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Exercise combined with a probiotics treatment alters
the microbiome, but moderately affects signalling pathways
in the liver of male APP/PS1 transgenic mice
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Abstract It has been demonstrated that physical

exercise and probiotic supplementation delay the

progress of Alzheimer’s Disease (AD) in male APP/

PS1TG mice. However, it has also been suggested that

both exercise and AD have systemic effects. We have

studied the effects of exercise training and probiotic

treatment on microbiome and biochemical signalling

proteins in the liver. The results suggest that liver is

under oxidative stress, since SOD2 levels of APP/PS1

mice were decreased when compared to a wild type of

mice. Exercise training prevented this decrease. We

did not find significant changes in COX4, SIRT3,

PGC-1a or GLUT4 levels, while the changes in

pAMPK/AMPK, pmTOR/mTOR, pS6/S6 and NRF2

levels were randomly modulated. The data suggest

that exercise and probiotics-induced changes in

microbiome do not strongly affect mitochondrial

density or protein synthesis-related AMPK/mTOR/

S6 pathways in the liver of these animals.
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S6 Ribosomal protein

SDS-

PAGE

Sodium dodecyl sulphate–

polyacrylamide gel electrophoresis

TBS-T Tris buffered saline with Tween 20

Introduction

The microbiome of the human gastrointestinal tract is

the largest reservoir of microbes in the human body.

The bacterial density of the human gut is the highest in

any known microbial ecosystem (Kim et al. 2013; Hill

et al. 2014). The microbiota of the gut is crucial to the

breakdown of dietary nutrients, regulation of intestinal

and systemic immune responses, and production of

small molecules critical for intestinal metabolism, as

well as the generation of several gases that can

modulate cellular function (Singhal and Shah 2020).

Due to the complex function of the gut microbiome,

the diversity of microbes is defined by the number and

abundance of the distribution of distinct types of

organisms (Huttenhower et al. 2012).

The microbiota-gut-brain axis is the most popular

hypothesis, which includes a bidirectional communi-

cation system, that is connected via neural, immune,

endocrine, and metabolic pathways (Cryan and O’Ma-

hony 2011; Collins et al. 2012; Szablewski 2018).

Accumulated evidence also supports a possible con-

nection between the gut microbiota and neurodegen-

erative disorders (Bell et al. 2019), including dementia

and Alzheimer’s Disease (AD) in humans (Xu and

Wang 2016; Hu et al. 2016) and in rodents (Zhang

et al. 2017; Bäuerl et al. 2018). The changes in the

microbiome are linked to defects in synaptogenesis,

and cognitive impairment, including AD (Aziz et al.

2013; Brenner 2013; Saulnier et al. 2013; Hornig

2013; Mitew et al. 2013).

AD is a complex age-related disorder, characterized

by a progressive cognitive decline. A limited number of

studies have attempted to address the role of gut

microbiota in AD. The colonization and modulation of

gut microbiota impact brain development and subse-

quently, adult behaviour (Heijtz et al. 2011; Mancuso

and Santangelo 2018) and this connection will probably

aid in AD prevention and treatment (Hu et al. 2016). In

humans, Vogt et al. (2017) have described previously

the correlation between levels of differentially abundant

genera and cerebrospinal fluid (CSF) biomarkers of AD.

Recently, we have shown that probiotic supple-

mentation alone, or with exercise training, or exercise

training alone, significantly changes the composition

of the microbiome and reduces the levels of amyloid

beta in the brain of APP/PS1 transgenic mice (Abra-

ham et al. 2019). It is known that probiotic supple-

mentation also beneficially affects liver in patients

suffering from non-alcoholic fatty liver diseases (Liu

et al. 2019).

It has been shown that animals having APP/PS1

genetic manipulation demonstrate impaired metabo-

lism in kidney, liver, spleen, and thymus (González-

Domı́nguez et al. 2015a). Indeed, it appears that AD is

a systemic disease (González-Domı́nguez et al. 2015b;

Wang et al. 2017). Regular exercise also has systemic

effects (Radak et al. 2008), which include powerful

beneficial effects on liver (Ghiasi et al. 2019; Aamann

et al. 2019; Sato et al. 2019; Zhang et al. 2020).

Moreover, evidence suggests that exercise reduces the

incidence of AD (Radak et al. 2010; Abe 2012). It has

further been shown that short-term physical exercise

enhances neurogenesis in the amyloid beta-induced

AD model (Kim et al. 2014). Voluntary exercise can

decrease amyloid load in theTgCRND8 transgenic

mice model (Adlard 2005). Due to the systemic effects

of exercise, a number of research studies have found

that exercise alters the microbiome of the gut (Allen

et al. 2018; Sohail et al. 2019; Grosicki et al. 2019;

Mahizir et al. 2020; Gubert et al. 2020; Greenhill

2020).

It is important to know whether exercise and

probiotic treatment-induced changes in the micro-

biome could cause alterations in liver metabolism,

mitochondrial content, or protein synthesis. Therefore,

we have investigated the effects of physical exercise

and probiotic treatment on liver metabolism and the

pathophysiology of APP/PS1 transgenic mice, by

assessing nuclear factor erythroid 2-related factor 2

(NRF-2), 50 AMP-activated protein kinase (AMPK),

and mammalian target of rapamycin- (mTOR), asso-

ciated pathways.

Materials and methods

Experimental animals

Twenty-four (24), 3-month old, male APP/PS1 trans-

genic mice (B6C3-Tg (APPswe, PSEN1dE9) 85Dbo/
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Mmjax; APP/PS1TG) and six (6) wild type controls

were used in this study. We have previously demon-

strated that cognitive performance is decreased in the

Morris water maze and Y-maze tests in APP/PS1TG

mice (Abraham et al. 2019). Rodents were randomly

divided into control (APP/PS1TG-C), exercised (APP/

PS1TG-E), probiotic treated (APP/PS1TG-P), and

combined (exercise and probiotic treatment, APP/

PS1TG-E-P) groups (n = 6, in each group). The wild

type animals were from the same colony and were

used as the absolute control group (Wt) (n = 6). All

experimental procedures, which were carried out on

the animals, had been approved by the Semmelweis

University Ethics Committee (No: PEI/2015–6/2014).

Experimental design

The experimental groups (E, E-P) were subjected to

exercise of interval running on a rodent treadmill for

20 weeks, with the aim of decreasing the progress of

AD development and functional impairment. Training

was performed four times per week, for 60 min. The

training sessions lasted ten cycles, each cycle consist-

ing of four minutes at high intensity (20 m/min) and

two minutes low intensity (10 m/min). Animals from

the control, probiotic treated, and the wild type control

groups were placed on the treadmill for the same time

period as the trained animals, without receiving any

exercise training.

The probiotic treated mice were supplemented by

Framelin, which contains probiotics Bifidobacterium

longum and Lactobacillus acidophilus lysates, vita-

mins A and D, and omega 3 fatty acids in cod liver oil,

as well as vitamins B1, B3, B6, B9, B12. The

supplementation of Framelin was carried out five

times per week (120 mg/day) for 20 weeks, along

with rodent chow. We monitored daily the food uptake

of all mice and found that probiotic treatment did not

alter the amount of food and water intake of the

animals.

After the 20 week treatment period, animals were

anesthetized with one dose (0.1 ml/10 g bw) of

ketamine via intraperitoneal injection (Richter,

100 mg/ml), and a xylazine (Produlab Pharma,

20 mg/ml) cocktail, and transcardially perfused with

heparinized, ice-cold physiological saline. The liver

was quickly removed and placed on a frozen iced-

cooled glass plate. Fecal samples were collected for

microbiome analyses the day before the end of the

experiment. The samples were stored at - 80 �C until

processing.

14073936–3729-4475-8958-1ad1cf3f27f0

Western blot analysis

The liver of each animal was homogenized in ice and

lysed in a lysis buffer containing 137 mM NaCl,

20 mM Tris–HCl pH 8.0, 1% Nonidet P-40, 10%

glycerol, and tablets of protease and phosphatase

inhibitors. Lysates were centrifuged for 15 min at

14.000 g at 4 �C. Protein concentration was measured

using the Bradford assay (Bradford 1976). Proteins

were separated on 8–15% (v/v) SDS-PAGE (sodium

dodecyl sulphate–polyacrylamide) gels at room tem-

perature (RT) and transferred onto PVDF membrane

(pore size: 0.2 and 0.4 lm) at 4 �C. The nonspecific

binding of immune-proteins was blocked with 5%

BSA (bovine serum albumin) dissolved in Tris-

buffered saline Tween 20 (TBS-T) for 1 h (h) at RT.

After blocking, the membranes were incubated with

primary GAPDH (mouse, 1:40,000; Sigma-Aldrich),

SIRT1 mouse (1:1000, Abcam), SIRT3 rabbit

(1:10,000, ProteinTech), rabbit GLUT4 (1:500, Santa

Cruz), rabbit SOD2 (1:3000, Invitrogen), goat COX4

(1:2000, Abcam), rabbit PGC1-alpha (1:5000, Novus

Biologicals), rabbit S6 Ribosomal Protein (1:5000,

Cell Signaling), rabbit Phospho-S6 Ribosomal Protein

(1:5000, Ser235/236, Cell Signaling), rabbit AMPK

(1:25,000, Cell Signaling), rabbit pAMPK (1:1500,

Cell Signaling), rabbit AKT (1:3000, Cell Signaling,

rabbit pAKT (1:2000, Cell Signaling), rabbit pmTOR

(1:1500, Cell Signaling), rabbit mTOR (1:1000, Cell

Signaling) or rabbit NRF-2 (1:1000, Abcam) antibod-

ies in TBS-T containing 5% BSA, overnight at 4 �C.

After overnight incubation the membranes were rinsed

in TBS-T attended by one hour of incubation with

HRP-conjugated secondary antibodies at RT. The

secondary antibodies were: anti-rabbit, anti-mouse

and anti-goat IgG in TBS-T containing 1% BSA

(1:10,000; Jackson Immunoresearch). Between incu-

bation times, the membranes were washed repeatedly

(3 9 10 min) and after the last washing session,

incubated with an enhanced chemiluminescent

reagent (ECL Star Enhanced Chemiluminescent Sub-

strate; Euroclone) for one minute. The protein bands

were visualized on X-ray film. Bands were quantified

by ImageJ 1.52 software, and total protein normaliza-

tion was used for the analysis.
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Microbiome analysis

Microbiome was analyzed by 16S ribosomal rDNA

amplicon sequencing and bioinformatics as described

previously (Abraham et al. 2019).

Statistical analyses

The Statistica 13.2 program was used for all statistical

analyses. The Shapiro–Wilk W-test was used to deter-

mine normality. For the parametric variables, three-way

ANOVA was used (with the three- degree factorial),

followed by the Tukey’s post hoc test. The correlation

between two variables was measured using the Pearson

coefficient. Statistical significance was established at

P\ 0.05. Means ± SEMs are shown in the figures.

Results

The effects of exercise and probiotics treatment

on liver

Figure 1 shows the differences in microbiome con-

centration of wild, and transgenic control, exercise

trained, as well as probiotic treated mice. It is clear

from these data that the microbiome of APP/PS1TG

mice is very different from the wild type, as the effects

of both interventions alone or in combination signif-

icantly altered the bacterial flora of the microbiome.

As we reported earlier, the changes in the bacterium

flora in the gut microbiome are associated with brain

function and accumulation of amyloid beta proteins

(Abraham et al. 2019).

In the fecal microbiome Firmicutes and Bac-

teroidetes are the most abundant prokaryotic species.

Our results revealed that the ratio of the Firmicutes/

Bacteroides was the lowest in the APP/SP1-P group

and the highest in the Wt group without APP/PS1

overexpression. Indeed, in the Wt control group we

found a decreased ratio of Firmicutes to Bacteroides

species, compared to the APP/PS1 groups. The level

of L. johnsonii positively correlated with beta amyloid

content and area (p\ 0.05) in the hippocampus

(Abraham et al. 2019). However, a significant rela-

tionship was not detected between the level of

bacterial species in the microbiome and the measured

protein levels in the liver. Therefore, it is suggested

that the impact of these interventions on the liver

Fig. 1 The effects of exercise and probiotic treatments on the

gut microbiome of wild and APP/PS1 transgenic mice. The

figure shows the bacterial content of wild type (Wt), (APP/

PS1TG-C), exercise trained (APP/PS1TG-E), probiotic treated

(APP/PS1TG-P), and combined (exercise trained and probiotic

treatment, APP/PS1TG-E-P) groups (n = 6)
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appears to be less pronounced than found in the brain.

Exercise training of probiotic supplementation did not

change the mitochondrial content in the liver, judged

from the levels of COX4 and PGC-1a proteins

(Fig. 2). However, the antioxidant capacity could be

affected. The changes of two important mitochondrial

proteins, SOD2 and SIRT3, are very similar (Fig. 2),

however, significant differences were only observed in

SOD2 levels. APP/PS1TG mice have suppressed levels

of Mn-SOD compared to wild mice, suggesting

elevated sensitivity to oxidative stress. Exercise

training and probiotic treatment increased SOD2

protein levels, but the sum effects of these treatments

neutralized each other. NRF-2, which is one of the

regulators of antioxidant defence, showed a powerful

increase in the probiotic supplemented exercising
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Fig. 2 The effects of exercise and probiotic treatments on

selected protein contents. Exercise and probiotic treatments

randomly altered the selected protein concentrations in the livers

of wild and transgenic animals. Wild type (Wt), control (APP/

PS1TG-C), exercise trained (APP/PS1TG-E), probiotic treated

(APP/PS1TG-P), and combined (exercise trained and probiotic

treatment, APP/PS1TG-E-P) groups (n = 6). *P\ 0.05,

**P\ 0.01, ***P\ 0.001 versus control group, #P\ 0.05,
##P\ 0.01, ###P\ 0.001 versus Wt group. The lines above the

columns indicate the significant differences between the groups

(E-P vs. P; E vs. E-P)
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group, while probiotic treatment itself resulted in

comparable levels of NRF-2 protein as found for the

control group (Fig. 2).

The phosphorylation of AMPK was decreased in

the liver of the exercised group, and the pAMPK/

AMPK ratio was lowest in this group (Fig. 2).

Theoretically, the phosphorylation of AMPK can curb

the activity of mTOR. However, in this study we found

no difference in the levels of phospho mTOR/mTOR

for the wild and control APP/PS1TG mice (Fig. 2) and

the pattern of pAMPK/AMPK and phospho mTOR/

mTOR showed no strong relationship. The ratio of

pmTOR/mTOR tended to decrease in the liver of the

exercise trained mice, but probiotic supplementation

alone resulted in significant increases in the ratio,

when compared to the exercise groups. Surprisingly,

the phospho mTOR/mTOR ratio in the liver of

combination treated animals, showed similar values

to the control animals. In addition, the ratio of

phosphorylated and total ribosomal protein S6 kinase

was statistically similar in all groups and the levels of

GLUT4 in the liver were not altered by the treatments.

Correlated data obtained from the microbiome anal-

yses and the immunoblot results for the liver, did not

demonstrate any significant relationships.

Discussion

Alzheimer’s Disease has a powerful impact on brain

function. However, data suggest that AD also has

systemic effects on the body. It is known, from AD

models in rodents, that AD impairs the function of

peripheral organs such as liver, kidney, and small

intestine (González-Domı́nguez et al. 2015b; Pan et al.

2019). Metabolomic results from APP/PS1 mouse

models revealed that the liver was the organ first

affected during the progression of amyloid pathology,

demonstrating impaired energy metabolism, amino

acid metabolism, nucleic acid metabolism, as well as

ketone and fatty acid metabolism (Zheng et al. 2019).

In addition the systemic effects of physical exercise

have also been well demonstrated (Radak et al.

2008, 2019, 2020). In the present study, we examined

the effects of regular exercise, and probiotic treatment

on the liver.

Liver experiences a significant drop in blood flow

during acute exercise. Because of the central role of

the liver in lipid, protein, and carbohydrate

metabolism, the regular exercise-mediated adaptation

of this organ is of particular importance (Radak et al.

2020).One of the most interesting findings of this

study was that the combined effects of exercise

training and probiotic supplementation significantly

increased the levels of NRF-2 in the liver. NRF-2 is

one of the key players of the cellular defense

mechanisms against oxidative stress via the activation

of antioxidant response element (ARE) genes, includ-

ing SOD (Magesh et al. 2012). However, it is

important to note, that the increase in NRF2 protein

levels does not necessarily mean an increase of the

activation of ARE, since we do not have information

on keap1 expression and translocation of NRF2 (Ma

and He 2012).

Besides the role of NRF-2 in the antioxidant

system, it is also an important regulator of glucose/

glycogen metabolism. Increased levels of NRF-2 in

the liver are associated with increased glycogen

content, but decreased content in skeletal muscle

(Uruno et al. 2016). In the exercise plus probiotics

treated group we found enhanced levels of NRF-2,

which could indicate that the joint effects of these

treatments increased the glycogen stores in the liver,

which could be part of an adaptive process to training.

However, the levels of GLUT4 remained unchanged.

The increased protein content of SOD2 could easily be

the NRF-2 mediated induction of ARE. It is important

to note, that the SOD2 levels in APP/PS1 transgenic

mice were significantly lower than those of the wild

types, suggesting a mitochondrial oxidative stress.

Indeed, it has been shown that APP/PS1 transgenic

animals suffer from impaired mitochondrial transport

(Völgyi et al. 2018), increased mitochondrial ROS

generation, increased 8-oxodG content, and SOD2

levels in the hippocampus (Bo et al. 2014). Our data

suggest, that in this AD model the mitochondrial

network, not only in the brain, but also in the liver, is

under oxidative stress. Moreover, it is important to

note that NRF-2 also has an anti-inflammatory role

since it can suppress nuclear factor (NF)jB (Abdel-

salam and Safar 2015). It is also known that exercise

can curb the age-associated increase in NF-kB activity

in rodents (Radák et al. 2004). Our probiotic treat-

ment, Framelin, contained omega 3, B12 vitamin and

lactobacillus, the levels of which correlated with

lifespan on a caloric restricted model, with reduced

inflammation (Zhang et al. 2013). Therefore, the

combined effects of exercise and Framelin treatment
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could suppress the inflammatory process associated

with this AD model (Duyckaerts et al. 2007).

The decreased levels of pAMPK/AMPK ratio in the

exercised group suggest enhanced gluconeogenesis,

which promotes generation of glucose from various

sources such as tryglycerides, proteins, and lactate.

Decreased pAMPK/AMPK levels and an increased

pmTOR/mTOR ratio, could mean increased levels of

apoptosis in the liver (Chen et al. 2019). However, in

our case, the pmTOR/mTOR ratio in the exercise

trained transgenic animals was decreased, albeit not

significantly, compared to the control group. This

could be an interesting observation, since it has been

suggested that inhibition of the mTOR pathway, by

nutrient, could lead to an increased life-span (Johnson

et al. 2013). On the other hand, the pmTOR/mTOR

ratio of the probiotic treated transgenic animals was

significantly higher than that of the exercise trained

and probiotic treated groups, suggesting that the given

probiotic treatment might have pro-aging effects on

the liver. This is interesting, since the probiotics we

used, Framelin, contained Bifidobacterium longum,

Lactobacillus acidophilus lysates, besides B vitamins

and omega 3 fatty acids, which could improve the

antioxidant defense (Guo et al. 2017; Liakopoulos

et al. 2019), while the alteration of the pmTOR/mTOR

pathway, could stimulate pro-aging cellular signaling.

The ribosomal protein S6 kinase is down-stream in

the mTOR signaling pathway, which encodes a

number of important kinases in the induction of

protein synthesis (Tavares et al. 2015). In the present

study we could not detect a significant alteration of the

pS6/S6 ratio. However, the combined effects of

exercise and probiotics did tend to suppress the ratio

(p\ 0.854).

Overall, the obtained results suggest that liver is

under oxidative stress in APP/PS1 transgenic mice,

due to the suppressed antioxidant defense, and exer-

cise training has beneficial effects on the antioxidant

system in this Alzheimer’s model. Our data suggest

that exercise and probiotics-induced changes in the

microbiome do not strongly affect the mitochondrial

density, and protein synthesis- related AMPK/mTOR/

S6 pathways.
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