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Introduction

 Alzheimer’s disease (AD) is the most common form of 
dementia, affecting approximately 50 million individuals 
worldwide and imposing substantial burdens on healthcare 
systems and families [1]. It is characterized by progressive 
neurodegeneration, cognitive decline, and accumulation 
of amyloid-β (Aβ) plaques and neurofibrillary tangles [2]. 
These complex pathologies make AD a multifactorial dis-
order that demands comprehensive therapeutic approaches. 
The progressive nature of the disease, combined with lim-
ited pharmaceutical interventions, has increased research 
efforts toward identifying effective non-pharmacological 
strategies that can attenuate cognitive decline and poten-
tially modify disease progression.

The hippocampus, a brain structure critical for learning 
and memory formation, is particularly vulnerable in AD 
pathophysiology. Hippocampal atrophy and dysfunction 

	
 Davar Khodadadai
davar.khodadadi@yahoo.com; d.khodadadi@modares.ac.ir

1	 Department of Nutrition and Dietetics, Faculty of Health 
Sciences, Karadeniz Technical University, Trabzon, Turkey

2	 Department of Exercise and Sports Sciences for Individuals 
with Disabilities, Faculty of Sport Sciences, Istanbul Gelisim 
University, Istanbul, Turkey

3	 Faculty of Physical Education and Sports Sciences, Islamic 
Azad University Central Tehran Branch, Tehran, Iran

4	 Faculty of Health Science, Department of Exercise and 
Sports Science for Disabled People, International Science 
and Technology University, Warsaw, Poland

5	 Sport Science Faculty, Physical Education Department, 
Sinop University, Sinop, Turkey

6	 Department of Physical Education and Sports Sciences, 
University of Mohaghegh Ardabili, Ardabil, Iran

Abstract
Alzheimer’s disease (AD) is a multifactorial disorder that demands a comprehensive management strategy. Both aerobic 
exercise training and intermittent fasting (IF) have been shown to ameliorate AD symptoms, yet the impact of exercise 
in the fasted state remains understudied. This study compared the effects of four weeks of moderate‑intensity treadmill 
running in either a fasted or a normal fed state on cognitive function and hippocampal BDNF signaling in an amyloid-β 
(Aβ)1–42-injected rat model of AD. Twenty‑month‑old male Wistar rats were allocated into five groups (n = 12 each): AD, 
AD plus IF (ADIF), AD plus exercise training (ADET), AD plus IF plus exercise training (ADIFET), and control. AD was 
induced by bilateral intra‑hippocampal Aβ1–42 injection. Exercise interventions (fasted or fed) were conducted 5 days/week 
for 4 weeks. Aβ injection significantly impaired learning and memory and reduced hippocampal levels of PKA, CREB, 
and BDNF (p < 0.001). Both fasting and exercise independently elevated plasma and hippocampal β-hydroxybutyrate 
(βHB) (p < 0.001), with the highest βHB increase observed in the fasted-exercise group (p < 0.01). All intervention groups 
(ADIF, ADET, and ADIFET) demonstrated significant improvements in cognitive performance and hippocampal levels of 
PKA, CREB, and BDNF (p < 0.001). The combined fasting plus exercise group produced greater benefits than either IF 
or exercise alone (p < 0.05), and exercise alone outperformed fasting alone (p < 0.05). These findings indicate that aerobic 
exercise in the fasted state offers superior neuroprotective and cognitive benefits, likely via upregulation of βHB/PKA/
CREB/BDNF signaling, highlighting fasted‑state exercise as a promising therapeutic approach for AD.
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are early hallmarks of the disease and correlate strongly 
with cognitive impairment severity [3]. Brain-derived 
neurotrophic factor (BDNF) emerges as a pivotal molecu-
lar mediator of hippocampal neuroplasticity and cognitive 
function. This neurotrophin promotes synaptic plasticity, 
supports neuronal survival, and facilitates memory consoli-
dation [4]. Importantly, BDNF levels are markedly reduced 
in AD patients, even before plaque and tangle formation [5], 
suggesting its potential as both a biomarker and therapeutic 
target.

Intermittent fasting (IF), a kind of caloric restriction, has 
emerged as a strategy with neuroprotective potential in AD 
models. Preclinical evidence demonstrates that IF enhances 
hippocampal neurogenesis and synaptic plasticity through 
pathways involving BDNF and cyclic adenosine mono-
phosphate response element-binding protein (CREB) [6]. 
Fasting-induced metabolic stress appears to trigger adap-
tive neuroplasticity, as evidenced by synaptic changes and 
improved cognition in fasting animals [7, 8]. The meta-
bolic shift during fasting promotes ketone body production, 
particularly β-hydroxybutyrate (βHB), which serves as an 
alternative brain fuel source and exhibits neuroprotective 
properties [9].

Aerobic exercise training has attracted substantial sci-
entific attention as another promising non-pharmacological 
intervention for AD management. Accumulating evidence 
demonstrates that moderate-intensity aerobic exercise posi-
tively correlates with cognitive function and memory in both 
healthy individuals and those with cognitive impairment 
[10–12]. Greater aerobic fitness and physical activity have 
also been associated with larger hippocampal volume and 
preserved cognition in aging [13]. Exercise-induced neuro-
protection likely involves multiple mechanisms, including 
increased BDNF expression, improved cerebral blood flow, 
reduced neuroinflammation, and enhanced neurogenesis [5, 
12]. Exercise also elevates βHB levels, which have been 
reported to promote hippocampal BDNF expression [14], 
potentially linking exercise-driven metabolic changes to 
brain plasticity.

Although many studies have examined exercise or fast-
ing alone in mitigating Aβ-related damage, to our knowl-
edge, no study has investigated their combined effect in an 
AD model. Limited research in other contexts (e.g., obesity) 
has yielded mixed results when combining exercise with IF/
caloric restriction [15–19]. It remains unclear what types of 
strategies using exercise and fasting are most effective in 
targeting AD symptoms. Here, we hypothesized that exer-
cise in a fasted state would provide additional neuroprotec-
tion benefits by augmenting βHB production. Therefore, the 
aim of this study was to investigate the effect of a 4-week 
moderate-intensity aerobic running, either in the fasted state 
(when βHB concentration was already elevated) or in the 

normal fed state, on cognitive function and hippocampal 
protein kinase A (PKA)/CREB/BDNF signaling in a rat 
model of AD.

Methods

Animals

Sixty male Wistar rats (20 months old, 630 ± 20 g) were 
obtained from the Animals Center of Pasture Institute, Iran. 
All animals were housed in groups (3 rats per cage) under 
controlled conditions (22 ± 1 °C, 50–60% humidity, 12/12 h 
light/dark cycle). Animal care and experimental procedures 
followed the guidelines of the National Institutes of Health 
and were approved by the Research Ethics Committee of 
Islamic Azad University, Central Tehran Branch (Approval 
No. IR.IAU.CTB.REC.1400.015).

Experimental Design

After a one-week familiarization with the new environment, 
animals underwent an acclimatization phase for a week. 
The animals were subjected to fasting (∼14 h) and treadmill 
running in a fasting state (10 min, speed 5 m/min, incline 
0%) three times over one week. Rats were then randomly 
assigned to five groups (n = 12 each): AD, AD plus IF 
(ADIF), AD plus exercise training (ADET), AD plus IF plus 
exercise training (ADIFET), or control. The group sizes (n = 
12/group) were selected based on prior similar studies [15, 
19]. A schematic of the study design is shown in Fig. 1.

Aβ Injection Procedure

To induce an AD-like pathology, Aβ₁₋₄₂ (Abcam, Germany) 
was prepared in 3% DMSO at 5 µg/µL, aliquoted, and 
stored at − 80 °C. Aliquots were incubated at 37 °C for 7 
days before use to promote fibrillization. One week post-
acclimatization, rats were anesthetized (ketamine 80 mg/kg 
+ xylazine 10 mg/kg, i.p.) and placed in a stereotaxic frame. 
After a midline scalp incision, bilateral hippocampal burr 
holes were drilled using Paxinos and Watson coordinates: 
AP −3.8 mm, ML ± 2.2 mm, DV −2.7 mm. A Hamilton 
syringe infused 1 µL of fibrillar Aβ₁₋₄₂ into each hippocam-
pus at 0.2 µL/min; the needle was left in place for 5 min to 
prevent backflow [20].

Animals Feeding and Intermittent Fasting

One week after surgery, animals in the ADIF and ADIFET 
groups underwent IF intervention for 4 weeks. IF was 
applied from 06:00 to 20:00 (∼14 h) daily. This regimen 
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was chosen because it is known to confer neuroprotective 
effects [19] and to significantly increase βHB concentration 
in rodents [21, 22]. Food was available during the 10-hour 
active phase (zeitgeber time (ZT)12– ZT22, where ZT0 = 
lights on, ZT12 = lights off) [8]. Water was available ad libi-
tum at all times. Rats in the AD, ADET, and control groups 
had continuous access to food, except during the exercise 
training time.

Body Weight Monitoring

Body weight was measured once weekly during the 4-week 
intervention using a calibrated digital scale (ASC6, Tai-
wan). Measurements were taken at the same time of day 
(ZT0, onset of the light phase) and at least 24 h after the 
last exercise session to minimize diurnal variation and acute 
post-exercise effects.

Exercise Training Protocol

Seven days after surgery, rats in the exercise groups began 
running on a motorized treadmill (BioMed Easy Technolo-
gies, China) 5 days/week for 4 weeks. The progressive 
training protocol was as follows:

Weeks 1–2: Two 15-min runs at 10 m/min (with 3-min 
walks at 5 m/min between runs). Week 3: Three 15-min runs 
at 15 m/min (with 3-min walks at 5 m/min between runs). 
Week 4: Four 15‑min runs at 15 m/min (with 3-min walks at 
5 m/min between runs).

Each exercise session started at 18:30 (after a 12.5‑h fast) 
and included a 3-min warm‑up and a 3-min cool‑down at 5 
m/min. The treadmill incline was 0%. A mild 0.5 mA elec-
tric stimulus (non-stressful) was used to maintain consistent 
running. To control for handling and environmental factors, 
rats in the AD, ADIF, and control groups were placed on an 

identical, inactive treadmill equipped with the same shock 
parameters, but without enforced exercise.

Cognitive Function Assessment

To evaluate spatial learning and memory, the Morris Water 
Maze (MWM) was administered 48 h after the final exer-
cise session. The apparatus consisted of a circular metal 
pool with matte-black walls, filled to a depth of 30 cm with 
water maintained at 21 ± 2 °C. Animal movements were 
captured by an overhead camera and analyzed using Etho-
Vision 7 software. Twenty‑four hours before training, each 
rat swam freely for 2 min without a platform to acclimate 
to the environment (habituation). Over 4 consecutive days, 
each animal completed 4 trials per day to locate a hidden 
platform positioned at the center of the southeast quad-
rant. At the start of each trial, rats were gently placed on 
the platform for 15–20 s before being released randomly 
from one of the 4 cardinal points. They then swam to the 
submerged platform, upon which they remained for 20 s. 
Escape latency (time to reach the platform) was recorded for 
every trial (acquisition/learning phase). Twenty‑four hours 
after the final acquisition session, spatial memory retention 
was assessed in a single, 60‑s probe trial during which the 
platform was removed. The cumulative time spent in the 
target quadrant was measured (Probe Trial). Immediately 
following the probe trial, a white platform was raised to the 
water surface to confirm sensorimotor integrity and motiva-
tion. Each rat was randomly released into the water from 
the 4 cardinal directions in 4 trials. Rats needed to swim to 
and climb onto this visible platform, and escape latency was 
recorded. Any animal failing to locate the platform within 
60 s in any of the four visible‑platform trials was excluded 
from further analysis (visible‑platform control) [23].

Fig. 1  Schematic representation of 
study design
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intensities were quantified by densitometry using ImageJ, 
with PKA, CREB, and BDNF signals normalized to β‑actin 
(1:1,000; loading control; ab227387, Abcam). All experi-
ments were performed in duplicate.

Statistical Analysis

Normality was assessed using the Shapiro–Wilk test, and 
homogeneity of variances was evaluated by Levene’s test. 
The two-way (week/day × group) and three-way (time 
× week × group) repeated measures analysis of variance 
(ANOVA) were used to evaluate body weight and daily 
learning during the acquisition phase, as well as plasma 
parameters (glucose and βHB), respectively. For the pri-
mary analysis of treatment effects, a 2 × 2 factorial ANOVA 
was conducted with IF (present vs. absent) and exercise 
(present vs. absent) as between-subjects factors. This analy-
sis included the four AD groups to specifically examine the 
main effects and interaction effects of the interventions. To 
analyze these effects relative to healthy controls, a one-way 
ANOVA comparing all five groups (including the control) 
was used. When significant effects were detected, Fisher’s 
Least Significant Difference (LSD) post hoc tests were 
applied. Effect size was calculated using partial eta squared 
(ηp2) (< 0.01, 0.01–0.059, 0.06–0.139, and ≥ 0.14 for trivial, 
small, moderate, and large effects, respectively). Analyses 
were performed in SPSS version 27, and significance was 
set at p < 0.05.

Results

Previous studies and our pilot data confirm that intra‑hip-
pocampal Aβ₁₋₄₂ injections impair cognitive function [20, 
24]. One week post-injection, Aβ₁₋₄₂-infused rats (n = 7) 
exhibited significant deficits in spatial learning and memory, 
evidenced by increased escape latency, as well as reduced 
time spent in the target quadrant, compared with healthy 
controls. These deficits persisted for at least 6 weeks (data 
not shown).

The analysis of body weight revealed significant main 
effects for both week (F = 7.747, p < 0.001, ηp2 = 0.15) and 
group (F = 7.944, p < 0.001, ηp2 = 0.41), as well as a sig-
nificant interaction between week and group (F = 8.736, 
p < 0.001, ηp2 = 0.44). Body weight did not differ signifi-
cantly from baseline in control, AD, and ADET animals 
(p > 0.05). The ADIF groups showed significant reductions 
in body weight from baseline during weeks 1–4 and relative 
to controls (p < 0.01). The ADET group also had lower body 
weight than the control group during weeks 2–4 (p < 0.001). 
Additionally, animals in the ADIF groups lost significantly 

Sampling and Sacrificing

For hippocampal βHB measurements, 5 animals per group 
were randomly anesthetized by injection of a mixture of ket-
amine (100 mg/kg) and xylazine (10 mg/kg) 60 min after 
the last training session. The remaining rats were sacrificed 
24 h after behavioral testing. Brains were rapidly removed; 
hippocampi were dissected on ice, frozen in liquid nitrogen, 
and stored at − 80 °C until analyses.

Glucose and βHB Measurement

The glucose and βHB levels in blood were measured 4 times 
(once a week) before and 60 min after exercise. At each 
time, 3 animals were randomly selected from each group, 
and blood samples were collected from the tip of their tails. 
After treatment, these animals were moved to their cages 
and given free access to food and water. Blood samples 
were centrifuged at 3000×g for 10 min at 4 °C, and the 
plasma was stored at − 80 °C until glucose and βHB analy-
sis. Hippocampal tissues were homogenized in 1 mL PBS, 
treated by two freeze–thaw cycles to break cell membranes, 
and centrifuged at 5000×g for 5 min at 4 °C. Plasma and 
hippocampal supernatants were applied to measure βHB 
by the ELISA method (ab83390, Abcam), according to the 
manufacturer’s instructions. The glucose oxidase method 
(Beckman Instruments, Palo Alto, CA) was used to measure 
plasma glucose levels.

Western Blotting

Hippocampal tissues were homogenized in ice-cold RIPA 
buffer (Cell Signaling Technology, Danvers, MA) contain-
ing protease and phosphatase inhibitor cocktails. Lysates 
were centrifuged at 12,000 × g for 15 min at 4 °C, and the 
supernatant was collected for protein quantification by the 
bicinchoninic acid (BCA) assay. Equal amounts of protein 
(20–30 µg per lane) were denatured in Laemmli sample buf-
fer at 95 °C for 5 min, separated on 10–12% SDS–PAGE 
gels, and transferred onto PVDF membranes using a semi‐
dry blotting system. Membranes were blocked for 1 h at 
room temperature in 5% non‑fat dry milk in Tris-buffered 
saline with 0.1% Tween-20 (TBST). Blots were then incu-
bated overnight at 4 °C with primary antibodies against PKA 
catalytic subunit (1:1,000; ab227848, Abcam), total CREB 
(1:1,000; ab32515, Abcam), and BDNF (1:500; ab108319, 
Abcam) diluted in blocking buffer. After three 10‑min 
washes in TBST, membranes were incubated with an appro-
priate HRP-conjugated secondary antibody (1:5,000) for 2 
h at room temperature. Following further washes, immu-
noreactive bands were visualized via enhanced chemilumi-
nescence and imaged on a digital detection system. Band 
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In the visible platform test, a 2 × 2 ANOVA revealed no 
significant effects from IF (F = 0.029, p > 0.05, ηp2 = 0.001), 
exercise (F = 0.056, p > 0.05, ηp2 = 0.002), or their inter-
action (F = 0.007, p > 0.05, ηp2 = 0.000), and a one-way 
ANOVA showed no group differences (F = 0.039, p = 0.997, 
ηp2 = 0.005), indicating similar sensorimotor function and 
motivation (Fig. 3C).

Plasma βHB levels showed significant main effects 
of time (F = 81.164, p < 0.001, ηp2 = 0.89) and group 
(F = 69.676, p < 0.001, ηp2 = 0.96), and a significant time × 
group interaction (F = 28.019, p < 0.001, ηp2 = 0.92). In all 
weeks, pre-exercise plasma βHB was higher in the IF ani-
mals than in controls (p < 0.01). Treadmill running increased 
plasma βHB compared to pre-exercise (p < 0.001). Post-
exercise plasma βHB was significantly higher in ADIFET 
rats than in ADIF or ADET rats at each weekly timepoint 
(p < 0.001; Table 1).

Significant main effects of time (F = 66.748, p < 0.001, 
ηp2 = 0.87) and group (F = 114.986, p < 0.001, ηp2 = 0.98), 
as well as time × group interaction (F = 12.958, p < 0.001, 
ηp2 = 0.84), were observed for plasma glucose levels. Tread-
mill running significantly reduced plasma glucose in the 
ADET group in the second and fourth weeks, as well as in 
the ADIFET group in the first week, compared to pre-exer-
cise levels (p < 0.05). The post- to pre-exercise reduction in 
plasma glucose at the other timepoints did not reach sta-
tistical significance (p > 0.05). Post-exercise plasma glucose 
was significantly lower in ADIFET rats than in the ADET 
group at each weekly timepoint (p < 0.001). Pre- and post-
exercise plasma glucose levels were lower in the IF animals 
than in the control, AD, and ADET groups throughout all 
measurements (p < 0.001). There were no significant dif-
ferences in pre-exercise glucose levels between the ADET, 
AD, and control groups at any time (p > 0.05; Table 1), indi-
cating that neither Aβ treatment nor exercise training alters 
baseline glucose metabolism. Taken together, these results 

more weight than those in the ADET group (p < 0.05; Fig. 
2).

A 2 × 2 ANOVA indicated main effects of IF (F = 7.568, 
p < 0.05, ηp2 = 0.24) and exercise (F = 14.249, p < 0.001, 
ηp2 = 0.37), but no interaction effect of IF × exercise 
(F = 0.015, p > 0.05, ηp2 = 0.001) on the 4-day mean escape 
latency. The two-way repeated measures ANOVA revealed 
significant main effects of day (F = 125.361, p < 0.001, 
ηp2 = 0.81) and group (F = 6.462, p < 0.001, ηp2 = 0.46), but 
no significant day × group interaction (F = 0.54, p > 0.05, 
ηp2 = 0.1) for escape latency. One-way ANOVA conducted 
for each day showed no significant difference among groups 
on day 1 (p > 0.05), but significant differences on day 2 
(F = 4.558, p < 0.01, ηp2 = 0.52), day 3 (F = 5.379, p < 0.01, 
ηp2 = 0.56), and day 4 (F = 4.909, p < 0.01, ηp2 = 0.54). 
The AD group had longer escape latencies than the control 
group on days 2–4 (p < 0.001). The ADIFET group (days 
2–4, p < 0.001), the ADET group (days 2 and 4, p < 0.05), 
and the ADIF group (day 4, p < 0.01) all showed sig-
nificantly shorter escape latencies compared with the AD 
group. Moreover, the ADIFET group demonstrated a greater 
reduction in latency than the ADIF group (p < 0.05) but did 
not differ significantly from the ADET group (p = 0.085) on 
day 2 (Fig. 3A).

Both IF (F = 8.190, p < 0.01, ηp2 = 0.25) and exercise 
(F = 20.755, p < 0.001, ηp2 = 0.46) significantly improved 
memory performance, but there was not a significant IF × 
exercise interaction (F = 0.064, p > 0.05, ηp2 = 0.003). One-
way ANOVA indicated a significant between-group differ-
ence for memory (F = 10.568, p < 0.001, ηp2 = 0.58). The 
time spent in the targeted quadrant was reduced after Aβ₁₋₄₂ 
injection (p < 0.001), while the impairment was ameliorated 
by IF (p < 0.05), exercise (p < 0.01), and IF plus exercise 
(p < 0.001). Moreover, the ADIFET group spent more time 
in the targeted quadrant than the ADIF animals (p < 0.01; 
Fig. 3B).

Fig. 2  Effect of intermittent fasting, 
exercise in the normal fed state, 
and exercise in the fasted state on 
the animals’ body weight (n = 12/
group). Main effects of time 
(p < 0.001, ηp2 = 0.15) and group 
(p < 0.001, ηp2 = 0.41), and interac-
tion effects (p < 0.001, ηp2 = 0.44) 
were detected for body weight 
analysis. a p < 0.001 significant 
difference from baseline. b p < 0.01 
significant difference from control. 
c p < 0.05 significant difference 
from ADET group
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respectively), CREB (F = 61.291, p < 0.001, ηp2 = 0.72; and 
F = 142.690, p < 0.001, ηp2 = 0.86, respectively), and BDNF 
(F = 70.523, p < 0.001, ηp2 = 0.75; and F = 169.016, p < 0.001, 
ηp2 = 0.88, respectively) levels, indicating that each inter-
vention independently increased these protein expressions. 
The IF × exercise interaction on PKA (F = 0.153, p > 0.05, 
ηp2 = 0.006), CREB (F = 4.062, p > 0.05, ηp2 = 0.145), and 
BDNF (F = 3.366, p > 0.05, ηp2 = 0.123) did not reach sta-
tistical significance, suggesting that the combined effect of 
IF and exercise was not significantly greater than the sum 
of their individual effects within the factorial model. Hip-
pocampal PKA (F = 26.945, p < 0.001, ηp2 = 0.84), CREB 
(F = 65.170, p < 0.001, ηp2 = 0.92), and BDNF (F = 79.468, 
p < 0.001, ηp2 = 0.94) protein levels exhibited signifi-
cant between-group differences, as analyzed by one-way 
ANOVA. Aβ₁₋₄₂ injection significantly reduced PKA, 
CREB, and BDNF (p < 0.001). However, IF, exercise, and 
the combination of IF and exercise compensated for the 

confirm that the IF successfully induced a metabolic state 
of ketosis (high βHB, low glucose) in both exercised and 
non-exercised animals, whereas the standard diet (with or 
without exercise) kept animals in a carbohydrate-dependent 
metabolic state.

A 2 × 2 ANOVA showed main effects of IF (F = 65.318, 
p < 0.001, ηp2 = 0.8) and exercise (F = 125.457, p < 0.001, 
ηp2 = 0.89), but no interaction effect of IF × exercise 
(F = 0.163, p > 0.05, ηp2 = 0.01) for βHB concentration in 
the hippocampus. Hippocampal βHB also revealed signifi-
cant differences between the groups (F = 66.921, p < 0.001, 
ηp2 = 0.93). Both IF and exercise increased hippocampal 
βHB (p < 0.001). The ADIFET animals had higher hippo-
campal βHB than either ADIF or ADET (p < 0.001), and 
ADET had higher βHB than ADIF (p < 0.05; Fig. 4).

A 2 × 2 factorial ANOVA revealed significant main 
effects of IF and exercise on hippocampal PKA (F = 24.421, 
p < 0.001, ηp2 = 0.5; and F = 29.410, p < 0.001, ηp2 = 0.55, 

Fig. 3  Effect of intermittent fasting, 
exercise in the normal fed state, 
and exercise in the fasted state on 
spatial learning and memory in 
Aβ1–42-injected rat model of AD 
(n = 7/group). The escape latency 
in the acquisition phase (A). The 
time spent in the target quadrant 
in the probe trial (B). Time to find 
the platform in the visible test (C). 
Main effects of day (p < 0.001, ηp2 
= 0.81) and group (p < 0.001, ηp2 
= 0.46), but no significant day × 
group interaction (p > 0.05, ηp2 
= 0.1) were detected for escape 
latency. There was also a between-
group difference in performance 
in the probe trial (p < 0.001, ηp2 
= 0.58). a p < 0.05 significant dif-
ference from control. b p < 0.05 
significant difference from AD. c 
p < 0.05 significant difference from 
ADIF
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reduction to some extent (p < 0.01). The ADIFET group 
showed greater increases in PKA, CREB, and BDNF 
than ADIF or ADET (p < 0.01). Moreover, exercise alone 
produced larger increases in CREB (p < 0.05) and BDNF 
(p < 0.01) than fasting alone (Fig. 5).

Discussion

In the present study, we investigated whether four weeks 
of aerobic running in the fasted state could further enhance 
cognitive function and hippocampal PKA/CREB/BDNF 
signaling compared with normal fed‑state exercise in an 
Aβ1–42 injected rat model of AD. Our results demonstrated 
that Aβ1–42  injection impaired learning and memory and 
reduced hippocampal expression of PKA, CREB, and 
BDNF. Notably, both fasting and exercise alone elevated 
plasma and hippocampal βHB levels, while the combina-
tion of fasting and exercise produced the highest increase 
in βHB. Consequently, ADIF, ADET, and ADIFET groups 
all showed improvements in cognitive performance and 
restoration of hippocampal neurotrophic signaling, with the 
combined IF and exercise intervention providing superior 
benefits, and exercise outperforming fasting alone. These 
findings confirm our initial hypothesis that fasted-state 
exercise offers additive neuroprotection, likely via βHB-
mediated mechanisms (Fig. 6).

Table 1  Plasma glucose and βHB levels during the four-week intervention period (n = 3/group)
Control AD ADIF ADET ADIFET

Glucose levels (mg/dL)
 Week 1 Pre-exercise 125 ± 11 131 ± 17 75 ± 8a, b 123 ± 19c 78 ± 7a, b, d

Post- exercise 122 ± 5 126 ± 10 71 ± 6a, b 106 ± 9c 73 ± 7a, b, d, e

 Week 2 Pre-exercise 125 ± 12 128 ± 12 73 ± 9a, b 120 ± 8c 77 ± 12a, b, d

Post- exercise 122 ± 3 125 ± 6 72 ± 8a, b 107 ± 6c, e 74 ± 10a, b, d

 Week 3 Pre-exercise 131 ± 14 124 ± 14 79 ± 14a, b 129 ± 22c 79 ± 6a, b, d

Post- exercise 126 ± 8 119 ± 6 75 ± 11a, b 107 ± 10c 74 ± 5a, b, d

 Week 4 Pre-exercise 124 ± 12 122 ± 9 77 ± 12a, b 123 ± 9c 69 ± 8a, b, d

Post- exercise 120 ± 5 121 ± 4 75 ± 9a, b 107 ± 6c, e 66 ± 6a, b, d

βHB levels (µmol/L)
 Week 1 Pre-exercise 135 ± 143 151 ± 38 471 ± 91a, b, d 170 ± 85 443 ± 118a, b, d

Post- exercise 156 ± 69 199 ± 59 499 ± 101a, b 496 ± 159a, b, e 1002 ± 270a, b,c, d, e

 Week 2 Pre-exercise 153 ± 75 167 ± 38 546 ± 194a, b, d 158 ± 96 524 ± 125a, b, d

Post- exercise 188 ± 63 173 ± 91 583 ± 199a, b 523 ± 161a, b, e 1060 ± 197a, b,c, d, e

 Week 3 Pre-exercise 163 ± 119 143 ± 86 617 ± 184a, b, d 181 ± 102 640 ± 196a, b, d

Post- exercise 178 ± 110 173 ± 100 635 ± 101a, b 540 ± 146a, b, e 1360 ± 454a, b,c, d, e

 Week 4 Pre-exercise 146 ± 61 156 ± 70 633 ± 113a, b, d 147 ± 62 679 ± 143a, b, d

Post- exercise 205 ± 36 156 ± 32 630 ± 104a, b 593 ± 159a, b, e 1600 ± 555a, b,c, d, e

Data are presented as mean ± standard deviation. βHB, β-hydroxybutyrate; AD, Alzheimer’s disease; ADIF, Alzheimer’s disease plus intermit-
tent fasting; ADET, Alzheimer’s disease plus exercise training; ADIFET, Alzheimer’s disease plus intermittent fasting plus exercise training. 
There were main effects of time (p < 0.001, ηp2 = 0.89) and group (p < 0.001, ηp2 = 0.96), and a time × group interaction effect (p < 0.001, ηp2 
= 0.92) on plasma βHB levels. Main effects of time (p < 0.001, ηp2 = 0.87) and group (p < 0.001, ηp2 = 0.98), as well as time × group interac-
tion (p < 0.001, ηp2 = 0.84), were also observed for plasma glucose levels. a p < 0.05 significant difference from control; b p < 0.05 significant 
difference from AD; c p < 0.05 significant difference from ADIF; d p < 0.05 significant difference from ADET; e p < 0.05 significant difference 
from pre-exercise.

Fig. 4  The hippocampal βHB concentration 60 min after the last train-
ing session (n = 5/group). Hippocampal βHB analysis revealed differ-
ences between the groups (p < 0.001, ηp2 = 0.93). a p < 0.01 significant 
difference from control; b p < 0.05 significant difference from AD; c 
p < 0.05 significant difference from ADIF; d p < 0.05 significant differ-
ence from ADET
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Fig. 5  Effect of intermittent fasting, 
exercise in the normal fed state, 
and exercise in the fasted state on 
PKA, CREB, and BDNF in Aβ1–42-
injected rat model of AD (n = 7/
group). Between-group differences 
were detected on hippocampal 
PKA (p < 0.001, ηp

2 = 0.84), CREB 
(p < 0.001, ηp2 = 0.92), and BDNF 
(p < 0.001, ηp2 = 0.94) protein 
levels. Expression of PKA, CREB, 
and BDNF as analyzed using 
Western blot (A). The normal-
ized amounts of PKA (B), CREB 
(C), and BDNF (D) to β-actin. 
a p < 0.01 significant difference 
from control; b p < 0.01 significant 
difference from AD; c p < 0.05 
significant difference from ADIF; d 
p < 0.01 significant difference from 
ADET
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memory compared to ad libitum feeding [35, 36]. It has 
been suggested that these beneficial effects arise from meta-
bolic reprogramming. During fasting, the brain shifts from 
glucose to ketone body utilization [37], and βHB serves not 
only as a fuel but also as a signaling molecule that upregu-
lates neurotrophic factors, autophagy, and stress resilience 
[38, 39]. Fasting also reduces inflammatory markers and 
oxidative stress while promoting mitochondrial biogenesis 
in AD models [40].

Although we observed considerable main effects of both 
IF and exercise interventions across neurotrophic signaling 
and cognitive function, the IF × exercise interaction did not 
reach conventional significance (i.e., no strong statistical 
evidence of supra-additive synergy). However, one-way 
ANOVA post hoc comparisons showed that the combined IF 
plus exercise interventions produced the greatest improve-
ment in cognitive function, which was accompanied by a 
greater increase in neurotrophic signaling. Taken together, 
these results mostly indicate convergent, cumulative effects; 
the two interventions additively increase the βHB/PKA/
CREB/BDNF axis and thereby produce the largest behav-
ioral benefit, while not ruling out the possibility of biologi-
cal synergy that the present sample, timing, or measures 
were underpowered to detect.

The effects of fasted-state exercise in AD have not been 
directly studied before, and related studies in other models 
reported mixed results. For example, Pratchayasakul et al. 
[15] found that combining caloric restriction with exercise 
produced greater metabolic and neurocognitive benefits 
than either intervention alone in obese ovariectomized rats. 
In contrast, Albrahim et al. [19] reported that, although 
exercise and IF each protected against neuronal damage in 
ovariectomized rats, their combination yielded no additional 
benefit. The explanation for this discrepancy could be attrib-
uted to the fasting and the exercise protocols. In our study, 
all rats (including fasting groups) had water ad libitum and 

Bilateral hippocampal Aβ₁₋₄₂ injection is a well-estab-
lished AD model that triggers neuroinflammation, neuronal 
loss, brain atrophy, and cognitive deficits [20, 25, 26]. As 
expected, Aβ-injected rats showed longer escape latencies 
and reduced target-quadrant time, indicating spatial learn-
ing and memory impairments.

BDNF is critical for neuronal survival and synaptic plas-
ticity, both of which are compromised in AD [27]. Low 
BDNF levels are linked to AD progression [28, 29], mak-
ing it a potential therapeutic target. We observed that Aβ1–42 
injection reduced PKA–CREB–BDNF levels, consistent 
with the role of Aβ pathology in impairing hippocampal 
plasticity [30].

Aerobic exercise is known to improve cognitive function 
via multiple pathways. It stimulates the release of growth 
factors like BDNF, which promotes neuroplasticity and 
neurogenesis [31]. The PKA/CREB/BDNF cascade repre-
sents a critical signaling pathway whereby exercise-induced 
neuronal activity leads to CREB phosphorylation and sub-
sequent BDNF transcription [32]. Our study demonstrated 
that aerobic training improved learning and memory per-
formance and elevated PKA, CREB, and BDNF. Consistent 
with these findings, Luo et al. [33] reported that chronic 
aerobic training reversed hypoxia-induced memory impair-
ment and deficits in hippocampal PKA–CREB–BDNF 
signaling. Similarly, Azimi et al. [24] found that moderate 
treadmill exercise rescued spatial memory and activated the 
hippocampal AMPK–PGC-1α–FNDC5–BDNF pathway in 
an Aβ1–42 rat model.

Our IF intervention also yielded cognitive and molecular 
benefits, consistent with previous reports. Baik et al. [34] 
showed that 3 months of IF in healthy mice significantly 
increased hippocampal BDNF, phosphorylated CREB, and 
synaptic/neurogenesis markers. Long-term IF has been 
shown to enhance hippocampal neurogenesis and long-term 
potentiation, improving motor coordination, learning, and 

Fig. 6  Schematic abstract. Both 
intermittent fasting and aerobic 
exercise exert neuroprotective 
effects, in part through activation 
of the βHB/PKA/CREB/BDNF 
pathway in the hippocampus of AD 
rats. The combined intervention—
fasted-state exercise—produces 
greater neuroprotective benefits 
than either intermittent fasting or 
aerobic exercise alone
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and medication interactions. Investigating dose–response 
effects and potential sex differences would also strengthen 
clinical relevance.

Several limitations should be considered when interpret-
ing these results. Although 20-month-old Aβ1–42-injected 
rats model age-related vulnerability to amyloid toxicity, 
animal models cannot fully recapitulate the complexity of 
human AD (e.g., chronic tau pathology, decades-long pro-
gression, genetic heterogeneity, sex differences, and com-
mon comorbidities such as diabetes), which limits direct 
clinical extrapolation. This study exclusively used male 
rats. Since sex hormones may influence both metabolic 
and neurotrophic responses to exercise and fasting in AD 
pathology, female rats may present different results. Hip-
pocampal βHB was only measured 60 min after the final 
exercise session, and this single time point may not capture 
dynamic changes during the intervention or the temporal 
relationship with cognitive improvement. Moreover, hippo-
campal βHB was assayed in a randomly selected subset of 
animals (n = 5 per group), while the remaining animals (n = 
7 per group) underwent behavioral testing; because hippo-
campal βHB and behavioral outcomes were obtained from 
different animals, subject-level correlation analysis between 
βHB and cognition or protein expressions was not possible. 
To partially address temporal dynamics, we measured blood 
βHB at four time points (once a week) during the interven-
tion. Because blood βHB readily crosses the blood-brain 
barrier [46], these data provide an indirect measure of meta-
bolic change. However, correlation analysis between body 
weight changes and βHB levels, as well as between βHB 
levels and behavioral/molecular outcomes in future studies, 
could strengthen the mechanistic interpretation. In factorial 
ANOVA, the IF × exercise interaction for CREB (F = 4.062, 
p = 0.055, ηp

2 = 0.145) and BDNF (F = 3.366, p = 0.075, ηp
2 

= 0.123) did not reach conventional statistical significance 
despite moderate to high effect sizes. Interaction tests typi-
cally require larger samples to detect modest effects, so the 
study’s relatively small sample size may have limited power 
to detect true interactions. Finally, the relatively short inter-
vention period and potential ceiling effects in molecular or 
behavioral measures may have constrained the emergence 
or detection of synergistic effects.

Conclusion

In summary, our findings demonstrate that aerobic exercise 
in the fasted state provides additional benefits over fed-
state exercise, largely mediated by enhanced βHB produc-
tion. Elevated βHB appears to activate the PKA/CREB/
BDNF pathway, promoting synaptic plasticity and cogni-
tive function in the Aβ-injected rat model of AD. Future 

underwent 5 sessions/week, with exercise time and intensity 
gradually increasing from 2 × 15 min at 10 m/min (week 1) 
to 4 × 15 min at 15 m/min (week 4). In comparison, Albra-
him et al. [19] deprived rats of food and water for ∼13 h and 
used 8 treadmill sessions over the first 2 weeks (the speed 
and duration were not reported), followed by a 15-min ses-
sion at 18–25 m/min, 4 sessions/week for the next 2 weeks. 
The ketone bodies were not reported in the aforementioned 
study, and it is possible that their shorter exercise regimen 
did not increase βHB.

In addition, our observation that normal fed-state exercise 
outperformed fasting alone may reflect the inherent neuro-
modulatory effects of exercise. Exercise increases cerebral 
blood flow, releases peripheral myokines, and promotes an 
overall anabolic environment conducive to synaptic remod-
eling [5, 12]. When exercise is combined with fasting, these 
benefits appear augmented, resulting in greater cognitive 
improvements. The superiority of exercise in the fasting 
state over either fasting or exercise alone may be attributed 
to the cumulative enhancement of βHB availability. Fasting 
increases βHB production via enhanced fatty acid oxidation 
[38], while aerobic exercise in this state can further stimu-
late ketogenesis [41]; therefore, the resultant higher βHB 
levels likely provide an additive neuroprotective stimulus. 
This dual activation not only provides alternative energy 
under impaired glucose metabolism (a hallmark of AD 
pathology [42]) but also may exert epigenetic modifications 
that favor synaptic plasticity and neuronal repair [14]. βHB 
is an endogenous inhibitor of class I histone deacetylases 
(HDACs), and HDAC inhibition by βHB has been linked to 
de-repression of Bdnf promoters and enhanced BDNF tran-
scription [14, 43]. A recent study also shows βHB can alter 
specific histone marks (e.g., increasing H3K4me3) at Bdnf 
promoters, providing a direct epigenetic route to trophic 
signaling [44]. In addition, βHB supports mitochondrial 
function and antioxidant defenses, improving mitochondrial 
biogenesis and redox homeostasis via effects on PGC-1α 
and chromatin remodeling, mechanisms that can protect 
synapses from amyloid-related stress and sustain neuronal 
energy for plasticity [45]. Together, these βHB complemen-
tary mechanisms link metabolic interventions (such as fast-
ing) with exercise and suggest that combining interventions 
(such as fasting state exercise) can additively enhance neu-
ral plasticity and resilience to AD pathology.

Although our findings in aged AD-model rats are prom-
ising, their translation to older adults will require carefully 
supervised, individualized approaches. Frailty, sarcope-
nia, glycemic instability, polypharmacy, and tolerability, 
adherence, and safety issues may limit strict regimens. 
Future studies should explore optimal fasting durations, 
exercise intensities, and long-term feasibility combined 
with monitoring for glycemic control, nutritional status, 
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studies should further elucidate the molecular mechanisms 
underlying this additive effect and evaluate the translational 
potential of combined fasting and exercise interventions to 
develop effective interventions against AD.
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