced insulin insensitivity and generally elevated corticos‑
terone levels, which are positively affected by chia seeds.  Fasting insulin and corticosterone levels 
are displayed adjusted for BW (Fig. 5), since both hormones are linked to the regulation of BW. Insulin levels did 
not significantly differ between mice of the PRE group (Fig. 5a). Although insulin levels did not significantly dif-
fer in the ADV group either, we want to point out that SRD + SRD increased insulin levels by on average 74% in 
ADV APP23 mice compared to CD + CD (p = 0.079) (Fig. 5b). In summary, we observed that ADV APP23 mice 
might show slight insulin insensitivity induced by SRD. Insulin levels were not affected by chia seeds.

Corticosterone levels did not significantly differ between mice of the PRE group (Fig. 5c). Generally, ADV 
APP23 mice displayed on average 2.5 times higher corticosterone levels than age-matched WT mice (Fig. 5d). 
Interestingly, chia seeds reduced corticosterone levels by 51% in ADV APP23 mice compared to CD + CD. 
However, this difference was not statistically significant (p = 0.349) (Fig. 5d). In summary, ADV APP23 mice 
showed elevated corticosterone levels compared to age-matched WT mice. Nevertheless, chia seeds exerted a 
mild positive effect on corticosterone levels in ADV APP23 mice.

Chia seeds reverse SRD‑induced elevation of pro‑inflammatory cytokine levels, whereas Aβ 
plaque load and microglia abundance are not affected by diet.  PRE APP23 mice only showed very 
few and very small plaques in hippocampus and cortex and there were no differences in Aβ plaque load between 
the dietary groups (Fig. 6a). Aβ plaque load in ADV APP23 mice was more than 250 times higher compared to 

Figure 5.   ADV APP23 mice show slight SRD-induced insulin insensitivity and generally increased 
corticosterone levels compared to age-matched WT mice, the latter being moderately improved by chia 
seeds. (a,b) Fasting plasma insulin levels adjusted for BW [µg/l/g] of PRE (a) and ADV mice (b). (c,d) Fasting 
plasma corticosterone levels adjusted for BW [nmol/l/g] of PRE (c) and ADV mice (d). Each box represents 
the 25th to 75th percentile, the line represents the median, whiskers reach from minimum to maximum. An 
asterisk indicates significant differences between groups regardless of significance level (p < 0.05), according to 
nonparametric multiple contrast Tukey-type test. WT wild type control, APP23 transgenic mouse model, PRE 
pre-plaque stage, ADV advanced-plaque stage, CD control, SRD sucrose-rich, Chia chia seed supplementation, 
BW body weight.
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Figure 6.   ADV APP23 mice show increased Aβ plaque load and elevated numbers of microglia in the hippocampus. Pro-
inflammatory cytokine levels are increased by SRD but only in the PRE group. (a,b) Aβ plaque load represented by the percentage of 
area covered with pFTAA-positive plaques in the hippocampus and cortex of PRE (a) and ADV mice (b). (c,d) Number of microglia/
macrophages expressing Iba1+ per mm3 in the hippocampus of PRE (c) and ADV mice (d). (e,f) TNF-α levels [pg/mg] in the 
hippocampus of PRE (e) and ADV (f) mice. (g,h) IL-1β levels [pg/mg] in the hippocampus of PRE (g) and ADV (h) mice. (i,j) IL-6 
levels [pg/mg] in the hippocampus of PRE (i) and ADV (j) mice. Each box represents the 25th to 75th percentile, the line represents 
the median, whiskers reach from minimum to maximum. An asterisk indicates significant differences between groups regardless of 
significance level (p < 0.05), according to nonparametric multiple contrast Tukey-type test. WT wild type control, APP23 transgenic 
mouse model, PRE pre-plaque stage, ADV advanced-plaque stage, CD control, SRD sucrose-rich, Chia chia seed supplementation, 
Iba1 allograft inflammatory factor 1, TNF-α tumor necrosis factor-α, IL interleukin.
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PRE APP23 mice (on average 2.57% of hippocampus and cortex covered with plaques) but also showed no dif-
ferences between dietary groups (Fig. 6b). No statistically significant differences in the number of hippocampal 
microglia were detectable in mice of the PRE group (Fig. 6c). Generally, ADV APP23 mice showed about 20% 
increased amounts of hippocampal microglia compared to age-matched WT mice (within CD + CD: p = 0.025; 
within SRD + Chia: p = 0.020) (Fig. 6d). Nevertheless, diet did not affect the number of hippocampal microglia. 
Representative images of pFTAA- and Iba1-stainings are presented in Supplemental Figure S4.

The analysis of pro-inflammatory cytokines was focused on TNF-α, IL-1β, and IL-6 as early players in the 
switch of microglia from an anti-inflammatory to a pro-inflammatory phenotype. However, results of the 
remaining measured pro-inflammatory cytokines were very similar and are presented in Supplemental Fig-
ure S5. In the PRE group, hippocampal levels of pro-inflammatory cytokines were similar between APP23 and 
WT mice (Fig. 6e,g,i). TNF-α levels were significantly increased due to SRD by 40% in WT mice (CD + Chia 
vs. SRD + SRD, p = 0.008) and by 73% in APP23 mice (SRD + SRD vs. SRD + Chia, p = 0.049) (Fig. 6e). Simi-
larly, hippocampal IL-1β levels were significantly increased due to SRD by 65% in APP23 mice (SRD + SRD vs. 
SRD + Chia, p = 0.040) (Fig. 6g). Consistently, IL-6 levels were significantly elevated due to SRD by 98% in WT 
mice (CD + CD/CD + Chia vs. SRD + SRD, p = 0.048 and p = 0.027) and by 86% in APP23 mice (SRD + SRD vs. 
SRD + Chia, p = 0.047) (Fig. 6i). Interestingly, all pro-inflammatory cytokine levels were normalized due to chia 
supplementation of SRD in the PRE group (Fig. 6e,g,i). In contrast, there were no significant differences detect-
able in the ADV group (Fig. 6f,h,j). In summary, both Aβ plaque load and microglia abundance were increased 
in ADV APP23 mice but unaffected by diet. In contrast, pro-inflammatory cytokine levels were similar between 
genotypes but elevated by SRD in the PRE group but not in the ADV group. This effect was reversed by chia seeds.

Cell survival of newborn cells and the number of immature neurons together with representative images are 
shown in Supplemental Figure S6. In summary, AHN was not altered in APP23 mice and unaffected by diet.

Reduced body weight in APP23 mice tends to be increased by chia seeds.  The development of 
BW over time is shown in Supplemental Figure S7. In summary, APP23 mice weighed significantly less than WT 
mice with the difference becoming more pronounced with age (up to 15% difference in BW in the PRE group 
and up to 22% in the ADV group) (PRE: F(1,71.940) = 71.498, p < 0.001; ADV: F(1,64.711) = 136.102, p < 0.001). 
Chia seeds moderately increased BW by about 10% in the PRE group and about 9% in the ADV group (PRE: 
F(2.823,71.940) = 8.763, p < 0.001; ADV: F(2.873,64.711) = 3.692, p = 0.012).

Anxiety‑related behavior is neither altered by genotype nor by diet.  Supplemental Figure  S8 
shows the analysis of animals’ behavior in the EPM. In summary, anxiety-related behavior did not differ between 
APP23 and WT mice, neither in the PRE nor in the ADV group. It was also not affected by any diet.

Motor coordination negatively correlates with body weight.  Motor coordination is displayed as 
the time until mice fell off the accelerating rotating rod in Supplemental Figure S9. In summary, there were no 
relevant differences between any of the groups. Nevertheless, time on the rod negatively correlated with BW of 
mice (PRE: r = -0.4212, p < 0.001; ADV: r = − 0.4102, p < 0.001), i.e. mice weighing more spent less time on the 
rod. Since APP23 mice weighed significantly less than WT mice and hence showed better motor coordination, 
we conclude that the observed inferior performance of APP23 mice in the MWM is truly related to cognitive 
impairment and not to motoric deficits.

Discussion
This study was conducted to examine the effects of diet-induced metabolic stress as well as the therapeutic 
potential of chia seeds in AD pathology.

PRE and ADV APP23 mice showed impaired spatial learning and cognitive flexibility. Cognitive deficits 
of APP23 mice have been demonstrated before by us and others, in some studies even preceding the onset of 
Aβ plaque deposition29,33. The fact that cognitive performance was already affected in PRE APP23 mice, which 
scarcely displayed Aβ plaques, further supports the idea that Aβ plaques might not represent the neuropathologic 
correlate and exclusive underlying mechanism of cognitive decline in AD.

Diet differentially influenced both spatial learning and cognitive flexibility. We showed for the first time 
that chia seed supplementation mildly improved spatial learning especially in ADV APP23 mice. Our data sug-
gest that this effect might be due to an accumulation of several aspects, although some of them on their own 
did not reach statistical significance. Firstly, chia seeds seemed to slightly improve glucose tolerance in ADV 
APP23 mice. It has been shown that impaired glucose tolerance correlates with cognitive decline and that the 
amelioration of glucose homeostasis positively affects cognitive performance34,35. Secondly, chia seeds led to 
a slight reduction of elevated corticosterone levels in ADV APP23 mice. Studies have shown that long-term 
elevated corticosterone levels induce cognitive deficits and that a reduction of corticosterone levels ameliorates 
cognitive impairment36,37. Thirdly, chia seeds reversed SRD-induced elevation of pro-inflammatory cytokine 
levels in the PRE group. Recent studies suggest that enhanced neuroinflammation might directly correlate with 
inferior cognitive perfomance38. Lastly, chia seeds are rich in PUFAs, which are further metabolized into EPA 
and DHA18,20. EPA and DHA have been shown to stimulate synaptogenesis, to act neuroprotective, to improve 
long-term potentiation and to ameliorate Aβ-induced cognitive deficits39,40. Thus, these minor contributions 
might add up to an improvement of spatial learning. Nevertheless, chia seeds failed to ameliorate impaired 
cognitive flexibility in APP23 mice. This seems controversial, since supplementation with DHA has been shown 
to improve reversal learning in healthy mice and reduction of corticosterone levels has been shown to correlate 
with improved cognitive flexibility in healthy rats41,42. However, reversal learning requires the suppression of 
the previously learnt platform position, cognitive flexibility to imprint the new position, as well as attention and 
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motivation43. Therefore, a high degree of functional plasticity is needed, which is clearly impaired in AD44,45. 
Reduction of corticosterone levels or DHA supplementation might be adequate to improve cognitive flexibility 
in otherwise healthy animals. However, it appears to be insufficient in diseased animals used in the present study, 
potentially due to a lack of functional plasticity.

In contrast to our initial hypothesis, SRD improved both spatial learning and cognitive flexibility especially 
in ADV APP23 mice. Numerous studies have shown the detrimental effects of energy-rich diets on cognitive 
abilities, such as spatial and reversal learning46,47. However, most of these studies have compared energy-rich 
diets to normal lab chow, thus the observed effects might not primarily depend on sugar or fat itself but rather 
on increased calorie intake. The detrimental effect of high calorie intake on brain function and AHN has been 
shown before48. In the present study, we used isocaloric diets in order to ensure similar calorie intake in all 
groups. We hypothesize that the observed beneficial effect of SRD on cognition might be mediated by a fast 
access to energy supplied by short-chained carbohydrates. APP23 mice, which were—especially in the ADV 
group—substantially leaner compared to WT mice, potentially profited from this quickly accessible energy. 
In conclusion, rapidly accessible energy delivered by SRD might have provided mice with more capacities for 
cognitive tasks. A less physically challenging cognitive test, such as the Barnes Maze, might have been more 
suitable for this mouse model.

PRE and ADV APP23 mice treated with CD showed better glucose tolerance than WT mice. This contradicts 
our initial hypothesis of inferior glucose tolerance of APP23 mice. However, while cerebral glucose hypometabo-
lism is reliably detectable very early in disease progression49, alterations of peripheral glucose metabolism do 
not always occur in relation with AD. Both human and animal studies have revealed controversial outcomes, in 
which peripheral glucose tolerance and insulin sensitivity in AD were either inferior, not altered or even superior 
compared to controls50–56. For example, intact glucose tolerance has been shown in male APP23 mice of different 
ages56 and in both male and female APP/PS1 mice54. On the one hand, these inconsistencies might result from 
different disease models, the influence of the estrous cycle in females and different protocols of the highly stress-
sensitive glucose tolerance test. On the other hand, it has been shown that peripheral glycemic dysregulation 
in AD might be mediated by peripheral Aβ levels, which are very low in APP23 mice10,56. Thus, APP23 mice 
might not ideally mimic peripheral AD-induced metabolic alterations. Additionally, the significantly lower BW 
of APP23 mice might have accounted for better glucose tolerance compared to WT mice, since weight loss is a 
key intervention in the improvement of glucose tolerance57. Consistently with not being glucose intolerant per 
se, APP23 mice fed with CD did not show insulin resistance compared to WT mice.

We showed for the first time that ADV but not PRE APP23 mice displayed impaired glucose tolerance due 
to SRD. It has been shown that age drives an incline in glucose tolerance over time58. Our findings are in line 
with other studies showing that aged APP/PS1 mice are more prone to diet-induced glucose intolerance, when 
challenged with a high-fat diet59. These findings suggest that the presence of Aβ, potentially together with an 
age-related decrease of glucose tolerance per se, promotes diet-induced glucose intolerance. A possible mecha-
nism might be interference of Aβ with hypothalamic insulin signaling. This has been shown to be crucial for the 
inhibition of further glucose production, thus leading to peripheral hyperglycemia53,60. In line with these findings, 
ADV APP23 mice showed a mildly enhanced vulnerability to SRD-induced insulin insensitivity.

Chia seeds improved glucose tolerance in both genotypes of the ADV group but not of the PRE group, 
although this difference was not statistically significant. This supports earlier findings, which have shown that 
chia seeds decrease diet-induced elevated plasma glucose level in rats23,24 and improve glycemic control in 
humans61,62. Since ageing itself drives glucose intolerance, as described above, it is plausible that the positive 
effect of chia seeds is more prominent in ADV mice than in PRE mice.

ADV but not PRE APP23 mice showed notably increased levels of corticosterone compared to WT mice, 
indicating a dysregulation of the HPA axis. The hippocampus plays a crucial role in HPA axis regulation63. It 
has been shown that intracerebroventricular injection of Aβ in healthy rats results in disturbed feedback of the 
HPA axis64. Considering the early affection of the hippocampus in AD, elevated GCs observed in AD patients 
might reflect an HPA axis dysregulation as a reaction to Aβ toxicity65. This matches our observation that PRE 
APP23 mice barely exhibited Aβ deposits and showed normal corticosterone levels, whereas ADV APP23 mice 
exhibited significant amounts of Aβ plaques and displayed increased corticosterone levels. Additionally, elevated 
levels of GCs have been shown to deteriorate insulin sensitivity and glucose tolerance66. Therefore, we suggest 
that Aβ-induced HPA axis dysregulation in ADV APP23 mice led to increased corticosterone levels, which in 
turn resulted in glucose intolerance and moderate insulin insensitivity, when mice were challenged with SRD. 
Due to the absence of Aβ deposits in PRE APP23 mice, corticosterone levels, glucose tolerance and insulin 
sensitivity were unaffected.

Aβ plaque load and the number of microglia were considerably increased in ADV APP23 mice compared to 
PRE APP23 mice and age-matched WT mice, respectively. These findings are consistent with previous descrip-
tions of plaque pathology slowly starting at 6 months of age and of Aβ plaques being surrounded by activated 
microglia in APP23 mice28,67. However, pro-inflammatory cytokine levels were similar between APP23 and WT 
mice of both age groups. Thus, although more abundant in ADV APP23 mice, microglia do not seem to release 
higher levels of pro-inflammatory cytokines. This is in line with a longitudinal study in APP23 mice showing 
that neuroinflammation in the hippocampus first occurs at 20 months of age68. Furthermore, estrogen directly 
influences microglial responses. For example, estrogen supplementation in ovariectomized APP23 mice has 
been shown to reduce the expression of pro-inflammatory cytokines69. Thus, the low levels of pro-inflammatory 
cytokines despite elevated numbers of microglia might be due to an estrogen-mediated delay in the inflammatory 
response of microglia to Aβ plaques69. Pro-inflammatory cytokine levels were increased by SRD but only in the 
PRE group. The inflammatory response to SRD is in line with earlier studies that have demonstrated increased 
neuroinflammation due to excessive sugar intake70. It has also been shown that this response is age-dependent. 
Though, normally aged individuals are more prone to diet-induced neuroinflammation than young individuals71. 
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Here, younger mice show a more pronounced inflammatory response to SRD. This might be due to elevated 
corticosterone levels in the ADV group, since GCs counteract the pro-inflammatory action of cytokines72. Nev-
ertheless, corticosterone levels were only elevated in ADV APP23 mice, hence giving no explanation for the 
absence of an inflammatory response to SRD in aged WT mice, the reasons for which we can only speculate 
about. A possible explanation might lie in the composition of gut microbiota, which have been shown to influ-
ence neuroinflammation via the gut-brain axis and to be superior in WT mice compared to AD mouse models73. 
SRD-induced elevation of pro-inflammatory cytokine levels in the PRE group was entirely reversed by chia seed 
supplementation. We suggest that this anti-inflammatory effect might be mediated by omega-3 PUFAs, since 
it has been shown that EPA and DHA decrease the expression of pro-inflammatory factors21. The number of 
microglia and Aβ plaque load were not affected by diet. In contrast to our results, it has been shown that DHA 
supplementation is able to reduce Aβ deposition in two different AD mouse models overexpressing APP74,75. 
ALA and EPA instead increase Aβ production in vitro75. Thus, ALA and EPA might counteract the beneficial 
effects of DHA, which leads to unaltered Aβ burden in our study.

APP23 mice weighed significantly less than WT mice, the difference becoming more prominent with age, as 
already observed by others76,77. Weight loss also occurs in AD patients, the causative reasons remaining elusive78. 
We addressed this question in a different study. First analyses suggest an increased energy expenditure, respira-
tory exchange rate, and hyperactivity of APP23 mice (data not yet published). Chia seeds showed an overall 
tendency of inducing weight gain. Others observed increased food intake and subsequent weight gain in rats 
due to chia seed supplementation24. We also observed enthusiastic feeding on food pellets including chia seeds, 
potentially leading to weight gain. A human study instead reported moderate weight loss in overweight and 
obese patients due to chia seed supplementation79. These different findings might result from ad libitum feeding 
in animal studies, whereas calorie intake was restricted in the human study.

The genetic induction of Aβ deposition in the APP23 mouse model might limit the insights into the rela-
tionship of glucose metabolism and AD, since Aβ pathology in this case obviously represents the underlying 
mechanism. However, animal models accurately modeling sporadic late-onset AD still have to be developed. 
Although we intentionally chose female mice considering that AD is more prevalent in women, the estrous cycle 
potentially interferes with other hormone systems such as the HPA-axis. Hence, future studies should carefully 
monitor the estrous cycle to assess its impact on study outcomes. Another aspect that might limit the significance 
of chia seed supplementation in AD is the high dose used in this and other animal studies as such a high dose 
might not be applicable to a person’s diet. However, already lower doses of chia seeds successfully improved 
metabolic features in human studies, making a similar effect on cognition possible.

Conclusion
We initially hypothesized that APP23 mice would display a disturbed peripheral glucose metabolism. Contrary, 
we show here that the peripheral glucose metabolism of APP23 mice is generally functioning. Nevertheless, 
we show for the first time an age-dependent increase in vulnerability to metabolic stress in APP23 mice. But 
in contrast to our hypothesis that metabolic stress would aggravate AD pathology in APP23 mice, cognitive 
performance as well as Aβ plaque load are not negatively influenced by SRD, despite a SRD-induced elevation 
of pro-inflammatory cytokine levels. This suggests that glucose hypometabolism might not be the underlying 
mechanism driving AD pathology in this AD mouse model. Furthermore, we hypothesized that chia seeds would 
attenuate AD pathology by improving metabolic parameters. Our data reveal a moderate therapeutic potential 
of chia seeds in alleviating spatial learning impairments by a mild amelioration of glucose tolerance, a slight 
reduction of corticosterone levels, and a reversal of SRD-induced elevation of pro-inflammatory cytokine levels.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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