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Animal Models of Cognitive Deficits for Probiotic Treatment 8 

 9 

Abstract 10 

Cognitive dysfunction is a common symptom of neurodegenerative diseases, such as 11 

Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease, and is known to 12 

be caused by the structural and functional loss of neurons. Many natural agents that 13 

can improve cognitive function have been developed and assessed for efficacy using 14 

various cognitive deficit animal models. As the gut environment is known to be 15 

closely connected to brain function, probiotics are attracting attention as an effective 16 

treatment target that can prevent and mitigate cognitive deficits as a result of 17 

neurodegenerative diseases. Thus, the objective of this review is to provide useful 18 

information about the types and characteristics of cognitive deficit animal models, 19 

which can be used to evaluate the anti-cognitive effects of probiotics. In addition, this 20 

work reviewed recent studies describing the effects and treatment conditions of 21 

probiotics on cognitive deficit animal models. Collectively, this review shows the 22 

potential of probiotics as edible natural agents that can mitigate cognitive impairment. 23 

It also provides useful information for the design of probiotic treatments for cognitive 24 

deficit patients in future clinical studies.  25 

 26 

Keywords: Cognitive deficits, Probiotics, Neurodegenerative disease, Gut–Brain Axis 27 
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Introduction  32 

With rapid social development and the continued introduction of new medical 33 

technology, human life expectancy is gradually increasing, causing many countries 34 

around the world to become aging societies. Although aging is closely associated with 35 

cognitive decline, a broad range of different cognitive abilities was found even in 36 

people of the same age, and severe cognitive impairment could be detected in patients 37 

suffering from neurodegenerative diseases, such as Alzheimer’s disease (AD) and 38 

Parkinson’s disease (PD) (Chiu et al., 2006; Christensen et al., 1999). This indicates that 39 

age-dependent cognitive decline may be controlled. It has been reported that the 40 

prevalence of dementia is doubling every 20 years and is expected to reach 131.5 41 

million cases by 2050 (Alladi et al., 2011; Bowler et al., 1998). Therefore, huge social 42 

and economic costs will be incurred as a result. As such, there is increasing demand 43 

for the development of efficient drugs that can treat dementia.  44 

Many agents have been developed to mitigate cognitive deficits, a major effect of 45 

dementia. Since AD is the most common neurodegenerative disease, which manifests 46 

as severe cognitive impairments, researchers have focused on developing agents that 47 

can inhibit the amyloid beta (Aβ) peptide-mediated cascade events, such as oxidative 48 

stress, mitochondria dysfunction, and neuronal death in the brain. Many natural 49 

agents, which can attenuate Aβ-induced neurological disorder with cognitive declines, 50 

have been developed from foods (Ravi et al., 2019), plants (Akter et al., 2021; Deng et 51 

al., 2020) , and seaweed (Kwon and Lee, 2020; Kwon and Lee, 2021). Recently, various 52 

studies have reported that the gut environment can interact closely with the brain via 53 

the nervous system (Collins et al., 2012) and chemicals (Briguglio et al., 2018). In the 54 

connection between the brain and gut, the so-called gut–brain axis, gut microbiota 55 

have been proven to be a major regulator since they can exchange information 56 

between the gut and brain and also produce neuromodulators, such as short-chain 57 

fatty acids, glutamate, and serotonin. These neuromodulators can reach the central 58 
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neurons via the circulatory system, finally affecting neuronal activity and causing 59 

behavioral changes (Logsdon et al., 2018).  60 

Probiotics, which are defined as “viable microbial food supplements that have 61 

beneficial effects on human health” (Salminen et al., 1998), have been studied for their 62 

effects on various diseases, such as inflammation (Vitetta et al., 2012) and 63 

immunological disorders (Vitetta et al., 2018). Since it is known that controlling the 64 

gut microbiota is important in regulating neurological disorders (Morais et al., 2021), 65 

many efforts have attempted to use probiotics to treat neurodegenerative diseases. 66 

Since a huge number of probiotic strains have been developed, the demand for an 67 

accurate estimating system to test each probiotic strain is gradually increasing. 68 

Therefore, the use of proper cognitive deficit animal models is important to evaluate 69 

the anti-cognitive deficit function of each probiotic strain. In this paper, we summarize 70 

various animal models and probiotic strains that have been used to test the effects of 71 

anti-cognitive deficits. These results provide useful information about ways to further 72 

the development of probiotic-based drugs for human treatments  73 

 74 

Chemical-induced cognitive deficit animal models for probiotic 75 

treatment 76 

Various chemical-induced cognitive deficit animal models have been developed 77 

and used to test the anti-cognitive deficit activities of probiotics. The characteristics of 78 

each animal model are summarized in Table 1, and the treatment conditions and 79 

probiotic strains used in these mice are listed in Table 3.  80 

  81 

D-galactose-induced accelerated aging mouse model 82 

Since D-galactose (D-gal), a normal carbohydrate, can be found in various foods, 83 

such as cheese, butter, and honey, D-gal is absorbed into the body through the intake 84 
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of these foods and used in the biochemical pathways to produce metabolic energy. 85 

However, high levels of D-gal in the body are considered an oxidative stressor to cells 86 

because D-gal can be oxidized by galactose oxidase, resulting in aldehyde and 87 

hydrogen peroxide production. Thus, the chronic administration of D-gal to rodents 88 

could lead to oxidative damage to cells, including those in the brain, resulting in a 89 

progressive loss of memory. Many studies have shown that mitochondrial 90 

dysfunction, oxidative stress, neuronal death, and cognitive deficits occur in mouse 91 

brains when excess D-gal is supplied (Kumar et al., 2009; Prakash and Kumar, 2013; 92 

Rehman et al., 2017). Therefore, a D-gal-induced rodent model could be used to test 93 

the anti-cognitive deficit effects of new agents, including probiotics.       94 

To make D-gal-induced cognitive deficit rodent models, 100–200 mg/Kg body 95 

weight/day of D-gal should be injected for 6–10 weeks, which seems to be enough 96 

doses to cause progressive loss of memory (Lu et al., 2010; Shwe et al., 2018). In most 97 

reports, the candidate materials were continuously fed from the time D-gal was 98 

injected to the end of the D-gal injection period. A few reports have demonstrated the 99 

anti-cognitive deficit function of probiotics by using the D-gal-induced cognitive 100 

deficits model. For example, Lactobacillus paracasei PS23, which is isolated from human 101 

feces, has been reported to have an anti-cognitive deficit function. L. paracasei PS23 (109 102 

CFU/d/mice) was administrated to D-gal (100 mg/kg bw/d)-injected mice for 10 weeks 103 

to attenuate anxiety-like behavior and prevent the loss of long-term memory induced 104 

by D-gal (Cheng et al., 2022). The oral administration of L. pentosus var. plantarum C29 105 

(1010 CFU/d/mice) isolated from kimchi, a traditional Korean food, to D-gal-injected 106 

mice (100 mg/kg bw/d of D-gal for 10 weeks) ameliorated D-gal-induced memory 107 

impairment (Woo et al., 2014). (Song et al., 2022) reported that the oral administration 108 

of Bacillus coagulans JA845 (109 CFU /d/mice) to D-gal-induced cognitive deficit mice 109 

(injected with 120 mg/kg bw/d of D-gal for 10 weeks) inhibited oxidative stress in the 110 

brain, loss of hippocampal neurons, and loss of long-term memory. Collectively, these 111 
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data suggest that probiotics other than the above strains have great potential for 112 

attenuating D-gal-induced cognitive impairment.  113 

 114 

Amyloid beta (Aβ)-induced cognitive deficits model 115 

Aβ is a 4 kDa peptide of 36–43 amino acids generated from the amyloid precursor 116 

protein (APP) by the proteolytic reaction of β-secretase and γ-secretase (Wang et al., 117 

2021). Aβ aggregates to form amyloid plaques, which can induce toxicity to neuronal 118 

cells, and amyloid plaques are easily detected in the brains of AD patients. Therefore, 119 

Aβ-mediated neurotoxicity is considered a major target in developing anti-AD drugs. 120 

To make a cognitive deficit animal model that mimics AD, intracerebroventricular 121 

(ICV) injection of Aβ has been used, and once Aβ is injected into the mice brain directly, 122 

neuronal death followed by loss of learning and memory function could be detected 123 

from 3–6 d after injection (Ali et al., 2015; Kobayashi et al., 2017; Kwon and Lee, 2020). 124 

To construct the Aβ-induced cognitive impairment animal model, stereotaxic 125 

apparatuses are often used to accurately inject Aβ into the bregma region without 126 

brain damage. However, the direct injection method without stereotaxic apparatuses 127 

is also used to introduce cognitive deficits in mice by the direct injection of Aβ peptide 128 

(Kim et al., 2016). Most reports injected 100 μmol of Aβ peptide, and cognitive 129 

impairment could be detected with a single injection. Therefore, Aβ-injected mouse 130 

can be used to estimate the anti-AD activity of drug candidates.  131 

Probiotics have been reported to be a potential candidate for preventing Aβ-132 

mediated neurodegeneration (Kobayashi et al., 2017). The oral administration of 133 

Bifidobacterium breve A1 (1×109 /d/mice) to Aβ-injected mice for 10 d inhibited Aβ-134 

mediated cognitive dysfunction (Kobayashi et al., 2017). (Zhu et al., 2021) reported 135 

that oral treatment with B. breve CCFM1025 and WX (0.6×109/d/mice) for 6 weeks 136 

recovered Aβ-mediated synaptic plasticity decrease through the regulation of the gut 137 
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microbiome. Thus, these results suggest that a cognitive deficit animal model induced 138 

by Aβ injection could be used to evaluate the regulatory function of probiotics in 139 

cognitive impairments.  140 

 141 

Scopolamine-induced cognitive deficits in mice 142 

Acetylcholine is a neurotransmitter that plays an important role in cortical 143 

development, sleep–wake cycles, and memory and cognitive function (Bruel-144 

Jungerman et al., 2011; Lopez-Sobaler et al., 2021; Van Erum et al., 2019). Reduced 145 

cholinergic activity with a loss of cortical cholinergic neurons in the hippocampus is 146 

often detected in neurodegeneration, and it has been considered a cause of memory 147 

impairment in AD (Whitehouse et al., 1981; Whitehouse et al., 1982). Therefore, 148 

inhibiting the central cholinergic system has been proposed as a way to build an 149 

animal model with limited cognitive function. Scopolamine is an anti-cholinergic drug 150 

that blocks the binding between acetylcholine and muscarinic receptors, resulting in 151 

the excess release of acetylcholine (Lazareno et al., 2000). Thus, the administration of 152 

scopolamine to mice results in the loss of hippocampus neurons and learning and 153 

memory impairments. A single intraperitoneal injection of scopolamine (11.5 mg/kg 154 

bw) to mice could induce cognitive impairment within 1 h, but repetitive 155 

administration of scopolamine (once/d) is recommended during behavioral tests 156 

(Choi et al., 2021; Kim et al., 2021b; Yadang et al., 2020).   157 

Several studies have shown that scopolamine-induced cognitive impairment can 158 

be attenuated by probiotic treatment. For example, the administration of L. johnsonii 159 

CJLJ103 (1 × 109 CFU/d/mice) for 5 d restored the scopolamine-induced decrease of 160 

spontaneous alteration (%) estimated by the Y-maze test (Lee et al., 2018). (Patel et al., 161 

2020) reported that the oral administration of L. rhamnosus UBLR-58 (1 × 109 162 

CFU/d/mice) for 10 d enhanced curcumin’s effects against scopolamine-induced 163 

cognitive deficits. Collectively, these studies suggest that probiotics could be active 164 
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agents that control for cognitive deficits induced by the impairment of the cholinergic 165 

system. 166 

 167 

LPS-induced cognitive deficits in mice 168 

Systemic inflammation induced by infectious agents has been recognized as a 169 

cause of cognitive dysfunctions (Banks et al., 2002; Konsman et al., 2002), and elevated 170 

inflammatory responses increase the amount of circulating proinflammatory 171 

cytokines that can change the central nerve system (Perry, 2004). In addition, it has 172 

been suggested that inflammatory cytokines can stimulate Aβ production and 173 

attenuate the secretion of APPs (Blasko et al., 1999; Buxbaum et al., 1992). Thus, the 174 

association between chronic infection and AD has been intensively studied to prevent 175 

cognitive deficits (Panza et al., 2019). Since neuroinflammation can occur via 176 

infiltration from Gram-negative bacteria, such as Chlamydia pneumoniae and 177 

Porphyromonas gingivalis (MacIntyre et al., 2003; Shoemark and Allen, 2015), 178 

lipopolysaccharide (LPS), which is a cell wall component of Gram-negative bacteria, 179 

has been widely used to construct cognitive deficit animal models. Injection of LPS 180 

(0.251 mg/kg bw/d) in the abdominal cavity of mice for 4–7 consecutive d could 181 

produce neuroinflammatory responses with cognitive impairments. LPS can also be 182 

administered directly to brain tissue via ICV injection (Kamdi et al., 2021; Shoemark 183 

and Allen, 2015; Yang et al., 2020a). A single ICV injection of LPS (212 μg) solution 184 

using a micro syringe or stereotaxic coordinates could induce neuroinflammatory 185 

responses with cognitive deficits from 1–7 d after injection (Zhao et al., 2019; Zhou et 186 

al., 2006). Therefore, an LPS-induced animal model could be used to evaluate the anti-187 

cognitive deficit effects of probiotics. In fact, the L. plantarum NK51 and B. longum 188 

KN173 strains were reported to have preventive activity against LPS-induced 189 

neuroinflammation (Lee et al., 2021), and probiotic mixtures (L. helveticus R0052 and 190 
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B. longum R0175) were also proven to have anti-cognitive deficit effects on LPS-191 

induced rat models (Mohammadi et al., 2019). In addition, it was reported that an oral 192 

gavage of Lactococcus lactis subsp. cremois LL95 (1 × 109 CFU/d/mice) for 7 d 193 

ameliorated mood disorders in an LPS-induced depression-like mice model (Ramalho 194 

et al., 2022), and the administration of a probiotic mixture (B. animalis subsp. lactis 195 

BL03, B. animalis subsp. lactis BI04, B. breve BB02, L. acidophilus BA05, L. helveticus BD08, 196 

L. paracasei BP07, L. plantarum BP06, and Streptococcus thermophilus BT01) (1 × 109 197 

CFU/d/mice) for 15 d attenuated LPS-induced pro-inflammatory responses and 198 

sickness behavior (Petrella et al., 2021). These reports suggest that probiotics could be 199 

developed as effective agents that can ameliorate LPS-mediated neuroinflammation 200 

and cognitive deficits.  201 

 202 

Transgenic animal models that have cognitive deficit phenotypes 203 

Various transgenic animal models that show cognitive impairment have been 204 

developed. Each mouse line showed subtly different characteristics in neuronal 205 

development and behavior disorders. The characteristics of the cognitive deficit 206 

transgenic animal models used for evaluating the anti-cognitive deficit effects of 207 

probiotics are summarized in Table 2, and the probiotic strains, treatment conditions, 208 

and behavior changes are listed in Table 3.  209 

 210 

Senescence-accelerated mouse (SAM) 211 

The senescence-accelerated mouse prone 8 (SAMP8) mouse line is derived from 212 

mice that have a naturally accelerated aging phenotype (Takeda et al., 1981). The 213 

SAMP8 mouse line shows an age-dependent increase in Aβ in the hippocampal area 214 

from 4 to 12 months after birth. SAMP8 mice exhibit age-associated cognitive 215 

impairment (from 8 to 10 months), reduced anxiety-like behavior, and reduced 216 
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lifespan (Miyamoto et al., 1992; Miyamoto et al., 1986). Although the detailed 217 

molecular mechanisms behind early senescence in SAMP8 mice have not been fully 218 

elucidated, excessive oxidative stress has been suggested as a cause of cognitive 219 

dysfunction in the SAMP8 mouse line (Morley et al., 2012). Therefore, the SAMP8 220 

mouse line could be an excellent animal model for studying age-dependent cognitive 221 

deficits.  222 

Intriguingly, reports have shown that short- and long-term memory loss in 223 

SAMP8 mice was attenuated through the oral administration of a probiotic mixture 224 

(Yang et al., 2020b). SAMP8 mice (9-month-old males) were orally administered 225 

ProBiotic-4, a mixture of B. lactis (50%), B. bifidum (12.5%), L. acidophilus (12.5%), and 226 

L. casei (25%), for 12 weeks, and showed that memory deficits and neuronal injury 227 

were improved, and aging-related disruption of the intestinal barrier was attenuated. 228 

These results suggest that SAMP8 mice could be used as an animal model to evaluate 229 

probiotic effects on age-related cognitive impairment.  230 

 231 

AppNL-G-F mice 232 

The AppNL-G-F mice are transgenic mice constructed by the knock-in of the APP gene 233 

containing four amino acids. In AppNL-G-F mice, the lysine (K) and methionine (M) 234 

amino acids at the 670/671 positions of the APP gene are substituted with asparagine 235 

(N) and leucine (L), respectively (KM670/671NL). In addition, isoleucine (I) at the 716 236 

position and glutamic acid (E) at the 693 position of the APP gene are mutated to 237 

phenylalanine (F) (I716F) and glycine (G) (E693G), respectively. These four mutation 238 

sites of the APP gene were found in human families that struggled with cognitive 239 

deficits (Guerreiro et al., 2010; Mullan et al., 1992; Nilsberth et al., 2001). The AppNL-G-F 240 

mouse line shows aggressive Aβ amyloidosis in an age-dependent manner. AppNL-G-F 241 

mice show Aβ deposition from 2 months after birth, and maximum memory 242 

impairment is shown at 12 months (Mehla et al., 2019; Saito et al., 2014). Therefore, 243 
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AppNL-G-F mice are considered to have cognitive deficits in animal models that represent 244 

the typical Aβ pathology.  245 

It was reported that the oral administration of VSL#3, a probiotic mixture (1.28 × 246 

109 CFU/d/mice) that consists of L. plantarum, L. delbrueckii subsp. Bulgaricus, L. 247 

paracasei, L. acidophilus, B. breve, B. longum, B. infantis, and S. salivarius subsp. 248 

thermophiles, for 8 weeks reduced intestinal inflammation and anxiety-like behavior in 249 

AppNL-G-F mice (Kaur et al., 2020a; Kaur et al., 2020b). Although not many probiotic trials 250 

on AppNL-G-F mice have been reported, AppNL-G-F mice are thought to be an attractive 251 

animal model for estimating the probiotic effects on Aβ amyloidosis.  252 

  253 

APP/PS1 transgenic mice 254 

APP/PS1 transgenic mice are created by introducing a human APP gene containing 255 

KM670/671NL mutations and presenilin-1 (PSEN1) possessing an L166P mutation. 256 

APP/PS1 transgenic mice exhibit increased Aβ production in an age-dependent 257 

manner, and Aβ deposition is detected in the neocortex from approximately 6 weeks 258 

after birth. Aβ deposition on the hippocampus can be detected from 3 to 4 months of 259 

age, and APP/PS1 transgenic mice are known to show spatial learning and memory 260 

impairment from 7 months of age (Lok et al., 2013; Radde et al., 2006).  261 

APP/PS1 transgenic mice have also been used to estimate probiotics’ effects on 262 

cognitive deficits. Oral administration of the L. plantarum ATCC 8014 strain (1 × 109 263 

CFU/d/mice) to APP/PS1 mice for 12 weeks ameliorated Aβ deposition in the 264 

hippocampus and cognitive impairment (Wang et al., 2020). The administration of B. 265 

lactis Probio-M8 (2 × 1010 CFU/d/mice) to APP/PS1 transgenic mice for 45 d attenuated 266 

Aβ plaque formation and improved spatial working memory, which was estimated 267 

by using the Y-maze test (Cao et al., 2021). (Sun et al., 2020) reported that the daily 268 

administration of Clostridium butyricum WZMC1016 (0.2 × 109 CFU/d/mice) for 4 weeks 269 
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effectively ameliorated Aβ deposition, microglia activation, and cognitive 270 

impairments in APP/PS1 transgenic mice. The evidence strongly suggested that 271 

APP/PS1 transgenic mice could be used to evaluate probiotics’ effects on age-272 

dependent amyloid deposition accompanied by cognitive dysfunction. 273 

 274 

3xTg-AD mice 275 

3xTg-AD mice are developed by integrating the three mutated AD-related genes, 276 

specifically APP, PSEN1, and microtubule-associated protein Tau (MAPT). 3xTg-AD 277 

mice harboring APP (KM670/671NL), PSEN1 (M146V), and MAPT (P301L) genes 278 

showed progressive Aβ deposition from 3 to 4 months of age, and 279 

hyperphosphorylated tau protein could be detected at 12–15 months of age (Oddo et 280 

al., 2003). 3xTg-AD mice were reported to have mildly impaired spatial learning and 281 

memory function, and the Barnes maze test was determined to be the most sensitive 282 

way to estimate cognitive deficits in 3xTg-AD mice (Stover et al., 2015). Thus, 3xTg-283 

AD mice have been recognized as a valuable animal model for estimating anti-AD 284 

therapeutics.  285 

3xTg-AD mice have also been used to evaluate the anti-AD effects of probiotics. 286 

(Bonfili et al., 2017) reported that oral treatment with SLAB51, a probiotic mixture that 287 

consists of S. thermophilus, B. longum, B. breve, B. infantis, L. acidophilus, L. plantarum, L. 288 

paracasei, L. delbrueckii subsp. bulgaricus, and L. brevis, to 3xTg-AD mice (8-week-old 289 

males) for 4 months attenuated Aβ aggregation, brain damage, and cognitive decline. 290 

Another probiotic mixture, Lab4b, which consists of L. salivarius CUL61 (NCIMB 291 

30211), L. paracasei CUL08 (NCIMB 30154), B. bifidum CUL20 (NCIMB 30153), and B. 292 

animalis subsp. lactis CUL34 (NCIMB 30172), was proven to have anti-AD effects on 293 

the 3xTg-AD mouse model. Oral treatment with Lab4b (5 × 108 CFU/d/mice) in 12-294 

week-old 3xTg-AD mice for 12 weeks improved recognition memory sensitivity, 295 
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which was estimated using the novel objection recognition (NOR) test (Webberley et 296 

al., 2022). Collectively, these reports support the possibility of using 3xTg-AD mice to 297 

evaluate the anti-cognitive impairment effects of probiotics.   298 

 299 

5xFAD mice 300 

It has been reported that mutations in AD-related genes, such as APP and 301 

presenilins (PS1 and PS2), are closely associated with familial AD (FAD), which 302 

express high levels of Aβ. 5xFAD mice is an APP/PS1 transgenic mouse model that 303 

expresses five FDA mutations (APPKM670/671NL, APPI716V, APPV717I, PSEN1M146L, and 304 

PSEN1L286V) that result in the rapid accumulation of cerebral Aβ. The advantage of 305 

5xFAD mice is that intraneuronal Aβ accumulation was detected at 1.5 months of age, 306 

which is relatively early, and neuronal loss started from 6 months of age with 307 

amyloidosis. In addition, it was reported that the impairment of spatial working 308 

memory was detected at 4–5 months (Devi and Ohno, 2010; Oakley et al., 2006). 309 

Therefore, 5xFAD mice could be used as an animal model for estimating the effects of 310 

anti-cognitive deficit agents.  311 

   Several reports have assessed functional probiotics against AD-like phenotypes by 312 

using 5xFAD mice. (Lee et al., 2019) reported that B. longum NK46, which is isolated 313 

from human fecal matter, has anti-AD effects. Oral administration of B. longum NK46 314 

(1×109 CFU/mouse/d) to 5xFAD mice (6 months old) for 1 and 2 months attenuated the 315 

hippocampal accumulation of Aβ and cognitive decline. B. bifidum BGN4 and B. 316 

longum BORI were also reported to have anti-AD activities in 5xFAD mice. The 317 

administration of a probiotic mixture (B. bifidum BGN4 + B. longum BORI) (1×109 CFU/ 318 

mouse/d) to 5xFAD mice (3 months old) for 30 d inhibited the loss of hippocampal 319 

neurons and cognitive decline estimated by the Y-maze test (Kim et al., 2021a). These 320 

reports suggest that 5xFAD, which exhibits AD-like physiology at a relatively early 321 
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stage, could be an excellent animal model for evaluating the anti-cognitive deficit 322 

activity of probiotics.  323 

 324 

Conclusion 325 

   Several animal models for cognitive impairment have been developed. If these 326 

animal models are properly used to estimate the anti-cognitive deficit activity of 327 

probiotics, more efficient and powerful probiotic-based anti-neurodegenerative 328 

disease agents could be developed. Additionally, these approaches will shed light on 329 

the detailed molecular mechanisms behind how probiotics modulate the gut–brain 330 

axis to attenuate the cognitive impairments that occur as a result of neurodegenerative 331 

diseases.    332 
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Table 1. Chemical-induced cognitive deficit animal models  

 

IP: Intraperitoneal; ICV: Intracerebroventricular; LPS: Lipopolysaccharides; Aβ: beta-amyloid. 

 Name Doses/Methods Major phenotypes Refs 

Chemical-

induced 

cognitive deficit 

animal models 

D-galactose-induced 

mice 

IP injection of D-galactose (100–120 mg/kg bw/d) for 

612 weeks. 

Cognitive impairment  

Mitochondrial dysfunction 

Neuronal degeneration 

Apoptosis 

Depression and anxiety 

(Liu et al., 2021; 

Parameshwaran et al., 2010; 

Woo et al., 2014) 

Aβ-induced mice 
ICV injection of Aβ peptide solution (5003000 μg). 

Aβ peptide aggregation occurs within 328 d. 

Cognitive impairment 

Aβ accumulation 

Neuronal loss 

(Ali et al., 2015; Kobayashi 

et al., 2017; Kwon and Lee, 

2020) 

Scopolamine-induced 

mice 

IP injection of scopolamine (11.5 mg/kg bw/d) to 

mice could induce cognitive impairment within 1 h, 

but repetitive administration of scopolamine (once/d) 

is recommended during behavioral tests. 

Cognitive impairment 

Neuronal degeneration 

Apoptosis 

(Choi et al., 2021; Kim et al., 

2021b; Yadang et al., 2020) 

LPS-induced mice 

IP injection of LPS (0.251 mg/kg bw/d) in the 

abdominal cavity for 5–7 consecutive d. 

Cognitive impairment  

Mitochondrial dysfunction 

Neuroinflammation 

(Kamdi et al., 2021; 

Shoemark and Allen, 2015; 

Yang et al., 2020a) 

ICV injections of LPS (212 μg). 

Cognitive deficiency due to neuroinflammation 

occurs 17 d after LPS injection. 

Cognitive impairment  

Mitochondrial dysfunction 

Neuroinflammation 

(Zhao et al., 2019; Zhou et 

al., 2006) 
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Table 2. Transgenic mouse models that have cognitive deficit phenotypes 

 Name Promoter Mutation(s) Symptoms  Refs 

Senescence-

accelerated 

mouse prone 

(SAMP) 

SAMP8 mice   

Age-associated increase in Aβ deposition in hippocampal  

from 4 to 12 months  

⇒ Astrogliosis, microgliosis, and cognitive deficits  

(Takeda et al., 1981) 

Single APP 

knock-in 
AppNL-G-F mice 

Endogenous 

APP 

APPKM670/671NL, E693G, I716F 

 

Aβ plaque deposition observed starting at 2 months  

and is nearly saturated by 7 months  

⇒ Gliosis and cognitive deficits 

(Guerreiro et al., 2010; 

Mullan et al., 1992; 

Nilsberth et al., 2001) 

Double 

transgenic 

APP-Tg × 

PSEN1-Tg 

APP/PS1 transgenic 

mice 

Mouse Thy1 

 (APP, PS1) 

APPKM670/671NL 

PS1I166P 

Aβ plaque deposition starting at approximately  

6 weeks of age in the neocortex  

⇒ Astrogliosis, microgliosis, formation of dystrophic 

neuritis, neuronal loss, and cognitive deficits  

(Maia et al., 2013; Radde 

et al., 2006) 

5xFAD transgenic 

mice 

Mouse Thy1.2 

 (APP, PS1) 

APPKM670/671NL,I716V,V717I 

PS1M146L,L286V 

Neuron loss occurs in multiple brain regions beginning at 

6 months of age  

⇒ Astrogliosis, microgliosis, neuronal loss, and 

cognitive deficits 

(Devi and Ohno, 2010; 

Oakley et al., 2006) 

Triple 

transgenic 
3xTg-AD mice 

Mouse Thy1.2 

 (APP) 

Endogenous 

 (PS1) 

APPK670N,M671L  

PS1M146V  

MAPTP301L 

Aβ deposition with intracellular immunoreactivity 

detected in some brain regions as early as 3–4 months of 

age 

⇒ Gliosis and cognitive deficits  

(Oddo et al., 2003) 

 

Tg: Transgenic, Thy: Promotor of Thy-1 cell surface antigen gene, APP: Amyloid precursor protein, PS1: Presenilin-1, MAPT: Microtubule-associated protein tau, NFT: 

Neurofibrillary tangles. 
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Table 3. Effects of probiotics on cognitive deficits in animal models 

Animal models 
Strains 

(age, sex) 

Proposed 

disease 

models 

Probiotics 

(sources) 
Doses Effects 

Behavior 

experiments 
Refs 

Chemical-

induced 

cognitive 

deficit 

animal 

models 

D-

galactose 

induced 

mice 

C57BL/6J 

(20-week-

old males) 

 

Alzheimer’s 

disease 

 

Lactobacillus. pentosus var. plantarum 

C29 

(Kimchi) 

1 × 1010 

CFU/d/mouse 

for 5 weeks 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze 

Morris water 

maze 

Passive avoidance 

(Woo et 

al., 

2014) 

C57BL/6J 

(8-week-old 

males) 

Alzheimer’s 

disease 

L. paracasei PS23 

(Fermented milk) 

1 × 1010 

CFU/d/mouse 

for 9 weeks 

Improvement of 

spatial memory 

Morris water 

maze 

Open field 

(Cheng 

et al., 

2022) 

ICR 

(males) 

Alzheimer’s 

disease 

Bacillus coagulans JA845 

(Fermented pickle) 

1 × 109 

CFU/d/mouse 

for 10 weeks 

Improvement of 

spatial memory 

Morris water 

maze 

(Song et 

al., 

2022) 

Aβ 

induced 

mice 

ddY mice 

(10-week-

old males) 

Alzheimer’s 

disease 

Bifidobacterium breve A1 

(Yogurt) 

1×109 

CFU/d/mouse 

for 10 d 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze test 

Passive avoidance 

(Kobay

ashi et 

al., 

2017) 

C57BL/6J 

(8-week-old 

males) 

Alzheimer’s 

disease 

B. breve NMG  

B. breve MY 

B. breve CCFM1025 

B. breve XY  

B. breve WX  

(Human feces) 

0.6 × 109 

CFU/d/mouse 

for 6 weeks 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze 

Morris water 

maze 

Passive avoidance 

(Zhu et 

al., 

2021) 

Scopola

mine 

induced 

Swiss 

albino 

(Females) 

Alzheimer’s 

disease 

L. rhamnosus UBLR-58 

(Kimchi) 

1 × 109 

CFU/d/mouse 

for 10 d 

Improvement of 

spatial memory 

Morris water 

maze 

(Patel et 

al., 

2020) 
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mice 

ICR 

(6-week-old 

males) 

Alzheimer’s 

disease 

L. johnsonii CJLJ103 

(Human feces) 

1 × 109 

CFU/d/mouse 

for 5 d 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze 

Passive avoidance 

(Lee et 

al., 

2018) 

LPS-

induced 

mice 

C57BL/6 

(8-week-old 

males) 

Alzheimer’s 

disease 

Lactococcus lactis subsp. cremoris 

LL95 

(Mozzarella cheese) 

1 × 109 

CFU/d/mouse 

for 7 d 

Improvement of 

spatial memory 

Sucrose 

preference 

Open field Forced 

swim 

(Ramal

ho et 

al., 

2022) 

C57BL/6 

(6-week-old 

males) 

Alzheimer’s 

disease 

B. longum NK173 

L. plantarum NK151  

(Human feces) 

1 × 109 

CFU/d/mouse 

for 5 d 

Improvement of 

spatial memory 

Y-maze, 

Novel object 

recognition 

(Lee et 

al., 

2021) 

C57BL/6J, 

(8-week-old 

males) 

Alzheimer’s 

disease 

B. animalis subsp. lactis BL03 

B. animalis subsp. lactis BI04  

B. breve BB02  

L. acidophilus BA05 

L. helveticus BD08  

L. paracasei BP07  

L. plantarum BP06 

Streptococcus thermophilus BT01 

(Human feces) 

1 × 109 

CFU/d/mouse 

for 15 d 

Improvement of 

spatial memory 

Finding space well 

has the effect of 

reducing anxiety 

symptoms 

Open field 

Plus maze 

(Petrell

a et al., 

2021) 

Transgenic 

mouse 

models 

which have 

cognitive 

deficits 

phenotypes 

SAMP8 

mice 

9-month-

old 

(Male) 

Alzheimer’s 

disease 

ProBiotic-4 

(B. lactis, L. casei, B. bifidum,       

L. acidophilus) 

(Fermented milk) 

2 × 109 

CFU/d/mouse 

for 12 weeks 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze 

Passive avoidance 

(Yang et 

al., 

2020b) 

AppNL-G-F 

mice 

6–8 months 

old 

Alzheimer’s 

disease 

VSL#3 

(L. plantarum, L. delbrueckii subsp. 

1.28 × 109 

CFU/d/mouse 

Finding space well 

has the effect of 

Cross-maze 

rodent behavior  

(Kaur et 

al., 
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(Female) bulgaricus, L. paracasei, L. acidophilus, 

B. breve, B. longum, B. infantis, and S. 

salivariussub) 

(Yogurt, fermented milk) 

for 8 weeks reducing anxiety 

symptoms 

2020b) 

6–8-month-

old 

(Female) 

Alzheimer’s 

disease 

VSL#3 

(L. plantarum, L. delbrueckii subsp. 

bulgaricus, L. paracasei, L. acidophilus, 

B. breve, B. longum, B. infantis, and S. 

salivariussub) 

(Yogurt, fermented milk) 

1.28 × 109 

CFU/d/mouse 

for 8 weeks 

Improvement of 

non-declarative 

connecting memory 

functions 

 

Passive avoidance 

(Kaur et 

al., 

2020a) 

6-month-

old 

(ND) 

Alzheimer’s 

disease 

Clostridium butyricum WZMC1016 

(Milk and cheeses) 

0.2 × 109 

CFU/d/mouse 

for 4 weeks 

Improvement of 

spatial memory 

Morris water 

maze 

Object recognition 

(Sun et 

al., 

2020) 

6-month-

old 

(Male) 

Alzheimer’s 

disease 

L. plantarum 

ATCC 8014 

(Fermented milk) 

1 × 109 

CFU/d/mouse 

for 12 weeks 

Improvement of 

spatial memory and 

working memory 

Spontaneous 

locomotor activity 

test 

Nest building, 

Novel object 

recognition 

Morris water 

maze 

Shuttlebox 

(Wang 

et al., 

2020) 

4-month-

old 

(ND) 

Alzheimer’s 

disease 

B. Lactis 

Probio-M8 

(Yogurt) 

2 × 1010 

CFU/d/mouse 

for 45 d 

Improvement of 

spatial memory and 

working memory 

Novel object 

recognition 

Y-maze 

(Cao et 

al., 

2021) 
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8-week-old 

(Male) 

Alzheimer’s 

disease 

SLAB51 

(S. thermophilus, B. longum, B. breve, 

B. infantis, L. acidophilus, L. 

plantarum, L. paracasei, L. delbrueckii 

subsp. bulgaricus, L. brevis [Yogurt]) 

4 × 109 

CFU/d/mouse 

for 4 months 

Improvement of 

spatial memory and 

working memory 

and non-declarative 

connecting memory 

functions 

Open field 

Novel-object 

recognition 

Passive avoidance 

(Bonfili 

et al., 

2017) 

3xTg-AD 

mice 

12-week-

old (Male) 

Alzheimer’s 

disease 

L. salivarius CUL61, 

L. paracasei CUL08, 

B. bifidum CUL20, 

B. animalis subsp. lactis CUL34 

(Fermented milk) 

5 × 108 

CFU/mouse/d 

for 12 weeks 

Improvement of 

spatial memory and 

working memory 

Novel object 

recognition 

Open field 

(Webbe

rley et 

al., 

2022) 

6-month-

old 

(Male) 

Alzheimer’s 

disease 

B. longum NK46  

(Human feces) 

1 × 109 CFU/ 

d/mouse 

for 8 weeks 

Improvement of 

spatial memory and 

non-declarative 

connecting memory 

functions 

Y-maze 

Morris water 

maze 

Passive avoidance 

(Lee et 

al., 

2019) 

5xFAD-

Tg mice 

 

3-month-

old 

(ND) 

Alzheimer’s 

disease 

B. bifidum BGN4 and 

B. longum BORI  

(Human feces) 

1 × 109 

CFU/d/mouse 

for 30 d 

Improvement of 

spatial memory 

A contextual fear 

conditioning test 

Y-maze 

Morris water 

maze 

(Kim et 

al., 

2021a) 

 

ND: Not determined.



 

21 

 

References 

 

Akter R, Chowdhury MaR, Rahman MH. 2021. Flavonoids and polyphenolic 

compounds as potential talented agents for the treatment of alzheimer's disease 

and their antioxidant activities. Curr Pharm Des 27:345-356. 

Ali T, Yoon GH, Shah SA, Lee HY, Kim MO. 2015. Osmotin attenuates amyloid beta-

induced memory impairment, tau phosphorylation and neurodegeneration in 

the mouse hippocampus. Sci Rep 5:11708. 

Alladi S, Mekala S, Chadalawada SK, Jala S, Mridula R, Kaul S. 2011. Subtypes of 

dementia: A study from a memory clinic in india. Dement Geriatr Cogn Disord 

32:32-38. 

Banks WA, Farr SA, Morley JE. 2002. Entry of blood-borne cytokines into the central 

nervous system: Effects on cognitive processes. Neuroimmunomodulation 

10:319-327. 

Blasko I, Marx F, Steiner E, Hartmann T, Grubeck-Loebenstein B. 1999. Tnfalpha plus 

ifngamma induce the production of alzheimer beta-amyloid peptides and 

decrease the secretion of apps. FASEB J 13:63-68. 

Bonfili L, Cecarini V, Berardi S, Scarpona S, Suchodolski JS, Nasuti C, Fiorini D, 

Boarelli MC, Rossi G, Eleuteri AM. 2017. Microbiota modulation counteracts 

alzheimer's disease progression influencing neuronal proteolysis and gut 

hormones plasma levels. Sci Rep 7:2426. 

Bowler JV, Munoz DG, Merskey H, Hachinski V. 1998. Fallacies in the pathological 

confirmation of the diagnosis of alzheimer's disease. J Neurol Neurosurg 

Psychiatry 64:18-24. 

Briguglio M, Dell'osso B, Panzica G, Malgaroli A, Banfi G, Zanaboni Dina C, Galentino 

R, Porta M. 2018. Dietary neurotransmitters: A narrative review on current 



 

22 

 

knowledge. Nutrients 10. 

Bruel-Jungerman E, Lucassen PJ, Francis F. 2011. Cholinergic influences on cortical 

development and adult neurogenesis. Behav Brain Res 221:379-388. 

Buxbaum JD, Oishi M, Chen HI, Pinkas-Kramarski R, Jaffe EA, Gandy SE, Greengard 

P. 1992. Cholinergic agonists and interleukin 1 regulate processing and 

secretion of the alzheimer beta/a4 amyloid protein precursor. Proc Natl Acad 

Sci U S A 89:10075-10078. 

Cao J, Amakye WK, Qi C, Liu X, Ma J, Ren J. 2021. Bifidobacterium lactis probio-m8 

regulates gut microbiota to alleviate alzheimer's disease in the app/ps1 mouse 

model. Eur J Nutr 60:3757-3769. 

Cheng LH, Chou PY, Hou AT, Huang CL, Shiu WL, Wang S. 2022. Lactobacillus 

paracasei ps23 improves cognitive deficits via modulating the hippocampal 

gene expression and the gut microbiota in d-galactose-induced aging mice. 

Food Funct 13:5240-5251. 

Chiu MJ, Chen TF, Yip PK, Hua MS, Tang LY. 2006. Behavioral and psychologic 

symptoms in different types of dementia. J Formos Med Assoc 105:556-562. 

Choi JH, Lee EB, Jang HH, Cha YS, Park YS, Lee SH. 2021. Allium hookeri extracts 

improve scopolamine-induced cognitive impairment via activation of the 

cholinergic system and anti-neuroinflammation in mice. Nutrients 13. 

Christensen H, Mackinnon AJ, Korten AE, Jorm AF, Henderson AS, Jacomb P, Rodgers 

B. 1999. An analysis of diversity in the cognitive performance of elderly 

community dwellers: Individual differences in change scores as a function of 

age. Psychol Aging 14:365-379. 

Collins SM, Surette M, Bercik P. 2012. The interplay between the intestinal microbiota 

and the brain. Nat Rev Microbiol 10:735-742. 

Deng X, Zhao S, Liu X, Han L, Wang R, Hao H, Jiao Y, Han S, Bai C. 2020. Polygala 

tenuifolia: A source for anti-alzheimer's disease drugs. Pharm Biol 58:410-416. 



 

23 

 

Devi L, Ohno M. 2010. Phospho-eif2alpha level is important for determining abilities 

of bace1 reduction to rescue cholinergic neurodegeneration and memory 

defects in 5xfad mice. PLoS One 5:e12974. 

Guerreiro RJ, Baquero M, Blesa R, Boada M, Bras JM, Bullido MJ, Calado A, Crook R, 

Ferreira C, Frank A, Gomez-Isla T, Hernandez I, Lleo A, Machado A, Martinez-

Lage P, Masdeu J, Molina-Porcel L, Molinuevo JL, Pastor P, Perez-Tur J, Relvas 

R, Oliveira CR, Ribeiro MH, Rogaeva E, Sa A, Samaranch L, Sanchez-Valle R, 

Santana I, Tarraga L, Valdivieso F, Singleton A, Hardy J, Clarimon J. 2010. 

Genetic screening of alzheimer's disease genes in iberian and african samples 

yields novel mutations in presenilins and app. Neurobiol Aging 31:725-731. 

Kamdi SP, Raval A, Nakhate KT. 2021. Phloridzin attenuates lipopolysaccharide-

induced cognitive impairment via antioxidant, anti-inflammatory and 

neuromodulatory activities. Cytokine 139:155408. 

Kaur H, Golovko S, Golovko MY, Singh S, Darland DC, Combs CK. 2020a. Effects of 

probiotic supplementation on short chain fatty acids in the appnl-g-f mouse 

model of alzheimer's disease. J Alzheimers Dis 76:1083-1102. 

Kaur H, Nagamoto-Combs K, Golovko S, Golovko MY, Klug MG, Combs CK. 2020b. 

Probiotics ameliorate intestinal pathophysiology in a mouse model of 

alzheimer's disease. Neurobiol Aging 92:114-134. 

Kim H, Kim S, Park SJ, Park G, Shin H, Park MS, Kim J. 2021a. Administration of 

bifidobacterium bifidum bgn4 and bifidobacterium longum bori improves 

cognitive and memory function in the mouse model of alzheimer's disease. 

Front Aging Neurosci 13:709091. 

Kim HY, Lee DK, Chung BR, Kim HV, Kim Y. 2016. Intracerebroventricular injection 

of amyloid-beta peptides in normal mice to acutely induce alzheimer-like 

cognitive deficits. J Vis Exp. 

Kim Y, Kim J, He M, Lee A, Cho E. 2021b. Apigenin ameliorates scopolamine-induced 



 

24 

 

cognitive dysfunction and neuronal damage in mice. Molecules 26. 

Kobayashi Y, Sugahara H, Shimada K, Mitsuyama E, Kuhara T, Yasuoka A, Kondo T, 

Abe K, Xiao JZ. 2017. Therapeutic potential of bifidobacterium breve strain a1 

for preventing cognitive impairment in alzheimer's disease. Sci Rep 7:13510. 

Konsman JP, Parnet P, Dantzer R. 2002. Cytokine-induced sickness behaviour: 

Mechanisms and implications. Trends Neurosci 25:154-159. 

Kumar A, Dogra S, Prakash A. 2009. Effect of carvedilol on behavioral, mitochondrial 

dysfunction, and oxidative damage against d-galactose induced senescence in 

mice. Naunyn Schmiedebergs Arch Pharmacol 380:431-441. 

Kwon OY, Lee SH. 2020. Ameliorating activity of ishige okamurae on the amyloid 

beta-induced cognitive deficits and neurotoxicity through regulating erk, p38 

mapk, and jnk signaling in alzheimer's disease-like mice model. Mol Nutr Food 

Res 64:e1901220. 

Kwon OY, Lee SH. 2021. Ishige okamurae suppresses trimethyltin-induced 

neurodegeneration and glutamate-mediated excitotoxicity by regulating 

mapks/nrf2/ho-1 antioxidant pathways. Antioxidants (Basel) 10. 

Lazareno S, Popham A, Birdsall NJ. 2000. Allosteric interactions of staurosporine and 

other indolocarbazoles with n-[methyl-(3)h]scopolamine and acetylcholine at 

muscarinic receptor subtypes: Identification of a second allosteric site. Mol 

Pharmacol 58:194-207. 

Lee DY, Shin YJ, Kim JK, Jang HM, Joo MK, Kim DH. 2021. Alleviation of cognitive 

impairment by gut microbiota lipopolysaccharide production-suppressing 

lactobacillus plantarum and bifidobacterium longum in mice. Food Funct 

12:10750-10763. 

Lee HJ, Lee KE, Kim JK, Kim DH. 2019. Suppression of gut dysbiosis by 

bifidobacterium longum alleviates cognitive decline in 5xfad transgenic and 

aged mice. Sci Rep 9:11814. 



 

25 

 

Lee HJ, Lim SM, Kim DH. 2018. Lactobacillus johnsonii cjlj103 attenuates 

scopolamine-induced memory impairment in mice by increasing bdnf 

expression and inhibiting nf-kappab activation. J Microbiol Biotechnol 28:1443-

1446. 

Liu Y, Liu Y, Guo Y, Xu L, Wang H. 2021. Phlorizin exerts potent effects against aging 

induced by d-galactose in mice and pc12 cells. Food Funct 12:2148-2160. 

Logsdon AF, Erickson MA, Rhea EM, Salameh TS, Banks WA. 2018. Gut reactions: 

How the blood-brain barrier connects the microbiome and the brain. Exp Biol 

Med (Maywood) 243:159-165. 

Lok K, Zhao H, Shen H, Wang Z, Gao X, Zhao W, Yin M. 2013. Characterization of the 

app/ps1 mouse model of alzheimer's disease in senescence accelerated 

background. Neurosci Lett 557 Pt B:84-89. 

Lopez-Sobaler AM, Lorenzo Mora AM, Salas Gonzalez MF, Peral Suarez A, Aparicio 

A, Ortega RMF. 2021. [importance of choline in cognitive function]. Nutr Hosp 

37:18-23. 

Lu J, Wu DM, Zheng YL, Hu B, Zhang ZF. 2010. Purple sweet potato color alleviates 

d-galactose-induced brain aging in old mice by promoting survival of neurons 

via pi3k pathway and inhibiting cytochrome c-mediated apoptosis. Brain 

Pathol 20:598-612. 

Macintyre A, Abramov R, Hammond CJ, Hudson AP, Arking EJ, Little CS, Appelt DM, 

Balin BJ. 2003. Chlamydia pneumoniae infection promotes the transmigration 

of monocytes through human brain endothelial cells. J Neurosci Res 71:740-750. 

Maia LF, Kaeser SA, Reichwald J, Hruscha M, Martus P, Staufenbiel M, Jucker M. 2013. 

Changes in amyloid-beta and tau in the cerebrospinal fluid of transgenic mice 

overexpressing amyloid precursor protein. Sci Transl Med 5:194re192. 

Mehla J, Lacoursiere SG, Lapointe V, Mcnaughton BL, Sutherland RJ, Mcdonald RJ, 

Mohajerani MH. 2019. Age-dependent behavioral and biochemical 



 

26 

 

characterization of single app knock-in mouse (app(nl-g-f/nl-g-f)) model of 

alzheimer's disease. Neurobiol Aging 75:25-37. 

Miyamoto M, Kiyota Y, Nishiyama M, Nagaoka A. 1992. Senescence-accelerated 

mouse (sam): Age-related reduced anxiety-like behavior in the sam-p/8 strain. 

Physiol Behav 51:979-985. 

Miyamoto M, Kiyota Y, Yamazaki N, Nagaoka A, Matsuo T, Nagawa Y, Takeda T. 1986. 

Age-related changes in learning and memory in the senescence-accelerated 

mouse (sam). Physiol Behav 38:399-406. 

Mohammadi G, Dargahi L, Peymani A, Mirzanejad Y, Alizadeh SA, Naserpour T, 

Nassiri-Asl M. 2019. The effects of probiotic formulation pretreatment 

(lactobacillus helveticus r0052 and bifidobacterium longum r0175) on a 

lipopolysaccharide rat model. J Am Coll Nutr 38:209-217. 

Morais LH, Schreiber HLT, Mazmanian SK. 2021. The gut microbiota-brain axis in 

behaviour and brain disorders. Nat Rev Microbiol 19:241-255. 

Morley JE, Armbrecht HJ, Farr SA, Kumar VB. 2012. The senescence accelerated mouse 

(samp8) as a model for oxidative stress and alzheimer's disease. Biochim 

Biophys Acta 1822:650-656. 

Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B, Lannfelt L. 1992. 

A pathogenic mutation for probable alzheimer's disease in the app gene at the 

n-terminus of beta-amyloid. Nat Genet 1:345-347. 

Nilsberth C, Westlind-Danielsson A, Eckman CB, Condron MM, Axelman K, Forsell 

C, Stenh C, Luthman J, Teplow DB, Younkin SG, Naslund J, Lannfelt L. 2001. 

The 'arctic' app mutation (e693g) causes alzheimer's disease by enhanced abeta 

protofibril formation. Nat Neurosci 4:887-893. 

Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-Bongaarts A, Ohno M, 

Disterhoft J, Van Eldik L, Berry R, Vassar R. 2006. Intraneuronal beta-amyloid 

aggregates, neurodegeneration, and neuron loss in transgenic mice with five 



 

27 

 

familial alzheimer's disease mutations: Potential factors in amyloid plaque 

formation. J Neurosci 26:10129-10140. 

Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R, Metherate R, 

Mattson MP, Akbari Y, Laferla FM. 2003. Triple-transgenic model of 

alzheimer's disease with plaques and tangles: Intracellular abeta and synaptic 

dysfunction. Neuron 39:409-421. 

Panza F, Lozupone M, Solfrizzi V, Watling M, Imbimbo BP. 2019. Time to test 

antibacterial therapy in alzheimer's disease. Brain 142:2905-2929. 

Parameshwaran K, Irwin MH, Steliou K, Pinkert CA. 2010. D-galactose effectiveness 

in modeling aging and therapeutic antioxidant treatment in mice. Rejuvenation 

Res 13:729-735. 

Patel C, Pande S, Acharya S. 2020. Potentiation of anti-alzheimer activity of curcumin 

by probiotic lactobacillus rhamnosus ublr-58 against scopolamine-induced 

memory impairment in mice. Naunyn Schmiedebergs Arch Pharmacol 

393:1955-1962. 

Perry VH. 2004. The influence of systemic inflammation on inflammation in the brain: 

Implications for chronic neurodegenerative disease. Brain Behav Immun 

18:407-413. 

Petrella C, Strimpakos G, Torcinaro A, Middei S, Ricci V, Gargari G, Mora D, De Santa 

F, Farioli-Vecchioli S. 2021. Proneurogenic and neuroprotective effect of a multi 

strain probiotic mixture in a mouse model of acute inflammation: Involvement 

of the gut-brain axis. Pharmacol Res 172:105795. 

Prakash A, Kumar A. 2013. Pioglitazone alleviates the mitochondrial apoptotic 

pathway and mito-oxidative damage in the d-galactose-induced mouse model. 

Clin Exp Pharmacol Physiol 40:644-651. 

Radde R, Bolmont T, Kaeser SA, Coomaraswamy J, Lindau D, Stoltze L, Calhoun ME, 

Jaggi F, Wolburg H, Gengler S, Haass C, Ghetti B, Czech C, Holscher C, 



 

28 

 

Mathews PM, Jucker M. 2006. Abeta42-driven cerebral amyloidosis in 

transgenic mice reveals early and robust pathology. EMBO Rep 7:940-946. 

Ramalho JB, Spiazzi CC, Bicca DF, Rodrigues JF, Sehn CP, Da Silva WP, Cibin FWS. 

2022. Beneficial effects of lactococcus lactis subsp. Cremoris ll95 treatment in 

an lps-induced depression-like model in mice. Behav Brain Res 426:113847. 

Ravi SK, Narasingappa RB, Vincent B. 2019. Neuro-nutrients as anti-alzheimer's 

disease agents: A critical review. Crit Rev Food Sci Nutr 59:2999-3018. 

Rehman SU, Shah SA, Ali T, Chung JI, Kim MO. 2017. Anthocyanins reversed d-

galactose-induced oxidative stress and neuroinflammation mediated cognitive 

impairment in adult rats. Mol Neurobiol 54:255-271. 

Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, Iwata N, Saido TC. 2014. 

Single app knock-in mouse models of alzheimer's disease. Nat Neurosci 17:661-

663. 

Salminen S, Bouley C, Boutron-Ruault MC, Cummings JH, Franck A, Gibson GR, 

Isolauri E, Moreau MC, Roberfroid M, Rowland I. 1998. Functional food science 

and gastrointestinal physiology and function. Br J Nutr 80 Suppl 1:S147-171. 

Shoemark DK, Allen SJ. 2015. The microbiome and disease: Reviewing the links 

between the oral microbiome, aging, and alzheimer's disease. J Alzheimers Dis 

43:725-738. 

Shwe T, Pratchayasakul W, Chattipakorn N, Chattipakorn SC. 2018. Role of d-

galactose-induced brain aging and its potential used for therapeutic 

interventions. Exp Gerontol 101:13-36. 

Song X, Zhao Z, Zhao Y, Jin Q, Li S. 2022. Protective effects of bacillus coagulans ja845 

against d-galactose/alcl3-induced cognitive decline, oxidative stress and 

neuroinflammation. J Microbiol Biotechnol 32:212-219. 

Stover KR, Campbell MA, Van Winssen CM, Brown RE. 2015. Early detection of 

cognitive deficits in the 3xtg-ad mouse model of alzheimer's disease. Behav 



 

29 

 

Brain Res 289:29-38. 

Sun J, Xu J, Yang B, Chen K, Kong Y, Fang N, Gong T, Wang F, Ling Z, Liu J. 2020. 

Effect of clostridium butyricum against microglia-mediated 

neuroinflammation in alzheimer's disease via regulating gut microbiota and 

metabolites butyrate. Mol Nutr Food Res 64:e1900636. 

Takeda T, Hosokawa M, Takeshita S, Irino M, Higuchi K, Matsushita T, Tomita Y, 

Yasuhira K, Hamamoto H, Shimizu K, Ishii M, Yamamuro T. 1981. A new 

murine model of accelerated senescence. Mech Ageing Dev 17:183-194. 

Van Erum J, Van Dam D, De Deyn PP. 2019. Alzheimer's disease: Neurotransmitters 

of the sleep-wake cycle. Neurosci Biobehav Rev 105:72-80. 

Vitetta L, Briskey D, Hayes E, Shing C, Peake J. 2012. A review of the pharmacobiotic 

regulation of gastrointestinal inflammation by probiotics, commensal bacteria 

and prebiotics. Inflammopharmacology 20:251-266. 

Vitetta L, Vitetta G, Hall S. 2018. Immunological tolerance and function: Associations 

between intestinal bacteria, probiotics, prebiotics, and phages. Front Immunol 

9:2240. 

Wang H, Kulas JA, Wang C, Holtzman DM, Ferris HA, Hansen SB. 2021. Regulation 

of beta-amyloid production in neurons by astrocyte-derived cholesterol. Proc 

Natl Acad Sci U S A 118. 

Wang QJ, Shen YE, Wang X, Fu S, Zhang X, Zhang YN, Wang RT. 2020. Concomitant 

memantine and lactobacillus plantarum treatment attenuates cognitive 

impairments in app/ps1 mice. Aging (Albany NY) 12:628-649. 

Webberley TS, Masetti G, Bevan RJ, Kerry-Smith J, Jack AA, Michael DR, Thomas S, 

Glymenaki M, Li J, Mcdonald JaK, John D, Morgan JE, Marchesi JR, Good MA, 

Plummer SF, Hughes TR. 2022. The impact of probiotic supplementation on 

cognitive, pathological and metabolic markers in a transgenic mouse model of 

alzheimer's disease. Front Neurosci 16:843105. 



 

30 

 

Whitehouse PJ, Price DL, Clark AW, Coyle JT, Delong MR. 1981. Alzheimer disease: 

Evidence for selective loss of cholinergic neurons in the nucleus basalis. Ann 

Neurol 10:122-126. 

Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon MR. 1982. 

Alzheimer's disease and senile dementia: Loss of neurons in the basal forebrain. 

Science 215:1237-1239. 

Woo JY, Gu W, Kim KA, Jang SE, Han MJ, Kim DH. 2014. Lactobacillus pentosus var. 

Plantarum c29 ameliorates memory impairment and inflammaging in a d-

galactose-induced accelerated aging mouse model. Anaerobe 27:22-26. 

Yadang FSA, Nguezeye Y, Kom CW, Betote PHD, Mamat A, Tchokouaha LRY, Taiwe 

GS, Agbor GA, Bum EN. 2020. Scopolamine-induced memory impairment in 

mice: Neuroprotective effects of carissa edulis (forssk.) valh (apocynaceae) 

aqueous extract. Int J Alzheimers Dis 2020:6372059. 

Yang L, Zhou R, Tong Y, Chen P, Shen Y, Miao S, Liu X. 2020a. Neuroprotection by 

dihydrotestosterone in lps-induced neuroinflammation. Neurobiol Dis 

140:104814. 

Yang X, Yu D, Xue L, Li H, Du J. 2020b. Probiotics modulate the microbiota-gut-brain 

axis and improve memory deficits in aged samp8 mice. Acta Pharm Sin B 

10:475-487. 

Zhao J, Bi W, Xiao S, Lan X, Cheng X, Zhang J, Lu D, Wei W, Wang Y, Li H, Fu Y, Zhu 

L. 2019. Neuroinflammation induced by lipopolysaccharide causes cognitive 

impairment in mice. Sci Rep 9:5790. 

Zhou H, Lapointe BM, Clark SR, Zbytnuik L, Kubes P. 2006. A requirement for 

microglial tlr4 in leukocyte recruitment into brain in response to 

lipopolysaccharide. J Immunol 177:8103-8110. 

Zhu G, Zhao J, Zhang H, Chen W, Wang G. 2021. Administration of bifidobacterium 

breve improves the brain function of abeta1-42-treated mice via the modulation 



 

31 

 

of the gut microbiome. Nutrients 13. 

 


