Snd 1utrients

Review

Intermittent Fasting on Neurologic Diseases: Potential Role of

Gut Microbiota

Mingke Guo 1, Xuan Wang !, Yujuan Li !, Ailin Luo !, Yilin Zhao 1%, Xiaoxiao Luo %* and Shiyong Li 1"*

check for
updates

Citation: Guo, M.; Wang, X; Li, Y.;
Luo, A.; Zhao, Y.; Luo, X; Li, S.
Intermittent Fasting on Neurologic
Diseases: Potential Role of Gut
Microbiota. Nutrients 2023, 15, 4915.
https:/ /doi.org/10.3390/nu15234915

Academic Editors: Benjamin D. Horne

and Javier Gémez-Ambrosi

Received: 22 October 2023
Revised: 13 November 2023
Accepted: 22 November 2023
Published: 24 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Hubei Key Laboratory of Geriatric Anesthesia and Perioperative Brain Health, Department of Anesthesiology,

Wauhan Clinical Research Center for Geriatric Anesthesia, Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan 430030, China; m202176229@hust.edu.cn (M.G.);
d202182020@hust.edu.cn (X.W.); yujuanli@hust.edu.cn (Y.L.); alluo@tjh.tjmu.edu.cn (A.L.);
yilinzhao@hust.edu.cn (Y.Z.)

Department of Oncology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430030, China

*  Correspondence: xxluo2happy@hust.edu.cn (X.L.); shiyongli@hust.edu.cn (S.L.)

Abstract: As the global population ages, the prevalence of neurodegenerative diseases is surging.
These disorders have a multifaceted pathogenesis, entwined with genetic and environmental factors.
Emerging research underscores the profound influence of diet on the development and progression
of health conditions. Intermittent fasting (IF), a dietary pattern that is increasingly embraced and
recommended, has demonstrated potential in improving neurophysiological functions and mitigating
pathological injuries with few adverse effects. Although the precise mechanisms of IF’s beneficial
impact are not yet completely understood, gut microbiota and their metabolites are believed to be
pivotal in mediating these effects. This review endeavors to thoroughly examine current studies on
the shifts in gut microbiota and metabolite profiles prompted by IF, and their possible consequences
for neural health. It also highlights the significance of dietary strategies as a clinical consideration for
those with neurological conditions.
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1. Introduction

In recent decades, notable shifts have taken place in human dietary patterns. There has
been a trend away from the typical breakfast-lunch-dinner pattern towards the adoption
of unhealthy eating habits, including the consumption of frequent snacks and late-night
snacking [1]. The irregular diet was found associated with development of diseases in
nervous system [2]. Nutrition is a significant determinant in an individual’s overall lifestyle.
Extensive findings indicate that certain nutrients or food constituents are potential cogni-
tive enhancers [3]. Modifying dietary patterns, including alterations in meal timing and
frequency, could enhance overall life quality and metabolic functioning, hence reducing
the risk of developing metabolic syndrome and neurologic disorders [4].

Intermittent fasting (IF), with its various forms such as alternate-day fasting (ADF),
periodic fasting (PF), time-restricted feeding (TRF), and the fasting-mimicking diet (FMD),
offers the advantage of reduced caloric intake [5]. IF is economically feasible and has gained
considerable acceptance compared to other dietary interventions [6]. A substantial body
of research has consistently highlighted the positive effects of this dietary approach on
multiple physiological systems within the human body. However, the specific influence of
IF on the neurological system warrants further exploration [7]. The investigation into the
impact of gut microbiota on brain function has emerged as a compelling area of research
in recent years. Current scientific insights suggest that microbial communities could
significantly influence the development and progression of various neurological conditions,
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), autism spectrum disorder
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(ASD), multiple sclerosis (MS), and stroke [8,9]. The proposed interaction between the
gastrointestinal tract (GIT) and the central nervous system (CNS) is thought to be mediated
by a variety of microbial metabolites produced in the gut.

Human GIT is home to a vast consortium of microorganisms, including bacteria,
viruses, fungi, and others. Numerous studies have shown that gut bacteria can impact
the host’s physiological and pathological states in the context of health and disease [10].
Conversely, the composition of the gut microbiota can be influenced by various factors,
such as the host’s genetic makeup, lifestyle, diet, antibiotic use, and other relevant variables.
The influence of gut microbiota on the CNS and the enteric nervous system (ENS) holds
significant relevance concerning central nervous inflammation, neural development, and
the modulation of mood and behavior [11]. Disruption in the equilibrium of intestinal
microbes has been linked to an increased risk of various CNS disorders. An accumulating
body of evidence suggests a bidirectional communication network between the CNS and
intestinal bacteria, commonly referred to as the brain—gut axis [12].

This review seeks to scrutinize the compositional and functional changes in the in-
testinal microbiota, assess the evidence relevant to the risk of neurological disease, and
advocate for IF as a viable and advantageous lifestyle interventions.

2. Intermittent Fasting (IF)
2.1. Concept and Modes

IF refers to a dietary regimen that involves cyclically alternating times of consuming
food and abstaining from eating [5]. Compared to the traditional caloric restriction method,
it imposes fewer limitations on dietary choices and primarily emphasizes adherence to
certain eating windows rather than specific food choices. Currently, extant research has
indicated that IF has demonstrated efficacy in facilitating weight loss [13], enhancing blood
glucose and blood lipids, as well as immune regulation [14]. The practice of IF encompasses
various commonly employed methods, as depicted in Figure 1.
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Figure 1. Types of IF. Four different types of IF were presented, including alternate day fasting
(ADF), periodic fasting (PF), time-restricted feeding (TRF), and the fasting mimicking diet (FMD).
Charts were used to visually represent the duration of fasting and the schedule of therapy for each IF
approach. Intensified color is used to distinguish the eating periods inside the fasting regimen.
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2.2. The Extensive Benefits of IF

The beneficial effect of IF on important organ, such as cardiovascular system, brain,
has been extensively investigated and elaborately summarized in recently published review
papers [7,15-18]. Therefore, in the present review, we did not repeated this topic.

2.3. Potential Harm of IF

Although IF brings some of the aforementioned benefits, its safety has yet to be verified.
The potential for the diet to elicit gastrointestinal symptoms, energy imbalance, eating
disorders, and hormone problems remains uncertain. Each individual’s response to IF
varies widely based on their unique health status, genetics, and lifestyle. Therefore, while
IF offers benefits, it requires careful consideration and medical guidance for those with
specific health concerns.

2.3.1. Diet Quality and Energy Imbalance

There is a prevalent hypothesis suggesting that the intake of high-calorie food may
potentially rise during the designated eating period within the practice of IF [19]. One
studies found there were no statistically significant differences in the consumption of sugar,
saturated fat, cholesterol, and sodium when comparing the experimental group to the
control group. However, the consumption of dietary fiber in the experimental group was
significantly lower compared to that in the control group. Although the finding from this
study indicated that IF did not significantly impact the overall dietary quality, it suggested
IF increased the overall consumption of dietary fiber [20,21], as it has been shown to
promote the gastrointestinal well-being of individuals [20].

2.3.2. Hormone Disorders

Fasting may alter thyroid hormone secretion and insulin signaling [22]. Fasting
affects thyroid hormone levels in healthy individuals and those with subclinical hypothy-
roidism [22]. In patients with obesity or subclinical hypothyroidism, alternate-day fasting
(ADF) and continuous calorie restriction (CR) did not induce substantial changes in circulat-
ing fT4, fT3, and TSH [23]. IF reduced T3 levels slightly in people with lower body weight,
but not in those with obesity and subclinical hypothyroidism [24]. In premenopausal
women, a 24-week 5:2 IF regimen did not significantly modify testosterone, androstene-
dione, dehydroepiandrosterone sulfate, sex hormone binding globulin (SHBG), or prolactin
levels [25]. In postmenopausal women, TRE did not lead to changes of estrogen, proges-
terone, androgen, and SHBG but induced DHEA decrease [26]. Recent studies have pointed
out that maternal long-term IF before pregnancy would destroy the intestinal barrier of
offspring by inhibiting beneficial microbiota (such as Lactobacillus integrans), resulting in
dysfunction of glucose and lipid metabolism in offspring [27]. As to IF in children, it is still
under debate and more evidence is needed to its safety.

2.3.3. Dietary Patterns and Mental Health

IF possibly impacts dietary habits and mental health with detrimental consequences.
Its emphasis on strict timing and food restriction could be harmful to those with a history
of eating disorders, fostering an unhealthy relationship with food focused more on fasting
than on balanced nutrition [28]. This pattern led to nutrient deficiencies and disrupt natural
hunger and satiety cues, causing overeating during permitted periods or ignoring hunger
signals, thereby exacerbating unhealthy eating behaviors and potentially causing metabolic
and gastrointestinal problems. Moreover, the mental health effects of IF may be substantial.
It exacerbated symptoms in individuals with mood disorders such as depression and
anxiety through added stress and hormonal changes. Those with bipolar disorder may
experience mood destabilization due to changes in diet and routine [29], and individuals
with obsessive-compulsive disorder might find their food-related compulsions and rituals
worsened [30]. The strict regimen of IF increased stress and anxiety, leading to feelings of
social isolation, and strain relationships due to conflicts with social eating customs. This
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heightened focus on food and body image necessitates a careful, balanced approach to IF,
especially for those with existing mental health issues.

2.3.4. Other Side Effect of IF

Although a recent review outlined that IF would be an emerging dietary intervention
for autoimmune diseases [31], but another team argued that long-term fasting could result
in monocytes re-enter the bone marrow and reduced the host response to infection [32].
Some studies reported IF might induce constipation and headache, especially at the early
period of IF [18]. Generally, its side effects are mild, but that does not mean we can neglect it.

3. The Role of Intestinal Microflora in IF-Induced Improvement in Cognitive
Protective Effect

The benefits of IF on neuroplasticity and cognitive function have been extensively
examined and reviewed in recent literature [7]. Figure 2 illustrates the impact of gut
microbiota on the physiological and pathological processes of the host’s organs. This
review delves into the mechanisms underlying IF-induced improvements in brain health
and disease.
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Figure 2. Impact of gut microbiota-derived metabolites on host organ systems. This figure illustrates
the diverse physiological and pathological effects of metabolites produced by the gut microbiota on
multiple host organ systems. Specifically, the metabolites have the potential to influence the brain,
cardiovascular system, lungs, liver, kidneys, intestinal barrier, bone, adipose tissue, and cancerous
tissues. AADs—amino acid derivatives; CA—cholic acids; SCFAs—short-chain fatty acids.

Among the various potential mechanism, the gut microbiota has attracted increas-
ing attention for its role in influencing IF’s effects on the body’s physiological activities,
including brain function [33]. We collated available studies that examined the influence
of IF on the composition and metabolites of gut microbiota from clinical trials and pre-
clinical models in Tables 1 and 2. Additionally, we explored in detail the progress made
in understanding how IF impacts brain function through the modulation of intestinal
microflora.



Nutrients 2023, 15, 4915

5 of 27

Table 1. Studies examining the effect of fasting on intestinal flora in human.

. Microbiological s s
Author, Year Number of People Fasting Plan Sample Type Analysis Method Main Findings
Several gut bacteria including Firmicutes |
Duygu Saglam, 2023 12 adults TREF for 29 days Feces 16s rRNA Escherichia and Shigella 1 [34]
Xiangwei Hu, 2023 72 adults PF(5:2 diet) lasting for three weeks Feces 16s rRNA Pambacterozdes.: dzstaspms and Bacteroides
thetaiotaomicron T [35]
Two groups, one fasted one day a week with six
Alex E Mohr, 2022 20 obese adults days of low calorie, the other fasted two days Feces 16s rRNA Ruminal coccidiaceae T [36]
with five days of low calorie
Muhammad Nadeem Khan Anti-inflammatory bacteria Lactobacillus and
2022 ’ 14 women and 31 men TREF for 26 days Feces 16s rTRNA Bifidobacterium were favorably 1, while pathogenic
bacteria were | [37]
. Microbial diversity 1
Junhong, Su, 2021 34 overweight people TRF for a month Feces 16s rRNA Especially Spriochetes from Clostridia 1 [38]
Maggie A, 2021 34 overweight people ADF for three months Feces 16s rDNA Microbial species and abundance 1 [39]
The community structure of intestinal flora was not
Guo Yi, 2021 39 patients with MS 2-day modified IF for 8 weeks Feces 16s TRNA significantly affected
Acidobacter |, [40]
Mohanmmadzaheh A, 2021 30 healthy examiners Fasting in Ramadan(TRF) for a month Fasting blood sample 16s r RNA, qPCR Bacteria that can degrade dietary | [41]

. . . 12 Weeks, 300-350 kcal five days a week and . . . . .
Maifeld A, 2021 63 patients with METs modified DASH diet for the rest days Feces 16s rRNA gene Changes in the diversity of the gut microbiome [42]
Hassane Z, 2020 30 obese males Fasting in Ramadan(TRF) for a month Blood sample qPCR Serum leptin level 1, GLP- |, PYY |, CCK | [43]

Gabel K, 2020 14 obese adults TREF for 12 weeks Feces 16s rRNA gene The systemic dn{ersny of intestinal microbiota
remains unchanged [44]
Mesnage R, 2019 15 healthy males Buichinger fasting plan for 10 days with enema Feces 16s rRNA gene Bacteria tha}t can 'dfegrade dletar'y polysaccharlc/les
every two days amplification (such as Trichospiridae and Ruminococcaceae) | [45]
Ozkul C, 2019 9 adults Fating in Ramadan(TRF) for 29 days, Feces 16s rleﬁalg;Sg’ qPeR Coliphage and Bacteroides fragilis 1 [46]
Cignarella F, 2018 16 patients with MS ADF for 15 days, daily intake less than 500 kcal Feces 16s rRNA gene Faecali bacterium 1 [47]

16s IRNA—16S ribosomal RNA gene sequencing; ADF—alternate day fasting; [F—intermittent fasting; MS—metabolic syndrome; PF—periodic fasting; TRF—time-restricted feeding;
T—increase; |—decrease.
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Table 2. Fasting on intestinal flora in animal studies.

Microbiological

Author, Year Research Model Fasting Plan Sample Type Analysis Method Main Findings
Sainan Wang, 2023 5-week-old C57 male mice ADF Feces 16s rRNA gene Firmicutes to Bacteroidetes ratio | [48]
Variation in gut microbiota’s abundance and diversity with
Junyu Wang,2023 2-month-old Sprague-Dawley rat ADF Feces 16s rRNA gene alternate-day fasting in injured rats [49].
Hikmet Taner Teker, 2023 12-month-old Wistar male rat TRE for 35 days Cec“n.‘ reglons 16s rRNA gene The Firmicutes and Bagtermdetes ratio J,
and their contents Proteobacteria | [50]
Four groups were: unrestricted
. . . Western diet, time-restricted Western The TRF scheme restored the rhythmicity of genera such as
Jiafeng Xia, 2023 6-week-old C57 male mice diet, unrestricted chow diet, and Feces 165 rRNA gene Lactobacillus, Myxococcus and Acetobacter [51].
time-restricted chow diet
The expression of ZO- is higher in the ileum of two IF
Ruxue Ma, 2023 6-8-week-old Balb /¢ female mice Three groups for four wc_eeks: TRE, Feces 165 rRNA gene groups of mice. / hour fastm.g led_ to a reconfiguration of the
ADEF, normal feeding gut microbiota.
Alistipes and Rikenellaceae 1 [52]
Junhong Su, 2022 6-week-old Balb/c male mice TREF for 30 days Feces 16s rRNA Lachnospiroceae and Ruminococcaceae | [53]
. . s Firmicutes phylum 1
Ruiyuan Pan, 2022 3-month-old 5xFAD mice ADF until the mice grow to 5.5-6 Feces 16s rRNA gene Bacteroidetes |
months old . .
Lactobacillus family 1 [54]
Yang Hong, 2023 6-week-old C57 male mice ADF Feces 16s rRNA gene Lactobacilli and Verrucomicroniaceae 1 [55]
- . Short-term group: IF for two weeks; Non-targeted Short-term IF: C(?htogemc B.ac.ter01des,. Dopakuru and
Jingjing Wu, 2022 6-week-old C57 male mice Lone-term erotn: IF for 20 weeks Feces sequencin Akmansia 1, Clostridium ruminant |.
& group: ! & long term IF: Akmansia] and Lactobacillus 1 [56]
. . . 16s rTRNA gene .
Hernandez Abii R, 2022 8-month-old mice TRF(Fasting 21 h a day) for 14 months Feces amplification Genus Leptomyces, Enteromonas and Eubacterium 1 [57]
IF group: fasting every other day for
Andras G, 2022 C57 male mice 28 days; FMD group: fasting four Cecal contents 16s rTRNA gene SCFAs level | [58]

days a week for three weeks

Shanshan Xie, 2022

12-week-old ¢57 male mice

Feces

16s rRNA gene

The level of distant Bacteroides | [59]
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Table 2. Cont.

Microbiological

Author, Year Research Model Fasting Plan Sample Type Analysis Method Main Findings
Huanan Shi, 2021 5-week-old hypertensive rats ADF for 10 weeks Feces 16s rRNA gene Lactobacillus and Bifidobacterium 1 [60]
Ziyi Zhang, 2021 8-week-old ¢57 male mice PF(5:2 IF regimen) Feces 16s rRNA gene Lactobacillus | [61]
1. Control group; 2. Intermittent Short-term IF: colitis cells, Bac.termdes, Dopakuru and
. o . . . 16s rRNA gene Akmansia 1
Jingliang Liu, 2021 6-week-old c57 male mice group; 3. Melatonin group; Feces 2 - . .
X . 3 amplification , and Clostridium ruminant |. Long term IF:Lactobacillus 1,
4. Fasting with melatonin group .
Akmansia | [62]
Ya Deng, 2020 3-week-old ¢57 male mice ADF for a month Feces 16s rRNA gene The proportion of thick-wall ba'cterla.and Bacteroides |
amplification The relative abundance of intestinal flora [63]
Either a normal diet ad libitum, a Bacteroidetes 1
Yugian Ye, 2020 8-week-old Kunming male mice high-fat diet ad libitum, or a high-fat Feces 16s rRNA gene Firmicutes | [64]
diet restricted to TRF; for 8 weeks
The integrity of intestinal barrier 1
. . . The level of SCFAs 1
Zhigang Liu, 2020 3-month-old db/db mice NA Feces 16s rRNA gene Intestinal microorganisms, and Lactobacillus 1
Plasma LPS | [65]
. . . Akkermansia 1
Linghao Li, 2020 C57 male mice NA Feces 16s rRNA Alisma | [66]
Cignarella F, 2018 7-week-old c57 BL/6 female mice Fasting ?(‘)Iz?;\f::lfsr day for Feces 16s rTRNA gene Lactobacilli, Bacteroides and Prevostiae 1 [47]
Fasting every other dav for The level of Bacteroides 1, while Verruciformes |; The
Eleni B, 2018 4-month-old db/db mice g y y Feces 16s rRNA gene number of mucin, goblet cells, and villus length of intestinal

seven months

mucosa in mice 1, and plasma peptidoglycan | [67]

16s rRNA—16S ribosomal RNA gene sequencing; ADF—alternate day fasting; [F—intermittent fasting; NA—no application; PF—periodic fasting; TRF—time-restricted feeding;

T—increase; |—decrease.
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3.1. The Changes of Microbial Metabolites Following IF

The bioactive metabolites produced by bacteria residing in the intestinal tract are
capable to influence the host organism’s physiological processes, either through direct or
indirect pathways [68]. The effect of gut microbiota on host physiology has been primarily
attributed to microbial metabolites. Humans consume three primary macronutrients—
carbohydrates, proteins, and fats—in their daily diet [69]. These macronutrients are not
completely digested by the body. Undigested nutrients can bypass early digestion and serve
as substrates for intestinal microbial metabolism, leading to the production of microbial
metabolites such as short-chain fatty acids (SCFAs), amino acids, bile acids, and vitamins,
which influence host physiological functions [70]. Table 3 provides a comprehensive
overview of the systemic impacts of gut microbiota-generated metabolites on the host
organism and examines the effects of various metabolites on metabolic disorders affecting
the nervous system.

Table 3. Effects of microbial metabolites on the nervous system.

Metabolites

Related Bacterium Main Findings

SCFAs: acetic acid, propionic
acid, butyric acid, isobutyric
acid, etc.

1. Butyric acid passed GPR109A /PPAR-y/TLR4-NF-k B signal pathway inhibits
microglia-mediated neuroinflammation and enhances memory and cognitive
performance in a correlated manner [71].

2. Supplementing SCFAs alleviated the manifestation of anxious and depression
behaviors in mice [72]

3. Chronic cerebral hypoperfusion resulted in the decrease in fecal acetic acid
and propionic acid and the decrease in hippocampal acetic acid. After
administration of FMT and SCFA, the above decrease was reversed by changing
the structure and composition of fecal microbial community; FMT and SCFAs
may alleviate the neuronal damage induced by chronic cerebral ischemia [73].
4. After young adult mice were transplanted into the microbiota of old mice, the
expression of synaptic plasticity and neurotransmission proteins in the
hippocampus decreased, and the microbiota producing SCFAs (Trichospiridae,
Faecaceae and Ruminococcaceae) decreased [71]

5. In VPA-induced autism model rats, the abundance of uric acid bacilli is high
and the level of butyric acid is low. Lactobacillus suis CCFM 1076 helps to
decrease the prevalence of uric acid bacteria and enhance the concentration of
butyric acid [74]

Clostridium group of
Chlamydomonas, including
Eubacterium, Rosbergia,
Fecal, etc.

Choline metabolites

1. TMAO is synthesized via the metabolic process of choline by intestinal
microbes. The substance has the ability to traverse the blood-brain barrier and
exert its effects on the central nervous system. The heightened level of focus will
amplify the likelihood of experiencing unfavorable cardiovascular events [75].
2. Individuals who have elevated choline levels demonstrate a reduced
susceptibility to cognitive impairment subsequent to an ischemic stroke [76].

Faecalibacterum prausznitzii

Cholic acid: cholate,
porcine cholate, deoxycholate,
etc.

1. Individuals diagnosed with AD have reduced blood concentrations of CA,
which is a primary BA. Conversely, these individuals show elevated levels of

Faecalibacteri itzii, o ; .
foca 1A CTITN PTOMSSEIILER DCA, a secondary bile acid that is generated by bacteria [77].

Lactobacillus, Bifidobacterium,
etc. 2. There was a significant correlation seen between decreased concentrations of

CDCA, CA, and UDCA, and the presence of PD-MCI [78].

Amino acid derivatives

1. Research investigations indicate that the suppression of intestinal ecological
disturbances and the subsequent buildup of phenylalanine and isoleucine may

Faecalibacterium praussznitzii, X ; N X T N
p effectively regulate neuroinflammation and alleviate cognitive impairment [79].

Lactobacillus, Bifidobacterium,
ete. 2. Obese diet mice showed cognitive dysfunction, accompanied by intestinal

ecological disorder and Trp metabolic disorder [80].

Vitamins: Vitamin K, Vitamin
B12, thiamine, folic acid, etc.

1. There exists a positive correlation between elevated consumption of vitamin

K via one’s diet and enhanced cognitive performance [81].
NA 2. Elevated levels of plasma homocysteine have been illustrated to be positively

correlated with an increased susceptibility to cognitive impairment and
dementia [82].

AD—Alzheimer’s disease; BA—bile acid; CA—cholic acid; CDCA—deoxycholic acid; DCA—deoxycholic acid;
NA—no application; PD-MCI—Parkinson’s disease with mild cognitive impairment; TMAO—trimethylamine
oxide; UDCA—ursodeoxycholic acid; Trp—tryptophan.
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3.1.1. Short-Chain Fatty Acids (SCFAs)

SCFAs are primarily synthesized by anaerobic bacteria in the colon through the fer-
mentation of dietary fiber and resistant starch and include acetic acid, propionic acid, and
butyric acid [83,84]. They not only serve as an energy source within the gut but also play
a crucial role in modulating the host’s biological responses, influencing multiple body
systems [83-86]. The quantity of SCFAs in the intestinal mucosa and feces of persons with
a diagnosis of inflammatory bowel disease exhibit a substantial reduction in comparison to
those observed in the healthy control group [87]. The incidence of colorectal cancer is also
linked to the decrease in gut microbiota and SCFAs [88]. Individuals who are overweight
experience weight loss following prolonged administration of propionate [89]. Simultane-
ously, it has been noted by researchers that SCFAs have the capability to mitigate insulin
resistance through the prohibition of histone deacetylases [90]. Studies suggest SCFAs
can stimulate the production of glucagon-like peptide-1 (GLP-1) and peptide YY, affecting
both endocrine and nervous systems [91]. One of the processes through which intestinal
microbes regulate blood pressure is through SCFAs, which interact with two receptors
known as GPR41 and Olfr78. The Olfr78 knockout mice for exhibit a state of hypotension,
whereas the knockout mice for GPR41 display a state of hypertension [92]. The conception
of the gut-brain axis suggests that modulating microbes and their metabolites can be a
viable strategy for enhancing and mitigating neurodegenerative disorder [93]. This trans-
portation is facilitated by the mono-carboxylic acid transporter [94,95]. Moreover, it has
been demonstrated that various IF protocols can result in elevated concentration levels of
SCFAs within the body, as well as alterations in the microbial populations responsible for
SCFA production (e.g., Bacteroides, Clostridium, and Rumen Cocci). The results of this
study indicate that IF might regulate the composition of SCFAs in the gut environment by
impacting the variety and quantity of microbial populations.

3.1.2. Amino Acids and Derivatives

Intestinal bacteria possess the ability to encode and synthesize a diverse range of
amino acids. Furthermore, the intestinal microbiota also engages in the modification of
dietary amino acids by processes of deamination and decarboxylation. This includes the
metabolic conversion of aromatic amino acids (such as tyrosine, alanine, and tryptophan)
into a range of subsequent products [96,97]. Tyrosine undergoes metabolic processes re-
sulting in the production of tyramine, which subsequently gives rise to two distinct types
of catecholamines, namely dopamine and norepinephrine. As an illustration, the amino
acid tyrosine has the capacity to undergo metabolic processes resulting in the formation
of 4-ethylphenol. Subsequently, the host organism efficiently sulfates 4-ethylphenol to
produce 4-ethylphenyl sulfate (4EPS). In the mouse model exhibiting characteristics of
autism and schizophrenia, as well as in the sample of children diagnosed with autism, there
is an observed rise in the occurrence of 4EPS [98]. The process of tryptophan decomposition
results in the formation of indole derivatives, tryptamine, and kynurenine. Indole has
been shown to enhance the production of connexin, hence reinforcing the integrity of the
intestinal barrier function [99]. Additionally, indole has been found to stimulate the release
of GLP-1 [100]. It is known that the application of GLP-1 receptor agonists can act on the
central nervous system, which can inhibit appetite, increase satiety, and reduce caloric
intake [101]. The further investigation on the central nervous system of GLP-1 aiming
not on appetite has broad prospects. The impact of kynurenine metabolites on neuronal
glutamate receptors has been observed to influence cognitive processes, as well as behav-
iors associated with worry and stress [102,103]. Glutamate, an excitatory neurotransmitter,
can undergo metabolic conversion by the enzyme glutamate decarboxylase, resulting in
the production of gamma-aminobutyric acid (GABA). Several researches have indicated
that the bacterial strain accountable for the synthesis of GABA has promise in alleviating
depression symptoms and anxiety-related behaviors in mice. The potential association
between aberrations in the glutamate/GABA system within the brain and many disorders
such as anxiety, depression, schizophrenia, and other pathological conditions has been
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postulated. The dysregulation of the dopamine system has been found to be associated
with mood disorders, such as depression, as well as AD [104-106]. Dopamine has been
used as a preclinical intervention for the management of depression, anxiety, and cognitive
dysfunction. Further investigation is warranted to examine the alterations in neurophys-
iological function in hosts resulting from the metabolic conversion of amino acids into
various compounds by gut microbes.

3.1.3. Bile Acid

Bile acid is a byproduct of the metabolic process of cholesterol and serves a crucial
function in the metabolism of fats and energy. The presence of bile acid in the bloodstream
enables its direct interaction with the brain via the blood-brain barrier [107]. Additionally, it
can modulate neuronal function via stimulating intestinal receptors, leading to the secretion
of GLP-1 [108]. The interplay between the presence and elimination of bile acids is closely
associated with the optimal functioning of the brain. The intestinal microbiota has the
capacity to convert main bile acids into secondary bile acids via the use of many enzymatic
pathways, including dehydrogenation, uncoupling, and degradation. The dysregulation
of these neural circuits can result in several aberrant neurological processes, including
neuroinflammation, impaired cognitive abilities, seizures, and demyelination. Secondary
bile acids can be discovered in the brains of people suffering from AD, and the rise in the
content is positively connected to cognitive impairment and brain imaging alterations [109].
In a clinical trial, it was observed that AD patients exhibited a significant decrease in the
concentration of cholic acid, which is the main bile acid (BA), compared to non-AD patients.
Additionally, AD patients showed elevated concentrations of deoxycholic acid, a secondary
BA generated by bacteria activity, together with its glycine and taurine binding forms. The
improved ratio of DCA to CA is indicative of a close association with cognitive decline,
suggesting that the 7a-dehydroxylation pathway is implicated in this process [77].

3.2. The Integrity of Intestinal Barrier

The integrity of the gastrointestinal mucosa plays a crucial role in maintaining the
general health of the body. The intestinal barrier is composed of three main components:
intestinal microbes, intestinal mucosa, and tight junctions [110]. Tight junctions are a net-
work of transmembrane protein strands that interact and connect adjacent cells, especially
in immediate proximity to the adaptable surface of the epithelium [111]. This overview
examines the impact of the intestinal mucosa and tight junctions on the physiological
functioning of the human nervous system.

The intestinal mucosa, the innermost layer of the gastrointestinal tract, is composed of
the epithelium, interstitial lamina propria with a rich vascular network, and muscularis
mucosa. This complex structure is populated by specialized cells—absorptive epithelial
cells, Paneth cells, goblet cells, and enteroendocrine cells—that together uphold the intesti-
nal barrier’s integrity, demarcating the lamina propria from the luminal contents. Goblet
cells secrete mucins, forming a mucus layer that acts as a gelatinous shield, limiting so-
lute and water permeation and protecting epithelial cells from direct exposure to luminal
entities. Intercellular junctions are crucial in maintaining these cells” polarity and barrier
impermeability.

Disruptions in the intestinal microbiota can alter this barrier, potentially resulting in
endotoxemia, which is implicated in the etiology of chronic conditions such as obesity,
type 2 diabetes mellitus, and inflammatory bowel disease. In the neurologic realm, a
hypothesized link between Alzheimer’s disease and pathogens such as herpes simplex
virus type 1, Chlamydophila pneumoniae, and Porphyromonas gingivalis suggests these
microorganisms can traverse compromised barriers—intestinal and blood-brain alike—
gaining access to the central nervous system and initiating neuroinflammatory responses
that may contribute to neuronal damage.

Mind persistent inflammation can subsequently contribute to the development of
peripheral nerve inflammation. The composition of the gut microflora consists of intricate
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colonies of microorganisms. There has been a hypothesis suggesting a possible link between
AD and infectious agents such as herpes simplex virus type 1, Chlamydia pneumoniae, and
Porphyromonas gingivalis, potentially influencing the development and progression of
AD. Rotenone was employed as an agent to create the pathological model of PD in murine
subjects in certain investigations. Following an extended period of administering the
novel medicine FLZ, a notable decrease in both intestinal inflammation and damage to the
intestinal barrier was observed in mice. Moreover, the treatment exhibited inhibitory effects
on systemic inflammation. In addition, the administration of FLZ therapy has been shown
to ameliorate microbiota imbalance and exert a neuroprotective effect via modulation of
the TLR4 pathway [112]. The study showed that a one-month fasting period had a positive
impact on the anxiety behavior of db/db mice over a three-month period. Additionally,
the study observed a growth in the villus length of intestinal goblet cells and the thickness
of the intestinal barrier muscle layer. Furthermore, the findings illustrated that IF may
straightly act on intestinal fistula by reducing plasma lipopolysaccharide (LPS) levels [65].
Animal tests have also shown that in 4-month-old db/db mice, fasting every other day
with a duration of 7 months led to an increase in intestinal mucin, goblet cells, and villous
strips, while there is a decrease in plasma peptidoglycans. The aforementioned findings
collectively indicate that IF has the potential to enhance the maintenance of the integrity
of the intestinal barrier [67]. Simultaneously, SCFAs act as the primary energy substrate
for intestinal epithelial cells, thereby facilitating the proliferation and differentiation of
these cells, mitigating cell death, and preserving the integrity of the intestinal mucosal
barrier. Numerous studies in both clinical and animal experimentation have consistently
highlighted the capacity of various IF protocols to elevate concentrations of SCFAs inside
the host organism. Additionally, these fasting regimens have been found to promote a
greater biological abundance of the GIT, which serves as a significant source of SCFA
production [113]. IF has been suggested as a potential strategy for enhancing the integrity
of the intestinal barrier through its positive effects on gastrointestinal function, promotion
of improved intestinal barrier function, reduction in the influx of detrimental substances
into the intestine, and augmentation of intestinal immune cell activity.

3.3. Vagal Nerve Signal

The intrinsic neural network within the GIT, comprising the myenteric and submu-
cosal plexus as well as Cajal interstitial cells, is primarily regulated by the sympathetic
nervous system. This system exerts inhibitory effects on the secretion of gastrointestinal
muscle and mucosa, and also modulates gastrointestinal blood flow via neuro-dependent
vasoconstriction. In contrast, it can be argued that the parasympathetic nervous system
exerts a more intricate and sophisticated control over the steady-state regulation of stomach,
intestinal, and pancreas functions. Gut microbiota has the ability to interact via endocrine
and immunological pathways, but its impact on the brain is most pronounced and expe-
ditious when influencing the vagal nerve signal. The vagus nerve (VN) is a prominent
constituent of the parasympathetic nervous system, encompassing approximately 80% of
the afferent fibers and 20% of the penetrating fibers [114]. The metabolites of the microbiota
could transmit information from the intestines to the CNS via afferent neurons. This process
leads to the generation of adaptive or maladaptive responses following integration within
the CNS [115]. Direct interaction between the gut microbiota and the afferent fibers of
the VN was not established. The transmission of microbiota signals to these fibers occurs
indirectly, primarily by the diffusion of microbial metabolites, chemicals, or other cells
within the epithelium that are capable of transmitting signals. Within this group, certain
substances such as SCFAs, gastrointestinal hormones, and endocrine peptides, includ-
ing neuropeptide Y, peptide YY, pancreatic polypeptide, cholecystokinin, glucagon-like
peptide, adrenocorticotropin releasing factor, oxytocin, and auxin releasing peptide, are
thought to be involved in signaling transmission [116]. Several studies demonstrated that
the prolonged administration of Lactobacillus rhamnosus JB-1 decreased the prevalence
of anxiety and depression. Nevertheless, the vagotomy subordinates did not exhibit any
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alterations in behavior or physiological markers, so suggesting the significance of the VN
as a crucial communication pathway within the brain—gut axis [117]. The administration
of Lactobacillus reuteri demonstrated a specific enhancement in the social impairment
observed in the mouse model of hereditary and idiopathic ASD. This effect is contingent
upon the involvement of the VN. It has been seen that reuteri exerts its effects through
a mechanism that relies on the VN. This mechanism has been found to restore synaptic
plasticity in the ventral tegmental area of mice with ASD following social interaction [118].
However, it should be noted that this restorative effect is not observed in animals that
lack oxytocin receptors. The current state of clinical research investigating the impact of IF
on the intestinal VN, namely through modulation of gut flora, remains inconclusive. In
this context, the author posits that IF potentialy influence the composition and diversity
of microbiota, leading to alterations in VN signaling via the dissemination of microbial
metabolites. Consequently, these changes might have an impact on the host’s neurological
system and cognitive capabilities.

In Figure 3, we summarize the potential mechanism underlying the effect of IF on gut
environment and brain—gut axis through gut microbiota and its metabolites.

Gut microbiota: conditional pathogenic bacteria* Enhance microbial abundance

Gut lumen P S 1
microbial diversity, and the presence of beneficial
bacteria.
= = R E 82 B 8 8 & — Tight junction: Gut permeability ™ Villus height
Intestinal permeability |,

Intestinal . . % e J Microbial metabolites: Animbalance in
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. \ Macrophages, dendritic cells: Various cytokines Strengthen cellular immunity
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propeia
>
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transduction through the effecting bran-gut axis
! vagus nerve
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Figure 3. IF influences the intestinal environment and acts on the brain—gut axis. The gut environment
is altered in a variety of ways by IF, including the kinds and quantities of intestinal bacteria, the
intestinal barrier, and the gut nervous system. IF also regulates the gut environment through the gut-
brain axis, which is a circular pathway that connects the gastrointestinal tract to the brain. The arrows
in the figure correspond to increases or decreases in various factors related to the gut environment
and the effects of IF. CNS—centre nervous system.

3.4. Geographical Evaluation of IF and Gut Microbiota Studies across Diverse Populations

Evaluating the geographical regions where studies on IF and gut microbiota were
conducted is indeed an insightful approach. Different regions can have varying dietary
habits, environmental factors, and genetic backgrounds, all of which can significantly
influence the gut microbiota [119]. This approach not only broadens the scope of the
research but also emphasizes the importance of considering regional factors in interpreting
and applying study findings, especially in the context of globally diverse dietary practices
and environmental influences.
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To evaluate the geographical areas of gut microbiota studies, research by location,
ensure the inclusion of diverse populations, and analyze regional diets and environmental
factors should be gathered and categorized. Then, examine lifestyle and health factors
across these regions, apply statistical analysis to identify patterns or correlations, and
finally, synthesize and report findings, highlighting any research gaps and the potential
influence of geography on the gut microbiota. The changes of gut microbiota in different
regions and ethnic groups after IF are worthy of further investigation.

4. The Potential Role of Gut Microbiota in IF-Mediated Neuroprotection

We investigated the role of the gut microbiota in elucidating the protective effects
and underlying mechanisms of IF in the context of various situations associated with
neurological diseases.

4.1. IF and Neurodegenerative Diseases

IF has been investigated in a variety of neurodegenerative disease models. In Table 4,
we summarize the outcomes of IF on various neurodegenerative conditions, detailing the
model systems and the durations of the interventions.

4.1.1. Alzheimer’s Disease

Recent research conducted on rodents has indicated that changes in the gut micro-
biome were potentially associated with the accumulation of amyloid deposits, which are
associated with AD [120,121]. Yet, the specific microbial profiles associated with AD in
humans remain unclear. In an effort to delineate these profiles, researchers analyzed fecal
samples from individuals with and without AD-induced dementia. The studies revealed a
reduced microbial diversity in the AD-diagnosed group, characterized by distinct composi-
tional differences from age- and sex-matched controls. Notably, researchers identified shifts
in bacterial abundance at various taxonomic levels, with reductions in Firmicutes, increases
in Bacteroidetes, and a decline in Bifidobacterium. These microbial changes correlated with
AD biomarkers in cerebrospinal fluid (CSF), bolstering the evidence that gut microbiota
alterations are linked to AD and other disorders. The findings also suggest that modulating
gut bacteria could serve as a therapeutic strategy [122].

Alterations in gut microbiota may trigger pro-inflammatory cytokine release and
increase intestinal barrier permeability, potentially leading to insulin resistance, a known
AD correlate [123]. Moreover, the gut microbiome is known to release immunogenic
combinations of amyloids, lipopolysaccharides (LPSs), and other microbial exudates into its
immediate surroundings [124-129]. Bacterial amyloids might activate signaling pathways
known to play a role in neurodegeneration and AD pathogenesis, while the gut microbiome
might enhance inflammatory responses to cerebral accumulation of amyloid-beta (A3) [130].
Previous research has proposed that the composition of the gut microbiota can be influenced
by diet and certain nutrients [131]. Furthermore, it has been claimed thatthese factors may
have an impact on the formation or aggregation of amyloid proteins [130,132-135]. This
suggests that manipulating the gut microbiome via targeted nutritional interventions and
utilizing prebiotics and probiotics could potentially prevent or alleviate symptoms of AD [136].
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Table 4. Impact of IF on various neurodegenerative diseases.

Diseases Outcomes of IF Model System Duration of Intervention Key Findings
Exacerbated AD-like neurodegenerative 5XFAD mice 4 months Every other fastlng regimen m'creased 1nﬂa}mmat10n and altered glutamatergic
changes signaling, without affecting A load [137].
Enhanced Af clearance through n vitro (neuronal toxicity) Not specified Caloric restriction and prolonged IF increased mark?rs of autophagic activity
autophagy and decreased markers of apoptosis [138].
Improvement in neuronal differentiation . IF activated GSK-33, leading to enhanced neuronal differentiation in the
3xTg-AD mice 3 months . .
and memory hippocampus and improved memory [139].
Neuroprotective effects; increased BDNF . . IF increased levels of BDNEF, NT3, serotonin, dopamine, and glutamic acid,
Type 2 diabetic rats 3 months . - - ’
., and NT3 showing potential protective effects [140].
Alzheimer’s
Disease Improved cognitive function and A3 APP/PS1 double-transgenic 5 months IF restored AQP4 polarity, possibly through 3-hydroxybutyrate, leading to

clearance

mice

reduced Ap pathology [141].

Ameliorated cognitive deficits and
reduced A and tau pathologies

3xTgAD mice

7 or 14 months

Both CR and IF improved cognitive function, with CR showing reduced Af3
and tau levels [142].

Improved memory function and

Ovariectomised rats induced

IF with a high-protein diet showed neuroprotective effects, potentially

alleviated osteoarthritic symptoms with AD and OA 6 weeks through the gut-microbiota—metabolites—brain axis [143].
Improved cognitive function and Ovariectomized rats infused 4 weeks IF protected against memory loss and metabolic disturbances in
metabolic disturbances with 3-amyloid estrogen-deficient rats [144].
Neuroprotective; reduced .doparmne.rglc MPTP mouse model 2 weeks . AlFernate—day fas.tl.ng increased r}eurotrophlc fac'tors, ‘suppressed motoxj
Parkinson’s neuronal loss and astroglial activation impairments, and mitigated MPTP-induced dopaminergic neuronal loss [145].
Disease Exacerbated neuronal death and C57BL/6] mice treated with IF in combination with neurotoxin exposure led to increased neuronal death,
. ] - - 28 days - ) . . L.
increased excitatory amino acids rotenone excitatory amino acids, and inflammatory lipids [146].
Huntington’s Enhanced mHTT clearance and YAC128 mice expressing i Scheduled feef:hng para(?hgm reduc.ed. mHTT levels; fasting-induced
. Not specified autophagy remained functional despite impaired basal autophagy due to
Disease promoted autophagy cleavable mHTT
cleavable mHTT [147].
. . . 80 adult MS patients .
Investigate impact on MS during (40 fasting, 40 non-fasting) in Ramadan period + 6 months No significant changes in disability or clinical relapses [148].
Ramadan follow-up
Isfahan, Iran
Determine feasibility of Time Restricted . . . . TRE feasible and acceptable; exploratory results suggest further study
Multiple Eating (TRE) 12 participants with RRMS 8 weeks, 16 h fasting daily warranted [149].
Sclerosis

Assess intermittent caloric restriction on
EAE (MS model)

Mice with EAE

4th week post-immunization, two
cycles of 3 days FMD + 4 days

normal feeding

Decreased EAE severity, immune cell infiltration, and CNS demyelination;
enhanced CNS recover [150].

Explore effects of IF on MS and EAE,
focusing on gut microbiota

EAE mice and pilot clinical trial

in MS patients

/

IF improved clinical course and pathology in EAE, altered gut flora and T cell
profiles; similar effects in pilot clinical trial [47].

Ap—amyloid p-protein; AD—Alzheimer’s disease; CR—calorie restriction; EAE—experimental autoimmune encephalomyelitis; [F—intermittent fasting; MS—multiple scerosis;

OA—osteoarthritis.
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The primary risk factor for AD is the process of aging, and implementing dietary en-
ergy restriction has been demonstrated to slow down the aging processes in the brain [142].
While IF’s efficacy as an intervention against age-related metabolic dysfunction remains
debated [151], studies have assessed its effects on metabolic and cognitive decline in estrogen-
deficient rats, exploring the underlying mechanisms. The study included four groups: AD
with unrestricted feeding, AD with IF, non-AD with unrestricted feeding, and non-AD with IF.
Rats in the IF groups underwent restricted feeding to a 3 h window daily. All rats, totaling ten
per group, were fed a high-fat diet over four weeks. The findings revealed that IF moderated
AD-associated increases in tail skin temperature and abdominal fat mass, improved energy
balance via food intake without altering energy expenditure, and favored fat oxidation over
glucose. In the context of AD, IF also alleviated memory loss and reduced serum glucose levels
post-glucose challenge by enhancing insulin secretion. Moreover, IF lowered cortisol levels
and improved dyslipidemia and liver health compared to unrestricted feeding. However, IF
also heightened bone mineral density loss and insulin resistance during fasting [144].

4.1.2. Parkinson’s Disease (PD)

Parkinson’s disease, a neurodegenerative condition, affects various brain regions and
is marked by a-synuclein accumulation in the CNS [152,153]. It can disrupt components
of the brain—gut axis, including the autonomic and enteric nervous systems [154,155]. In
addition, it is also recognized that the dysregulation of the brain—gut-microbiota axis in PD
may lead to gastrointestinal (GI) dysfunction, a prevalent condition affecting over 80% of
individuals with PD [156]. There’s growing evidence that GI dysfunction may be integral
to PD pathogenesis, possibly initiating in the gut and progressing to the brain [157]. Studies
have shown that antibiotics can exacerbate aSyn pathology in mice, and gut microbiota
manipulation can accelerate this process. These insights underscore the regulatory role
of gut-brain communication in PD development. Transplanting microbiota from healthy
individuals to aSyn-overexpressing mice resulted in less damage compared to microbiota
from PD patients, highlighting the role of gut bacteria in PD and suggesting that human
microbiome alterations are risk factors for the disease [158].

Further, there is a potential link between changes in the human microbiome and
PD risk. Investigations into PD patients, animal models, and genetic mutations causing
familial PD indicate impaired neuronal bioenergetics, particularly in brainstem and mid-
brain monoaminergic neurons [159,160]. The presence of peripheral insulin resistance
and diabetes during middle age has been found to potentially elevate the likelihood of
PD [161-163]. However, it has been suggested that making changes to one’s diet and
lifestyle that enhance insulin sensitivity, such as engaging in regular exercise [164-166] and
conducting intermittent energy restriction [167-170], may potentially mitigate neurodegen-
erative mechanisms and result in enhanced functional outcomes in animal models. The
utilization of insulin-sensitizing GLP-1 analogs has demonstrated advantageous effects in
animal models of PD. Furthermore, the preliminary findings from an initial clinical trial
including PD patients have shown promise. In addition to their beneficial effects on pe-
ripheral and brain energy metabolism, exercise, intermittent energy restriction, and GLP-1
analogs have been observed to increase neurotrophic signaling, DNA repair, proteostasis,
and mitochondrial biogenesis as part of the neural adaptive stress response [171].

4.1.3. Huntington Disease (HD)

Huntington’s disease is characterized by a unique phenotype that encompasses chorea
and dystonia, impaired coordination, cognitive deterioration, and behavioral challenges.
This condition follows an autosomal-dominant inheritance pattern and exhibits increas-
ing manifestations over time [172]. A study reported a 41-year-old male patient who
diagnosed HD and received a 48-week time-restricted ketogenic diet. The individual
showed improvement in motor symptoms, performance of daily tasks, cUHDRS score,
predominant HD-associated behavioral issues, and mood-related quality of life, but no
improvement in cognition [173]. Metabolic approaches, such as fasting and ketogenic diets,
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were found could ameliorate the clinical manifestations of HD by enhancing brain and
muscle metabolism and improving mitochondrial function [174]. A preclinical research
supported the therapeutic potential of IF techniques based on circadian rhythms. After a
period of three months of treatment, the BACHD micemodel, which is characterized by
the manifestation of many fundamental symptoms of HD, demonstrated enhancements
in both locomotor activity and sleep behavioral cycles subsequent to treatment with TRF.
In addition, there was an observed increase in heart rate variability, indicating a poten-
tial amelioration of autonomic nervous system dysfunction [175]. Another kind of HD
mouse model, the heterozygous Q175, which shows many HD core symptoms was also
used to verify the association between IF and HD. Q175 mice treated with TRF for three
months showed improvement in locomotor activity rhythm, sleep-wake time and heart
rate variability. By gene expression analysis, several HD-related markers were found to
return to wild-type levels in the striatum of treated mice [176]. Currently, there is no direct
evidence linking IF to the progression of PD via gut microbiota. However, given that the
gut expresses mutant HTT and HD pathology is present in the ENS of HD patients and
mouse models [177,178], it is plausible that IF influences HD progression by modulating
gut flora, thereby affecting the ENS or directly engaging in host metabolism.

4.1.4. Multiple Sclerosis (MS)

Multiple sclerosis, a chronic autoimmune disease, is characterized by CNS demyeli-
nation and affects 2.5 million people worldwide, with profound personal and societal
consequences [179]. It may present as relapsing-remitting MS or a progressive form with
gradual neurological decline. Central immune response dysfunction is a key mechanism in
MS, where gut microbiota imbalance can provoke a localized immune response. Activated
immune cells may cross the blood-brain barrier, leading to abnormal central immune
reactions. Intestinal microbiota could influence MS onset and progression by disturbing
CNS immune responses, metabolic processes, intestinal barrier integrity, and blood-brain
barrier.

The experimental autoimmune encephalomyelitis (EAE) model is pivotal in advanc-
ing MS therapies [180]. CD4+ T cells play a crucial role in experimental EAE and are
believed to contribute to the pathogenesis of MS. CD4+ T helper (Th) cells exhibit unique
cytokine profiles and express master transcription factors, which are employed to delin-
eate several T cell subsets [181]. Multiple lines of evidence suggest that CD4+ T cells
that produce IL-17 (known as Th17 cells), interferon (IFN)-y (known as Thl cells), and
granulocyte-macrophage colony-stimulating factor (GM-CSF) have a pathogenic role in
MS and experimental EAE. On the other hand, regulatory T cells possess immunomod-
ulatory and protective properties. Numerous studies underscore the significance of the
intricate interaction among diet, metabolic status, and immune-inflammatory responses
in the context of MS [182]. Obesity’s link to autoimmunity might stem from a persistent
low-grade inflammatory state with altered adipokine production [183]. The gut microbiota
could induce pro-inflammatory or anti-inflammatory responses by modulating T cell dif-
ferentiation and immune responses within the GIT. Studies in the EAE model show that
this phenomenon may have significant systemic implications in either exacerbating or pro-
viding protection against autoimmune disorders [184-188]. Recently, it was documented
alterations in the gut microbiota of patients with relapsing-remitting MS as compared to
individuals without the condition [189]. Further, CR exhibits significant anti-inflammatory
effect. Previous research indicated that chronic CR effectively prevented experimental EAE
development [190]. However, chronic CR may not be suitable for most people. IF induces
similar physiological responses and could be a more feasible dietary intervention. A short
pilot study demonstrated the feasibility and safety of an IF relapse intervention, leading to
short-term metabolic and gut microbiome changes akin to those in animal models [47].
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4.2. IF and Acute Central Nervous System Injury
4.2.1. Ischemic Stroke

Ischemic stroke, a prevalent condition with limited treatment options, involves inflam-
mation in its pathogenesis [191,192]. The presence of commensal gut microbiota has was
found to impact the immune system and potentially influenced disease processes in the
brain [192,193]. Studies showed that antibiotics-induced intestinal microbiota alterations
reduced ischemic brain injury in mice, with benefits via fecal transplantation. Dysbiosis in
the small intestine disrupted immune balance, upregulated regulatory T cells and down-
regulated IL-17-positive v T cells and consequently impeded effector T cell migration to
the leptomeninges post-stroke [194]. The neuroprotective effects of dysbiosis require the
presence of IL-10 and IL-17 [195,196]. The study confirmed the role of gut-brain axis in
ischemic injury.

Several studies uncovered a new inflammatory mechanism that played a role in tissue
damage during cerebral ischemia. This process involves the activation of inflammasomes,
which are multi-protein complexes [197]. IF has been shown to have the potential to
reduce the concentrations of pro-inflammatory cytokines both in the peripheral tissues
and the brain. In this study, we examined the effects of IF, which involved a daily period
of 16 h of food deprivation, over a four-month duration, on the activity of NLRP1 and
NLRP3 inflammasomes following cerebral ischemia. The experimental procedure involved
the induction of ischemic stroke in C578L/6] mice through the closure of the middle
cerebral artery, followed by subsequent reperfusion. The administration of IF decreased
the activation of the NF-kappa B and MAPK signaling pathways, as well as the expression
levels of the NLRPI and NLRP3 inflammasome proteins, as well as IL-1 beta and IL-18, in
ischemic brain tissue. After an ischemic stroke, the outcomes of this study indicate that
IF may reduce the inflammatory response and tissue injury. This effect is achieved by
suppressing the activity of NLRP1 and NLRP3 inflammasomes [198].

4.2.2. Epilepsy

A prospective observational training was managed to examine the impact of fasting
during Ramadan in 2019 on Muslim patients with active epilepsy. This study focused on
individuals who intended to fast and involved an average fasting duration of 16 h per day
and monitored the frequency of seizures for each type of seizure over a period of three
months. The result from this study indicated that Ramadan fasting might be beneficial
in active focal, myoclonic, and absence seizures, as well as a post-fasting effect [199].
Furthermore, it showed that IF probably facilitated axonal regeneration following the
compression of the sciatic nerve in mice by regulating of the intestinal microbiome and its
corresponding metabolite indole-3-propionic acid. The validation of this phenomenon has
been conducted using the mouse sciatic nerve injury model, and additional investigation
in the CNS is required to expand our comprehension.

4.3. Perioperative Neurocognitive Dysfunction (PND)

As the accelerating global aging, a growing number of senior individuals are having
anesthetic and surgical procedures [200]. As a result, there is a growing focus on peri-
operative neurocognitive dysfunction [201]. There was a robust correlation between gut
microbiota and PND, which is related to the gut-brain axis in our and other’s previous
studies [202-205]. Perioperative fasting is a common way of perioperative nutrition man-
agement [206]. A recent study found preoperative fasting protected against intestinal
ischemia/reperfusion injury by modulating gut microbiota [207]. Our recent study also
showed that preoperative nutritional status could predict postoperative renal injury [208].
However, until now, there is no sufficient evidence on whether IF influences the outcome
of PND. It is worth further exploring whether pre-operative short-term IF, long-term IF, or
postoperative IF impacts cognitive function via intestinal flora.
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5. Discussion

This review has synthesized insights into the potential role of IF in neurological
disorders, highlighting the pivotal role of gut microbiota. The integrity of intestinal mucosa
and tight junctions is critical for the physiological functioning of the nervous system.
Epithelial cells, goblet cells, and intestinal endocrine cells within the mucosal layers are
integral in maintaining the structural integrity of the intestinal barrier. Disturbances in
the gut flora lead to increased intestinal epithelial permeability, resulting in endotoxemia,
which is closely linked to the development of chronic diseases such as obesity, type 2
diabetes, and inflammatory bowel disease. Moreover, there is a hypothesized connection
between gut flora and the nervous system, suggesting that certain pathogens may cross
the compromised intestinal barrier and induce neuroinflammatory responses and nerve
damage.

IF emerges as a potential strategy to bolster intestinal barrier integrity, demonstrating
benefits such as improved gastrointestinal function, enhanced intestinal barrier function,
reduced entry of harmful substances, and bolstered activity of intestinal immune cells. IF
may also elevate concentrations of short-chain fatty acids (SCFAs), which are vital for the
proliferation and differentiation of intestinal epithelial cells, reducing cell apoptosis, and
maintaining the integrity of the intestinal mucosal barrier.

Nevertheless, the exploration of IF’s influence on neurological diseases through gut
microbiota necessitates further research in several areas:

Human clinical trials: The evidence base would benefit from more robust human
clinical trials to substantiate the effects of IF on neurological disorders.

Long-term studies: There is a scarcity of long-term investigations to understand the
sustained effects and potential side effects of IF on neurological health.

Diverse populations: Research predominantly focuses on healthy or obese individuals,
with a dearth of studies on specific populations such as the elderly, children, or those with
neurological diseases, among whom the effects of IF may differ.

Mechanistic explanations: While the impact of IF on gut flora is acknowledged, in-
depth explanations of the mechanisms by which IF influences neurological diseases are
lacking.

Standardized IF protocols: With a variety of IF protocols in existence, comparative
studies are necessary to discern the most effective methods for neurological disorders.

Despite the growing interest in IF’s potential role in neurological diseases, these gaps
underscore the need for further research to elucidate its effects and mechanisms. The study
outlines the following key future research directions:

A comprehensive examination of the relationship between gut microbiota and neu-
rodegenerative diseases, including Alzheimer’s.

Investigation into the microbiota-mediated neurotransmission mechanisms, especially
the effects of metabolites like SCFAs on the nervous system.

Analysis of IF’s preventive and therapeutic potential for neurological disorders, prob-
ing into its mechanisms and clinical applications.

Strategies for regulating intestinal flora, using probiotics, prebiotics, flora transplanta-
tion, and assessing their impact on the nervous system.

Further understanding of the gut-brain axis, exploring the role of intestinal flora, the
mucosal barrier, neurotransmission, and other factors in gut-brain communication.

6. Conclusions

IF has prompted changes in the intestinal microflora composition and metabolite
production, influencing the integrity of the intestinal barrier and peripheral nervous system
function. These alterations could affect physiological and psychopathological processes,
even in individuals without preexisting health issues. The findings provide a basis for
developing therapeutic interventions and call for normative clinical studies to examine
the effects of different dietary regimens on gut microbiota. Advancing our understanding
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of intestinal flora through various methodologies, including microbiota detection, could
inform the translation of IF protocols into clinical practice with significant potential.
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Abbreviations

4EPS  4-ethyphenyl sulfate

AD Alzheimer’s disease

ADF alternate day diet

ANS autonomic nervous system
Ap amyloid-beta

CNS central nervous system
CR calorie restriction

CSF cerebrospinal fluid

EAE experimental autoimmune encephalomyelitis
ENS intestinal nervous system
FMD simulated fasting diet

GI gastrointestinal

GIT gastrointestinal tract
GLP-1  glucagon-like peptide-1
HD Huntington’s disease

IER immune effector response
IF intermittent fasting

IL interleukin

KD ketogenic diet
LPSs lipopolysaccharides

MS multiple sclerosis

PD Parkinson’s disease

PF periodic fasting

PND perioperative neurocognitive dysfunction

SCFAs  short-chain fatty acids

SHBG  sex hormone binding globulin
TRF time restricted diet

VN vagus nerve

cICCs  Cajal interstitial cell

aSyn a-synuclein
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