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ARTICLE INFO ABSTRACT

Keywords: Adult neural stem cells divide to produce neurons that migrate to preexisting neuronal circuits in
Adult neurogenesis a process named adult neurogenesis. Adult neurogenesis is one of the most exciting areas of
Genomics

current neuroscience, and it may be involved in a range of brain functions, including cognition,

Metabolomics . . . . . . .
Prot N learning, memory, and social and behavior changes. While there is a growing number of multi-
Toteomics . . . R 3 X )
Transcriptomics omics studies on adult neurogenesis, generalized analyses from a multi-omics perspective are
Microbiomics lacking. In this review, we summarize studies related to genomics, metabolomics, proteomics,

Epigenomics epigenomics, transcriptomics, and microbiomics of adult neurogenesis, and then discuss their
future research priorities and potential neighborhoods. This will provide theoretical guidance and
new directions for future research on adult neurogenesis.

1. Introduction

The overwhelming majority of mammalian species are capable of adult hippocampal neurogenesis, as demonstrated by numerous
studies conducted over the past 20 years [1]. Adult neurogenesis is the process by which neural stem cells (NSCs) or neuronal precursor
cells (NPCs) proliferate, migrate, and differentiate into new neurons under certain conditions in the adult brain, maturing and
eventually integrating into functional neural circuits [2] (Fig. 1). In rats, adult neurogenesis was thought to occur predominantly in the
subventricular zone (SVZ) of the lateral ventricle wall and the subgranular zone (SGZ) of the dentate gyrus forming the hippocampus
[3], which is involved in olfactory and spatial learning and memory. Similar neurogenesis has been found in humans and appears to
occur in other regions, such as the striatum [4]. Adult hippocampal neurogenesis (AHN) is also important for cognitive function,
emotion regulation, and behavioral processes. The impairment of AHN has been implicated in the pathogenesis of many psychiatric
and neurological disorders affecting different age groups. An understanding of the mechanism of adult neurogenesis will create the
basis for finding relevant biomarkers and help provide new ideas for drug development.

The existence of adult neurogenesis and its associated mechanisms took a long time to prove. Prior to the 20th century, it was
generally believed that nerve cells were terminal cells without the ability to regenerate and that the adult brain could not produce new
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Fig. 1. Adult neurogenesis process pattern in hippocampus.

neurons. In 1912, Allen et al. discovered mitotic cell division in the lateral ventricles of 120-day-old rats, suggesting for the first time
that neuronal neogenesis could occur in the adult mammalian brain. Altman et al. identified new neurons in the hippocampal dentate
gyrus of the adult rat brain using thymidine nucleoside-H3 labeling, providing radiological and histological evidence for the gener-
ation of new neurons in the hippocampus [5,6]. Inmunofluorescence confocal microscopy in the late 1980s and early 1990s revealed
that 5-bromodeoxyuridine nucleoside (BrdU), used to label mitotically active cells, can be combined with neuronal and/or glial
markers to determine cell phenotypes [7,8]. With the development of technology, adult neurogenesis has been confirmed to exist in the
central nervous system of mammals, especially in the SVZ and hippocampus [9]. Related historical developments are summarized in
Fig. 2.

Over the past few decades, multi-omics techniques have revolutionized biomedical research [10]. It includes genomics, tran-
scriptomics, epigenomics, proteomics, metabolomics, microbiomics, and other fields. These data are known as “multi-omics” data
[11]. The integration of multi-omics data can promote the systematic and thorough understanding of complex biological processes
[12], which has the potential to provide new biological insights into disease mechanisms [13]. Integrated multi-omics analysis helps to
assess the flow of information from one omics level to another, bridging the gap from genotype to phenotype, while its ability to study
biological phenomena as a whole allows for a deeper study of the mechanisms of and therefore can contribute to better treatment and
prevention [14,15]. In this paper, we analyze a multi-omics study of adult neurogenesis, reviewing the results and developments from
six omics aspects (Fig. 3) and providing a reference for future studies.

2. Search strategy and selection criteria

We searched PubMed and Medline for papers published before July 2024, using the following terms: “Adult Neurogenesis”,
“Genomics”, “Transcriptomics”, “Proteomics”, “Metabolomics”, “Microbiomics” and “Epigenomics” in different combinations
(Table 1). Additional articles were identified by reviewing the reference lists of key papers in the field. There were no language re-
strictions. Final references were selected based on originality, currency, impact, and relevance to the broad scope of this review.

2.1. Genomics

This section delves into the genomic landscape of adult neurogenesis, focusing on critical processes such as neural stem cell
proliferation, neuronal differentiation, synaptic plasticity, and neurodevelopment. Selection of genes for this study is based on their
significance to neurodevelopment and their potential impact on adult neurogenesis. Additionally, some genes are linked to diseases or
conditions that may affect neurogenesis, making them focal points of research that illuminate the mechanisms (as detailed in Table 2).

In the context of neural stem cell proliferation, Sox11 and Sox4 are co-expressed in adult hippocampal neural stem cells, as well as
in IIb and III intermediate progenitor cells and immature neurons [16]. The knockdown of Sox11 and Sox4 significantly inhibits adult
hippocampal neurogenesis [17-19]. Similarly, SRRM4 knockout in embryonic ventricular zones results in a reduced number of Pax6+
cells and post-mitotic NeuN + neurons [20]. Tdrd3 knockout mice demonstrate enhanced neuronal complexity but reduced myeli-
nation, highlighting its role in neurodevelopment [21]. Regarding neuronal differentiation, SRD5A3 is involved in lipid-linked
oligosaccharide synthesis, and mutations in this gene lead to defects that inhibit neurogenesis [22,23]. PMM2 mutations are associ-
ated with glycosylation diseases, and mouse models with these mutations exhibit neurodevelopmental defects [24]. The deletion of
PTBP1 results in the premature differentiation of radial glial cells into neurons, thereby depleting the radial glial cell pool [25].
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Allen et al.proposed
that there may be
neurogenesis in the
SVZ of the adult brain.

Altman et al. found
neuronal regeneration in
the SVZ and SGZ of the

adult brain.

Kaplan et al. used electron
microscopy to confirm that
the labeled cells in the
hippocampus and olfactory
bulb were neurons.

BrdU tracing method
was found to label
newborn neurons.

Reynolds and Richards
developed neural stem
cell-like cells in the adult
brain.

Eriksson et al. found cell
proliferation in the adult
brain hippocampus.

Neuronal regeneration in
adult mammals has been
confirmed in different
species.

Fig. 2. Major discoveries in the study of adult neurogenesis.

In terms of synaptic plasticity, Gasl is co-localized with NeuroD1 in the neocortex, hippocampal dentate gyrus, and cerebellar
external granular layer, and is a direct target of NeuroD1 [26]. Gas1 plays a role in neurodevelopment, with its expression regulated by
NeuroD1 [27]. Additionally, BPA, an endocrine disruptor found in human urine samples, affects fetal brain development [28]. BPA
exposure leads to the upregulation of Sxtla in mice, suggesting a long-term impact on synaptic plasticity [29].

Other related genes also play significant roles in adult neurogenesis. CSTB mutations cause progressive myoclonic epilepsy (PME)
and result in hippocampal neurogenesis defects in mouse models [30]. DIAPH3 mutations affect filopodia formation, essential for
neocortical neuropil development and neurogenesis [31]. Snhgl1 knockout mice exhibit deficits in dentate gyrus synaptic plasticity
and neurogenesis [32]. Derlin-1 deficiency impairs neural stem cell proliferation and differentiation, thereby affecting neurogenesis
[33]. Similarly, Hdac8 knockout impairs the proliferation and differentiation of neural progenitor cells (NPCs), impacting neurogenesis
[34]. In conclusion, genomic studies reveal that numerous genes are involved in adult neurogenesis, encompassing neural stem cell
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Fig. 3. Multi-omics studies of adult neurogenesis, including genomics, transcriptomics, proteomics, metabolomics, microbiomics, and epigenomics.

Table 1
Literature search on adult neurogenesis and multi-omics.
Search Strategy Number of Papers
“Adult Neurogenesis” and “Genomics” 1091
“Adult Neurogenesis” and “Transcriptomics™ 611
“Adult Neurogenesis” and “Proteomics” 160
“Adult Neurogenesis” and “Metabolomics” 38
“Adult Neurogenesis” and “Microbiomics” 93
“Adult Neurogenesis” and “Epigenomics” 47

proliferation, neuronal differentiation, synaptic plasticity, and neurodevelopment. Mutations in some of these genes can lead to
deficits in neurogenesis, affecting cognitive and behavioral functions. Future research is essential to further investigate the functions
and mechanisms of these genes and to explore new therapeutic approaches to promote neurogenesis and improve the treatment of
neurodegenerative diseases.

2.2. Epigenomics

Epigenetic mechanisms are crucial dynamic processes for the regulation of various genome functions and coordination of brain
development and adult neurogenesis [43]. The epigenetic pattern of normal cells is influenced by their age and (micro)environmental
conditions. By combining these factors, a cell’s epigenome influences its phenotype; as a result, a cell’s phenotype varies slightly over
time [44]. Major studies are summarized in Table 3.

DNA methylation, a highly researched area in adult neurogenesis epigenomics today, can regulate gene expression [45]. Age can
seriously influence DNA methylation status, which presumably affects adult neurogenesis [46]. Mario Baumgart et al. studied the
animal model of the short-lived teleost fish Nothobranchius furzeri [47]. The brains of scleractinian fish show extensive adult neuro-
genesis and neuronal regeneration. Compared with human data, several DNA methyltransferase gene family members were
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Table 2
Main findings in genomics of adult neurogenesis.

Year Genes Main findings Biological material Organism  Method used References

published studied

2013 Sox11 & Knockdown of both Sox11 and Sox4 significantly NPCs Human Retroviral method [35,36]

Sox4 inhibited adult hippocampal neurogenesis

2014 SRD5A3 The most likely mutation in cerebellar ataxia is the Cerebellum Human Exome sequencing [23,35]
pure mutation ¢.5G > A (p.W19X) in exon 1 of SRD5A3 analysis

2015 SRRM4 A reduction in Pax6+ cells and post-mitotic NeuN + Brain Human CRISPR/Cas9 [20]
neurons was observed in the ventricular zone of the
SRRM4-deficient germline.

2016 SRD5A3 The presence of a purely nonsense mutation ¢.3G > A Cerebellum Human Sanger sequencing [23,37]
in the SRD5A3 gene; p.Trp107X (chr4: g.5G > A
[hg191)

2016 PMM2 A compound heterozygous mouse model with the Cerebellum Mouse Knock-in technology ~ [24,37]
prevalent R137H and F115L mutations in PMM2
showed neurodevelopmental defects similar to those
in PMM2-CDG patients.

2016 CSTB Reported 2 PME patients with a homozygous p.Arg68*  Cerebellum Human Single nucleotide [24,30]
null mutation polymorphism

arrays

2017 PMM2 Forty-six different pathogenic variants of PMM2 were Cerebellum Human cDNA sequencing [30,38]
identified, with the Argl141His variant being the most
common

2018 Gasl Gasl plays a role in neurodevelopment, with its Cortex Mice Knock-in technology ~ [27]
expression regulated by NeuroD1

2019 AUTS2 Abnormal number and density of cells in the Hippocampal dentate ~ Mice Hybrid selectionand ~ [38,39]
hippocampal dentate gyrus and Ammon’s horn of gyrus and Ammon’s deep sequencing
16Gso pure mice horn

2020 CSTB The total number of proliferating cells was hCOs Human Cell Culture [39,40]
significantly reduced in p.Arg68* null mutation hCOs

2020 DIAPH3 DIAPH3 is essential for filopodia formation, which is Cortex Human cDNA sequencing [31]
required for neocortical neuropil development

2020 Sxtla Sxtla has a long-term impact on synaptic plasticity Cerebellum Human cDNA sequencing [29]

2022 PTBP1 Deletion of PTBP1 may induce premature Brain Human CRISPR/Cas9 [25]
differentiation of radial glial cells into neurons,
depleting the radial glial cell pool.

2024 Tdrd3 Specific knockout of Tdrd3 enhances neuronal Cerebellum Mice CRISPR/Cas9 [41]
complexity and reduces myelin sheath formation in
mice

2024 Derlin-1 Adult neurogenesis defects occur in neural stem cells Brain Mice CRISPR/Cas9 [33]
lacking Derlin-1

2024 Hdac8 The proliferation and differentiation of neural Brain Human CRISPR/Cas9 [34]
progenitor cells (NPCs) were found to be inhibited in
Hdac8-specific knockout cells

2024 Snhgl1 By knocking out the Snhgl11 in the wild-type mouse Dentate Gyrus Mice Cre-LoxP [42]

DG, it was found that synaptic plasticity and adult
neurogenesis were impaired.

downregulated during fish brain aging, revealed the authors’ analysis. Post-translational epigenetic modifications occur in mouse
dentate gyrus neurons with age. H3K9 trimethylation (H3K9me3) decreases during aging [48], but this decrease can be prevented by
the cyclic induction of the Yamanaka factor used for cell reprogramming, Alberto et al. reported [49]. In vivo transient cyclic
reprogramming in the central nervous system (CNS) may be successful for slowing down CNS aging and neurodegenerative disorders,
the authors suggested.

Age also significantly affects cytosine 5 methylation within CpG dinucleotides. A weighted correlation network analysis of 2442
[llumina DNA methylation arrays from human brain and blood tissues performed by Steve Horvath et al. allowed the identification of
age-related co-methylation modules [50]. The findings show that age affects adult neurogenesis, which is influenced in part by DNA
methylation, and that the aging-related common module includes genes involved in nervous system development, neuronal differ-
entiation, and neurogenesis. Using genome-wide DNA methylation sequencing, Zocher et al. found in 2021 that exposure to a
stimulus-enriched environment counteracts age-related DNA methylation changes in the hippocampal dentate gyrus of mice [51].
Specifically, environmental enrichment prevents aging-induced CpG hypomethylation at target sites of the methyl-CpG-binding
protein Mecp2, which is essential for neuronal activity and affects cognitive function, adult hippocampal neurogenesis, and other
aspects.

Adult neurogenesis is controlled by cell-intrinsic molecular processes and behavioral activity. While de novo DNA methylation is
essential for embryonic brain development, its role in adult hippocampal neurogenesis remains unknown. De novo DNA methyl-
transferase targets neuronal enhancers and gene bodies during the differentiation of adult hippocampal neural stem cells to establish
the neuronal methylationome and promote transcriptional upregulation of neuronal genes, found Zocher et al. [52]. During in vitro
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Table 3
Main findings in epigenomics of adult neurogenesis.
Year Location Model organism Main findings of Research Method used References
published
2012 Blood and brain Human DNA methylation data The consensus module of DNA The standard protocol of [50]
tissue sets methylation associated with aging [llumina methylation assays
contains genes involved in nervous
system development, neuronal
differentiation and neurogenesis.
2020 The dentate gyrus ~ Reprogrammable i4F-B mice (10 Markers related to adult neurogenesis qRT-PCR [49]
(DG) months age) decrease with mouse age.
2021 The cerebral Transgenic heterozygous TgN The overall chromatin structure and in The R package methylKit [56]
cortex (CTX) and (hGFAP-EGFP)gpga and TgN(PLP- particular the number of open chromatin
cerebellum (CB) DsRed1)prpp (PLP-DsRed1) mice sites are remarkably distinct between
(6-week-old) astrocytes of the CB and CTX.
2021 The dentate gyrus ~ Female C57BL/6JRj mice (5 De novo DNA methylation is not needed  Sorted Binary Alignment [52]
(DG) weeks old) for adult neural stem cell proliferation Map files with the function

and fate determination, but for
morphological and functional
maturation of adult-born neurons in the
hippocampus.

processBismarkAln

differentiation of adult hippocampal neural precursor cells (NPCs) into neurons, focal DNA methylation changes may inhibit dendritic
growth and synaptogenesis in developing neurons and hinder their functional maturation.

DNA demethylation also is important for adult neurogenesis in the hippocampus. For example, Gadd45b promotes DNA deme-
thylation and alleviates the repression of genes essential for adult neurogenesis [53]. As for microRNAs, miR-9, miR-124, miR-92b, and
miR-23 are selectively expressed at different stages of neural stem cell and progenitor cell lineage progression [54]. In adult neuro-
genesis, miR-9 inhibits NSC proliferation and promotes neural differentiation [55].

2.3. Transcriptomics

Transcriptomics is the study of the abundance of different types of RNA molecules to identify and analyze biological processes,
signaling pathways, and potential biomarkers.

To determine the mechanisms of neurodegeneration, the HD iPSC Consortium [57] conducted RNA-seq analysis on induced
pluripotent stem cells derived from patients with Huntington’s disease (HD), revealing that gene expression in HD cultures was
reduced in glutamate, GABA signaling, axon guidance, and calcium inward flow, with one-third of the gene changes occurring in
pathways that regulate neuronal development and maturation [58]. Whether there is sustained neuronal neogenesis in the human
olfactory bulb remains unclear. A microarray RNA quantitation analysis by Jorn et al. [59] of five adult olfactory bulbs revealed 669
overexpressed genes. Meanwhile, to explore further the biological functions covered by the expressed genes in adult olfactory bulbs, 94
meaningful GO terms were identified, including 48 gene ontology terms and 27 neuron development terms related to neurogenesis. Of
the genes expressed in the adult olfactory bulb, one-fifth were associated with neuronal development, and half these genes were
functionally associated with axon generation. However, the study has some shortcomings, and one possible confounding factor is that
it is not impossible that growth factors reached these bulbs and stimulated neurogenetic processes during surgery, even though tumor
invasion was ruled out at the histological level.

Previous studies have identified smaller hippocampal volumes in patients with psychiatric disorders and lower levels of hippo-
campal neurogenesis as possible causes [60]. Powell et al. [61] used human hippocampal progenitor cells for the first time to observe
genome-wide expression during hippocampal differentiation. Microarray analysis uncovered extensive transcriptional reprogramming
during neural progenitor differentiation, and gene ontology revealed the downregulation of genes controlling mitotic processes and
upregulation of genes controlling cell differentiation. While the use of antiretroviral therapy (ART) has greatly decreased the morbidity
and mortality of HIV-1 infection, HIV-1-associated neurocognitive disorders (HAND) remain prevalent [62]. Borjabad et al. found that
neurogenesis-related genes were downregulated in brain cells of the anterior frontal lobe of HIV-1 patients [63].

Exome sequencing has recently identified causal mutations in 16 %-31 % of patients with intellectual disability (ID), but the
noncoding regions of the human genome still have not been explored in greater depth [64]. To identify long noncoding RNAs
(IncRNAs) associated with neurogenesis, D’haene et al. [65] pinpointed 53 candidate IncRNA genes, and Gene Set Enrichment Analysis
showed that at least 24 IncRNAs are involved in processes such as synaptic transmission, nervous system development, and neuro-
genesis. Zinc finger protein and the structural domain containing 16 BTBs (Zbtb16) play important roles in neural precursor cell
proliferation and neural differentiation [66], but how Zbtb16 influences brain function and behavior is still unclear. Usui et al. [67]
identified 533 differentially expressed genes (DEGs) and found that Zbtb16 plays an important role in the neurogenesis of the deep
layers and oligodendrogenesis. The above studies provide insights at the transcriptional level into the downregulation of
neurogenesis-related genes due to HIV-1 infection and psychiatric disorders, as well as the roles of long-stranded noncoding RNAs and
Zbtb16 in neurogenesis and cognitive function.

Growth arrest-specific 1 (Gasl) is a protein that attaches to cell membranes via glycosylphosphatidylinositol (GPI) anchor points.
Previous studies have suggested that Gasl plays a regulatory role in signaling during central nervous system development [68].
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Estudillo et al. [26] demonstrated that Gas1 affects neural progenitors of the human developing cortex and the dentate gyrus of the
hippocampus, and Quezada-Ramirez et al. [27] identified two highly conserved E-boxes in the human Gas1 promoter, which mediated
the transcriptional upregulation of Gas1l by NeuroD1. Gasl and NeuroD1 are jointly localized in the neocortex, the dentate gyrus of the
hippocampus, and the external granular layer of the cerebellum, further studies revealed, and Gasl is the direct target of NeuroD1. The
apolipoprotein E4 gene allele and the apolipoprotein E4 protein (ApoE4) are risk factors for Alzheimer’s disease [69]. To explore the
effects of ApoE3 and ApoE4 heterodimers on adult neurons at the level of neurogenesis, Geffin et al. [70] investigated the human
neural progenitor cell line hNP1 with genotype APOE3/3. Gene ontology found 41 genes to be downregulated and five of the top 10 GO
terms to be associated with neurogenesis.

Bisphenol A (BPA), an endocrine-disrupting compound detected in more than 92 % of human urine samples, affects gene expression
during fetal brain development [28]. To determine whether any DEGs are consistently expressed into adulthood, Henriksen et al. [29]
showed that syntaxin 1la (Sxtla), a gene that helps to regulate hormone and neurotransmitter release [71], was upregulated in the
BPA-exposed mouse group, suggesting a long-term disruptive effect of BPA on synaptic plasticity. Bu-yang Huan-wu decoction (BHD)
is a well-known herbal formula used to treat stroke in Asian countries such as China. To investigate its neuroprotective mechanism,
Wang et al. [72] showed that BHD significantly upregulated six genes related to neurogenesis and nine genes related to nervous system
development in mouse. These studies explored the effects of Gasl, ApoE4, BPA and BHD on neurogenesis and brain development,
providing scientific evidence at the transcriptional level for a deeper understanding of the mechanisms of neurogenesis and brain
development.

Recently, single-cell RNA sequencing has been widely applied to the process of adult neurogenesis, particularly the differentiation
of neural stem cells (NSCs) in the adult brain. Hochgerner et al. [73] used scRNA-seq to map the transcriptional landscape of the adult
hip-pocampus, identifying distinct neural progenitor cell populations and their differentiation into granule neurons. Their work
highlighted the presence of neural intermediate precursor cells (NIPCs), which are essential for adult hippocampal neurogenesis. This
study provides critical insights into the molecular mechanisms underlying adult neurogenesis, specifically the regu-latory pathways
governing the differentiation of NSCs into mature neurons. At the cortical level, Marcy et al. [74] demonstrated that the neural stem
cells in these areas can remain quiescent or activated depending on local microenvironmental signals. In the dentate gyrus, the
quiescence of NSCs is regulated by intrinsic and extrinsic factors, including bone morphogenetic proteins (BMPs), which control the
balance between stem cell dormancy and proliferation. The activa-tion of these NSCs and their differentiation into granule cells is a
fundamental process in the adult brain’s capacity for learning and memory formation.

Regarding cortical developmental mapping, Di Bella et al. [75] used single-cell RNA sequencing to analyze chromatin in the mouse
cortex to develop a comprehensive map of mouse cortical development. Ziffra et al. [76] performed scATAC-seq on the human
forebrain and showed the diversity among cortical neural progenitors. Herring et al. [77] analyzed gene expression and chromatin
accessibility in the human prefrontal cortex from gestation to adulthood and revealed the dynamic regulatory landscape of human
cortical development. Magrinelli et al. [78] used FlashTag to fate-map simultaneously born cohorts of AP daughter neurons at suc-
cessive stages of corticogenesis. Eze et al. [79] used spatial transcriptomics to further delineate a comprehensive molecular and spatial
map of the human cerebral cortex at early stages of development. These studies lay the foundation for diverse regulation of cortical
cells.

While meaningful research has been conducted in some brain regions, it still needs more depth. Aldinger et al. [80] used laser
capture microscopy and SPLiT-seq single-nucleus transcriptomics to map the human fetal cerebellum’s molecular, cellular, and spatial
composition, laying the cytological foundation for cerebellar neuron development. Peng et al. [81] performed single-cell RNA
sequencing of 1741 neurons from multiple brain regions in mice and identified 11 subtypes, each with a wide range of projection
diversity. Kim et al. [82] used the same method to analyze the hypothalamus of the chick at various stages of development. They
identified many candidate neurogenic regulators that had not been identified before. Lust et al. [83] analyzed cell populations in the
telencephalon of the salamander during regeneration, revealing the transcriptional dynamics and gene regulation of specific neuro-
genesis in the postembryonic region. Srivatsan et al. [84] used spatial transcriptomics to capture the approximate spatial coordinates
and complete transcriptomes of approximately 120,000 mouse nucleus. The fate of neural stem cells is altered by Traumatic Brain
Injury, promoting neurogenesis at the expense of astrocyte generation, as revealed by single-cell RNA sequencing and spatial tran-
scriptomics [85]. Thousands of genes exhibiting anatomical expression patterns were identified, further refining mammalian de-
velopment’s spatially resolved single-cell map. Zhou et al. [9] revealed many immature dentate granule cells in the adult
hippocampus, where low-frequency de novo neogenesis and prolonged maturation processes give the hippocampus its neurogenic
capacity. The above studies cover multiple brain regions at the spatial transcriptomic level, including fetal cerebellum, mouse and
avian hypothalamus, salamander brain cells, and mammalian developmental single-cell lineage maps, which provide valuable sci-
entific data for a deeper understanding of brain development, and help to reveal the key factors of neurogenesis and the potential
targets for treating related disorders.

At the progenitor cell level, Shi et al. [86] used single-cell RNA sequencing to study the diversity of human ganglionic eminences,
identifying regional and temporal diversity among progenitors. Bocchi et al. [87] performed 96,789 single cells from the early human
fetal striatum for Single-cell transcriptional analysis, which showed that D1 and D2 medium spiny neurons originated from the same
progenitor cells and exhibited a continuum of fate determinants. Much research has also been carried out on single neuron de novo
neuronization mechanisms. Bajaj et al. [88] investigated the migration of human intermediate neurons and its comprehensive
quantitative analysis of functional regulation through neurotransmitter signaling. The results showed that neurotransmitter signaling
pathways such as GABA link interneuron migration to maturation. Fu et al. [89] enriched and characterized various glial cells and
neuronal progenitors of the neuronal lineage by single-cell RNA sequencing of EGFR-positive glial cells. Fiorenzano et al. [90]
established the developmental trajectory from pluripotent stem cells to mature dopamine neurons using single-cell RNA sequencing.
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Table 4

Main findings in transcriptomics of adult neurogenesis.
Year Transcript studied Main findings Biological Organism Method used References
published material
2021 Sxtla Syntaxin 1a expression was upregulatedin ~ Mouse Hypothalamus  RNA sequencing, RT-gPCR  [67]

the BPA-exposed group, indicating long-
term disruption of synaptic plasticity by

BPA.
2021 Genes in human Mapping the molecular, cellular and Human Cerebellum Laser capture microscopy [80]
fetal cerebellum spatial composition of the human fetal and SPLiT-seq single-
cerebellum nucleus transcriptomics
2021 Genes in mice Revealing the developmental and Mice Cerebral Single-Cell Analysis [92]
cortex differentiation processes of neuronal Cortex
subtypes
2021 Genes in human Neurotransmitter signaling pathways such ~ Human Brain Single-Cell Analysis [88]
interneurons as GABA link interneuron migration to
maturation
2021 Genes in human Differentiation of cortical regions is driven =~ Human Brain Single-Cell Analysis [93]
brain by a strong gradient formed by frontal and
occipital gene-expression signatures
2021 Genes in fetus D1 and D2 medium spiny neurons Human Brain Single-Cell Analysis [87]
brain originated from the same progenitor cells
and exhibited a continuum of fate
determinants.
2021 Genes in mice Producing a comprehensive map of mouse  Mice Cerebral Single-Cell Analysis [75]
cortex cortical development Cortex
2021 Genes in human Depicting a comprehensive molecular and ~ Human Cerebral Single-Cell Analysis [79]
cerebral cortex spatial map of the human cerebral cortex Cortex
at early stages of development
2021 Genes in human Establishing a developmental trajectory Human Brain Single-Cell Analysis [90]
brain from pluripotent stem cells to mature
dopamine neurons
2021 Genes in human Enriching and characterizing various glial ~ Human Cerebral Single-Cell Analysis [89]
cerebral cortex cells and neuronal lineage progenitors cortex
2021 Genes in human Identifying 11 isoforms (CTX1-11) and Mice Brain Single-Cell Analysis [81]
brain finding a wide range of projection
diversity in each isoform
2021 Genes in human Identifying regional and temporal Human Brain Single-Cell Analysis [86]
brain diversity among progenitor cells
2021 Genes in human Discovering diversity among cortical Human Brain Single-Cell Analysis [76]
brain neural progenitor cells
2021 Genes in human Analyzing gene expression and chromatin ~ Human Cerebral Single-Cell Analysis [77]
brain accessibility in the human prefrontal cortex
cortex from gestation to adulthood
2022 Genes in Chick Identifying a number of previously Chick Hypothalamus  Single-Cell Analysis [82]
hypothalamus unrecognized candidate regulators
associated with neurogenesis
2022 Genes in Unraveling the transcriptional dynamics Salamander Telencephalon Single-Cell Analysis [83]
Salamander and gene regulation of specific
telencephalon neurogenesis in the posterior region of the
salamander embryo
2022 Genes in human Employing FlashTag technology to track Human Cerebral FlashTag [78]
cerebral cortex and determine the developmental fate of Cortex
cohorts of AP daughter neurons
2022 Genes in mice Revealing the regulatory role of histone Mice Spinal cord Single-Cell Analysis [91]
spinal cord H3-lysine 27 demethylase Kdmé6b in the
neogenesis of mouse spinal cord motor
neurons
2022 Genes in human Revealing the presence of a large number =~ Human Hippocampus Single-Cell Analysis [9]
hippocampus of Immature dentate granule cells in the
adult hippocampus
2023 Genes in human Bone morphogenetic protein plays a key Human Cerebral Single-Cell Analysis [74]
cerebral cortex role in pallial germinal activity Cortex
2024 Genes in human The fate of neural stem cells is altered by Human Hippocampus Single-Cell Analysis [85]
hippocampus Traumatic Brain Injury, promoting
neurogenesis at the expense of astrocyte
generation
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Table 5
Main findings in proteomics of adult neurogenesis.

Year Location Model organism Main findings of Research Method used References

published

2004 Cerebral cortex 15 day Charles River CD1 Stathmin played an important role Two-dimensional [97]

mouse embryos for in the migration of newborn differential in-gel
neurons in the adult brain. electrophoresis and
mass spectroscopy
2015 Hippocampus 6-8 week-old male Male Comparative proteomics between LC-MS analysis [113]
C57BL/6j mice (6-8 week-old) saline (SAL)- and KA-treated animals
identified a total of 2327 proteins in
the DG, with 56 up- and 58 down-
regulated in the KA group

2015 Hippocampus Dorfin~/~ mice (4 and 8 weeks)  There are 24 proteins whose Liquid chromatography-  [102]
ubiquitination levels were tandem mass
substantially decreased (>2.5 fold) spectrometric (LC-MS/
in the Dorfin—/— brain relative to MS) analyses
WT controls.

2016 Hippocampus Female and male C57BL/6 mice ~ Only a subset of 11 proteins was Tandem mass [101]

(10 days or 10 weeks old) shared between 10D- and 10W-irra-  spectrometry
diated mice (Cct4, Caskinl, Hspd1,
Tmod2, Prrt2, Ubal, Nptn, SOD1,
Pdxp, Rab7 and Racl), 3 of which
showed deregulation of the same
direction (Hspd1, upregulated; Pdxp
and Racl, downregulated)
2017 Dentate gyrus; Human neural progenitor; The expression of neural progenitor Mass spectrometry [98]
cerebrospinal fluid Young adult markers, such as Sox2 and Nestin, analysis
Mice (C57BL/6 N from Charles decreased as the cells matured,
River Laboratories, France) whereas the expression of markers of
between 8 and 10 weeks of age ~ immature neurons, including Dcx,
NCAM1, Gpr56, Tubb3 and Elav3,
increased over time.

2020 Sub-ependymal zone (SEZ), Male C57BL/6J mice between 8 4786 proteins had a differential Mass Spectrometric [99]
Cerebral cortex (Cx) gray and 10 weeks abundance among the four regions: Data Analysis
matter (GM), medial sub- the Cerebral cortex (Cx) gray matter
ependymal zone (MEZ) and (GM), the OB, the SEZ, and the MEZ.
olfactory bulb (OB)

2020 Hippocampus Patients with refractory MTLE Bioinformatics analyses revealed MSe label-free [114]
upregulated proteins in dispersed quantitative proteomics
samples were involved in
developmental cellular migratory
processes.

2021 Hypothalamus Human Brain There is an enrichment of proteins High-resolution mass [104]
pertaining to autophagy and adult spectrometry approach
neurogenesis in the proteome data.

2021 Cerebrospinal fluid Adult humans (Homo sapiens); Comparative pathways analyses of Liquid chromatography-  [112]

mice (Mus musculus); sheep CSF and blood plasma indicated tandem mass

(Ovis aries); chickens (Gallus clusters of proteins involved in spectrometry (nLC-MS/
gallus); budgerigar neurogenesis, neural development MS)

(Melopsittacus undulatus) and and neural differentiation

cockatiel (Nymphicus overrepresented in CSF in each

hollandicus). species.

2022 Hippocampus human brain The topline findings on age- Tandem mass tag-based [103]
associated proteome changes high-resolution mass
include altered expression of spectrometry
proteins associated with adult
neurogenesis with age in the dentate
gyrus.

2022 Brain tissues TG6799 mice Despite significant difference in Electrospray ionization [96]

overall phosphoproteome profiles,
molecular signatures and biological
pathways have something in
common between two insulin-
resistant conditions.

(ESI)-tandem mass
spectrometry (MS/MS)
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Wang et al. [91] discovered the regulatory role of histone H3-lysine 27 demethylase Kdmé6b in the neogenesis of mouse spinal cord
motor neurons. More related studies are listed in Table 4.

2.4. Proteomics

Proteins are intimately involved in the execution and control of nearly all cellular processes. The proteome refers to a collection of
proteins expressed in a particular environment at a particular moment. Methods for identifying, quantifying, and visualizing these
proteins are referred to as “proteomics” [94]. One of the most important future proteomics developments will be the generation and
dissemination of big proteomic datasets with the potential to inspire new computational techniques, such as deep learning-based
algorithms [95]. Related studies are summarized in Table 5.

The kind and quantity of proteins in tissues connected to adult neurogenesis are influenced by disease conditions. It is well known
that insulin in the brain influences mature neurogenesis in the hippocampus. Insulin receptor substrate 2 (Irs2) phosphorylation
typically was elevated in both insulin resistance conditions (induced by either TNF-a or palmitate), Dayea Kim et al. discovered in 2022
using a phosphorylation proteomics method in Neuro-2a (N2a) cells [96]. Both insulin resistance conditions led to an increase in
sequestosome-1 phosphorylation and a typical decline in the phosphorylation of insulin receptor substrate 2 (Irs2). However, the
interacting proteins between the two groups and the pathway analysis between the two separate phosphorylated proteomes were
different, implying that insulin intolerance can result in distinct phosphorylation patterns.

Using two-dimensional difference gel electrophoresis (2D DIGE) to isolate and compare proteins expressed in immature and mature
cultures of embryonic rat cerebral cortexes in 2004, Jin et al. identified 1033 protein spots. Adult rodent brains had significant
stathmin expression in the neuroproliferative zone and neuronal migration pathways, research showed. Stathmin is a developmentally
regulated cytoplasmic protein expressed at high levels in the brain, which is involved in new neuron migration in the mature brain
[97]. After the start of neuronal differentiation, a discovery proteomics screen of neural progenitor cells (hNPCs) derived from human
embryonic stem cells (hESCs) at various developmental phases showed that 4400 proteins were dynamically expressed during dif-
ferentiation, Lugert et al. found. The expression of immature neuronal markers such as Dcx, NCAM1, Gpr56, Tubb3, and Elav3
increased over time, and the expression of neural progenitor cell markers such as Sox2 and Nestin declined as cells developed. Pro-
teoglycan Glypican-2 (Gpc2)’s extracellular release raises the possibility that it could be used as a marker to track adult neurogenesis
[98].

Researchers have performed proteomic analyses of different cells and tissues. In 2020, Kjell et al. identified proteins from the
subependymal zone (SEZ), cerebral cortex (Cx) gray matter (GM), medial subependymal zone (MEZ), and olfactory bulb (OB). In a
principal component analysis (PCA) of the four regions, the OB had a greater proportion of gene regulatory proteins, probably because
of the large number of mature adult neuronal cells, and less evident synapse-related features and core matrix proteins. The membrane-
associated protein family is more prevalent in the SEZ, whereas proteoglycans involved in neuronal development and migration are
concentrated in the OB, potentially linking them to neuron-forming cells in this area. These proteomic results confirm the regional
nature of adult neurogenesis, arguing for a role of molecules such as transglutaminase 2 (Tgm2) in neuronal integration and promi-
nence generation [99]. Deletion of Scaffold attachment factor B (SAFB) increases oligodendrocyte formation in the adult hippocampus
and selectively regulates neural stem cells [100].

Casciati et al. used tandem mass spectrometry to measure total protein alterations in the hippocampus six months after exposing 10-
day-old and 10-week-old mice to 2 Gy of x-ray radiation. Only 11 proteins were shared by the two age groups of irradiated mice, as
were three significantly altered signaling pathways, including oxidative phosphorylation and superoxide radical degradation. The
signaling pathway endothelial adhesion junction remodeling, however, was substantially changed only in the younger age group.
These findings imply that the timing of therapeutic radiation exposure can significantly influence adult neurogenesis, radiation
vulnerability is strongly influenced by age, and younger children are more susceptible to cognitive decline than adults [101].

Protein ubiquitination has important implications for various aspects of neuronal development and function. Dorfin, also known as
Rnf19a, is a RING finger E3 ubiquitin ligase. Dorfin mutant (Dorfin —/—) mice exhibit reduced adult neurogenesis in the hippocampal
dentate gyrus and impaired contextual fear-conditioning reflexes, Park et al. reported, finding 24 proteins with reduced ubiquitination,
including Gsn, Rab11b, and other proteins. These findings imply that adult neurogenesis, synaptic plasticity, and contextual fear
memory may be regulated by Dorfin and that Dorfin deficiency in rodents causes decreased neurogenesis in the DG [102].

When hippocampal tissues from 12 people belonging to four different age groups were subjected to a proteomic analysis in 2022,
Praseeda Mol et al. discovered that lysosomal and oxidative phosphorylation were enriched in the 81- to 90-year-old age group while
other processes, like nervous system development, synaptic plasticity and transmission, and messenger RNA (mRNA) splicing, were
more prevalent in the younger age groups [103]. In 2021, Chatterjee et al. performed a proteomic analysis of the adult hypothalamus
and identified proteins of high abundance, such as proteolipid protein (PLP1), myelin basic protein (MBP), and tubulin (Tubb), and the
10 % most abundant proteins were associated with cytoskeleton organization, cellular metabolic process regulation, myelin formation,
and mitochondrial function [104]. There may be a neurogenic ecological niche in the hypothalamic region [103]. Experiments with
neural stem cells isolated from the adult rat hypothalamus laid the foundation for understanding adult mammalian hypothalamic
neurogenesis [105]. Studies have identified neuronal stem cell markers, such as nestin (NES), vimentin (VIM), notch receptor 2
(NOTCH2), and CD63,and differentiated neuronal and astrocytic markers, like internexin neuronal intermediate filament protein
alpha (INA), MAP2 tubulin beta 3 (Tubb3), neurofilament light chain (NEFL), and neurofilament medium chain (NEFM), which are
consistent with earlier studies that pointed to the existence of new and differentiated neuronal assemblies in the adult hypothalamus
[106,107]. Additionally, hypothalamic neurogenesis contributes to neuroprotection and anti-aging.

Adult neurogenesis is coordinated by the rigorous regulation of intrinsic and extrinsic factors. Cerebrospinal fluid (CSF) fosters,
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maintains, and supports the growth of neurogenic ecotopes [108,109] and can promote neurogenesis in neural stem cells [110].
Voukali et al. gathered cerebrospinal fluid samples from people, mice, sheep, and birds for proteomic research. According to an
enrichment analysis, the most statistically significant and frequent terms across all species and datasets were related to neurogenesis,
nervous system development, axonal development, neuronal projection development, and cell migration. Characterization of gene
ontology (GO) biological processes also revealed 71 rich pathways, including cellular component assembly, cell morphogenesis
regulation, developmental cell growth, and synaptic signaling. In this neighborhood, there are still a lot of unanswered issues. The
underlying mechanisms of adult neurogenesis will be explored in cerebrospinal fluid comparative proteomic studies, and this research
will eventually be translated into regenerative interventions [111,112].

2.5. Metabolomics

Metabolomics (also spelled metabonomics; the two terms are frequently used interchangeably) describes the comprehensive
analysis of metabolites (small molecules with molecular weights less than 1500 Da) and other exogenous and endogenous chemicals in
biological specimens and their responses to various perturbations or interventions [115]. Additionally, metabolomics’ intrinsic ability
to identify minute changes in biological pathways makes it possible to understand the mechanisms underlying a wide range of
physiological conditions and abnormal processes [116].

There are many studies on adult neurogenesis conducted in animal models. In 2013, Angelo D’Alessandro et al. discovered that a
transcription factor belonging to the p53 family, trans-activated (TA) p73, can regulate a variety of biological processes, including
neurogenesis, differentiation, and apoptosis. In metabolomic studies, TAp73a increased arginine-citrulline-NO metabolism and

Table 6
Major findings in metabolomics of adult neurogenesis.

Year Location Model organism Main findings of Research Method used References

published

2013 N/A The human Expression of TAp73a increased rates of ~ Targeted Metabolobomics and [117]

osteosarcoma SAOS- Krebs metabolism Lipidomics (Multiple Reaction
2 cell line Monitoring)
2014 Hippocampus Mouse model for Metabolic activity in the hippocampus of ~ 'H NMR spectroscopic and PCA [124]
single dose 8 Gy mice subjected to cranial irradiation analysis
cranial irradiation generally decreased.
(8-10 weeks old)
2015 Brain tissues (mainly TRIM32 knockout The concentration of 3-phosphoglyceric GC-MS analysis [119]
consisting of striatum, mice (65 (+2) daysof  acid, was significantly higher in the
cortex, RMS, SVZ, and age) tissue of TRIM32 ko mice
Hippocampus)
2019 Striatum, Adult male Wistar Evaluation of brain metabolites after Proton nuclear magnetic resonance [118]
hippocampus, and OB rats (3—4 months old)  irradiation performed showed a (1H NMR)-based metabolomics and
significant decrease in the total N- proton magnetic resonance
acetylaspartate to total creatine (tNAA/ spectroscopy (1HMRS)
tCr) ratio in the striatum, hippocampus,
and OB.

2019 N/A Neuro2a cells Nine metabolites such as arginine, Liquid chromatography/tandem [125]
aspartate, glutamine, glyceraldehyde-3- mass spectrometry (LC-MS/MS)
phosphate/dihydroxyacetone method
phosphate, phosphoenolpyruvate,
pyruvate, ribulose/xylulose/ribose-5-
phosphate, fumarate, and malate were
decreased in N2a EtBr-treated cells.

2020 N/A NT2-N cell Psychoactive drugs showed the Gas chromatography-mass [120]
alterations in the levels of metabolites spectrometry (GC-MS) analysis
involved in neuronal health, particularly
NAA and GABA

2022 Hippocampal tissue Male ICR mice (4 EPs can manipulate the tryptophan Widely targeted metabolomics and [122]

weeks old) metabolite as a novel preemptive targeted metabolomics
therapy for neurodevelopmental
disorders.
2022 Brain tissue APPswe/PS1AE9 Broussonetia papyrifera (L.) L’'Hér. ex Ultimate 3000 liquid [123]
transgenic (Tg) mice Vent. fruits water extract (BLWE) could chromatograph (LC) combined with
(9-month-old) modulate endogenous metabolic Q Exactive mass spectrometer (MS)
compounds in the brains of AD mice,
including N-acetyl-aspartate, glutamine,
etc.
2022 Frozen stool samples Wild-type or Fecal metabolic profiles indicate LC-ESI-MS analysis [126]

heterozygous mice
lacking one Ptch1

allele (8 weeks of

age)

increasing metabolic alterations with a
reduced abundance of metabolites in
chronic vs. acute colitis.
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promoted glutathione homeostasis [117]. According to the first metabolomics study applied in vitro (1)H NMR spectroscopy, which
was conducted in 2014 by Poonam Rana et al., impaired neurogenesis was present within 24-48 h of radiation exposure, as evidenced
by decreased metabolic activityand reduced glucose utilization in hippocampal tissue extracts. Using proton magnetic resonance
spectroscopy (1) H MRS to show brain metabolites in rats 15 weeks after exposure to whole brain irradiation, Sona Béalentova et al.
found a significant decrease in the ratio of total N-acetylaspartate to total creatine (tNAA/tCr) in the striatum, hippocampus, and
olfactory bulb (OB), indicating increased neurodegeneration and neurogenic inhibition [118].

Metabolomics has also demonstrated that, in addition to irradiation, a variety of molecules or substances affect metabolites linked
to adult neurogenesis. For example, several metabolic intermediates connected to glycolysis, glycine, or cysteine metabolism are
dysregulated at the molecular level in the brain tissue of TRIM32 knockout animals, Hillje et al. found. These metabolomic pathways
were shown to be directly or indirectly associated with impaired neurogenesis, anxiety, or depression-like behaviors [119]. Bortolasci
et al. studied six drugs with neurogenesis effects on the levels of metabolites that are markers of neuronal maturation. Most of the
evaluated metabolites were increased in NT2-N cells in the experimental group compared with controls, particularly N-acetyl-l-as-
partate, l-glutamic acid, and gamma-aminobutyric acid, while metabolites like amisulpride, quetiapine, and glutathione were not
elevated [120]. Lifestyle factors, like exercise, may also promote adult hippocampal neurogenesis [121].

Oral Eucommiae cortex polysaccharides (Eps) significantly inhibited the kynurenine (Kyn) pathway in mice fed an obesogenic diet
(OD), as evidenced by reduced serum Kyn and Kyn/Trp ratios, thereby exerting potential neuroprotective effects and reducing OD-
induced cognitive and social dysfunction, Sun et al. reported [122]. Broussonetia papyrifera (L.) L’Hér. Ex Vent. Fruits water
extract (BLWE) could regulate endogenous metabolic compounds in the brains of mice with Alzheimer’s disease, Yan et al. found,
reporting that eight metabolites were increased in the experimental group. These findings demonstrate that BLWE could enhance
neural stem cell proliferation and improve neurogenesis, effectively repairing damaged neurons in the hippocampus [123]. More
related studies have been summarized in Table 6.

2.6. Microbiomics

Microbiomics is now becoming one of the key targets in adult neurogenesis research because it is susceptible to lifestyle and
environmental influences. Studies of the gut microbiota and the gut-brain axis (GBA) have received increasing attention in recent
years, with growing evidence showing that the gut microbiota is closely related to the proliferation and differentiation of neural stem
cells and adult neurogenesis [127-129]. This relationship can be divided into the direct action of the gut microbiota and the action of
gut microbiota on the biotransformation of natural dietary compounds such as polyphenols.

Bacterial cell wall peptidoglycan (CW) is a prevalent pathogen-associated molecular pattern (PAMP) for toll-like receptor 2 (TLR2),
Jessica et al. [130] found, and CW can enter the developing fetal brain because of the permeability of the placental barrier, although
fetal brains exposed to CW did not show any signs of inflammation or neuronal death. However, neurotranscription factor FoxG1 is
induced and neuroproliferation is activated, eventually leading to a 50 % increase in neuronal density in the cortex and a potential
impact on cognitive function later in life. Ait-Belgnaoui et al. [131] pretreated mice that were already in a state of chronic mental stress
with a probiotic combination of Lactobacillus swiss R0052 and Bifidobacterium longum R0175. A quantitative analysis of
doublecortin-positive cells showed that the probiotic inhibited the reduction of hippocampal neurogenesis and the downregulation of
hypothalamic gene expression involved in synaptic plasticity.

Gut bacteria have an important regulatory and directive role in the developmental processes of CNS neurogenesis, especially in the
hippocampal region, recent studies have shown [132]. By transplanting microflora from SL/vulnerable rats, which have more anxiety
and depression-like behaviors, into the immature mouse gut, Jiah et al. [133] found that microglia density in the ventral hippocampus
(VHPC) and IL-1p expression were increased, suggesting that the gut microbiome plays an important role in depressive behaviors as
well as inflammatory responses in the vHPC of stressed individuals. Using bromodeoxyuridine to label proliferating cells in mice, Ebere
et al. [134] found increased adult hippocampal neurogenesis in the dorsal hippocampal region of germ-free mice. However, microbial
colonization of germ-free mice after weaning did not change adult hippocampal neurogenesis, suggesting the existence of a critical
checkpoint in early life during which microbial colonization will affect adult hippocampal neurogenesis.

While the widespread use of antibiotics has saved millions of lives, it has also had many adverse effects [135]. According to
previous studies, the overuse of antibiotics severely disrupts the mouse gut microbiome [136]. Mohle et al. [137] used NeuN to label
mature neurons and doublecortin (DCX) to label neuronal progenitor cells (NPC) after the treatment of adult mice with broad-spectrum
antibiotics, showing that both mature neurons and neuronal progenitor cells were significantly reduced in the antibiotics-treated group
compared with the undrugged group. The results suggest that antibiotics inhibit hippocampal neurogenesis in adult mice by disrupting
the gut microbiome. Probiotic lactobacilli are now used in a variety of foods and health care products [138] to regulate intestinal
homeostasis and immunity. Heat-inactivated Lactobacillus brevis SBC8803 induces serotonin release from intestinal cells, which affects
autonomic and sleep rhythms, previous studies have shown. However, the relationship between SBC8803 and cognitive function
remains poorly investigated. In immunohistochemical studies of labeled proliferating cells in the hippocampal region of mice fed
heat-inactivated SBC8803 chow, the number of proliferating cells was significantly higher in the SBC8803 group than in the control
group, Rie et al. reported that SBC8803 may promote adult hippocampal neurogenesis [139]. In summary, these studies have explored
neurodevelopment from both positive and negative perspectives of antibiotics and probiotics, and although there are still some un-
knowns, the findings provide important references for a deeper understanding of the mechanisms of the gut-brain axis and provide
insights for the development of new therapeutic strategies.

Brain-derived neurotrophic factor (BDNF) plays a key role in several aspects of hippocampal neuronal plasticity and function by
interfering with the gut-brain signal [140]. The intestinal microbiota influences the synthesis and release of BDNF. Based on this
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knowledge, Olivia et al. [141] severed the vagus nerve in mice, finding that BDNF mRNA was downregulated in all regions of the
hippocampus and that the proliferation and survival of newborn cells were decreased. The number of immature neurons with complex
dendritic morphology was reduced more significantly. However, the study has shortcomings. For example, although the vagus nerve
serves as an important communication channel between gut bacteria and the brain [142], the study could not exclude the effect of the
vagus nerve itself on adult hippocampal neonates.

While previous studies have shown that the internal composition of the gut microbiome evolves as the host ages [143], the effect of
microbial population evolution on adult neurogenesis is still unknown. When Parag et al. [144] transplanted the gut microbiome from
old or young mice, respectively, into young germ-free mice, brain hippocampal neurogenesis was upregulated in the mice that received
transplants from aged donor mice; further metagenomic analysis revealed an age-sensitive enrichment of butyrate-producing microbes
in these transplanted mice. Elevated butyrate concentrations promoted an increase in fibroblast growth factor 21 (FGF21), which led to
an elevation in AMPK and SIRT-1 activation and a reduction in mTOR signaling. The researchers replicated previous results using
exogenous sodium butyrate treatment in young germ-free mice, suggesting that gut microbiota transplantation from an aged host can
promote adult neurogenesis in young recipients. Chronic inflammation affects adult hippocampal neurogenesis, but azithromycin can
counteract these effects by modulating the gut microbiota [145]. Disturbances in the microbiota also impact behaviors associated with

Table 7
Main findings in microbiome of adult neurogenesis.
Year Components of Main findings Biological Organism Method used References
published bacteria/ material
substrate
2013 Probiotics Probiotics suppress the reduction of Mouse Hippocampus Quantifying doublecortin- [146]
hippocampal neurogenesis and the and positive cells
downregulation of hypothalamic gene hypothalamus
expression involved in synaptic plasticity
2013 CJLJ103 CJLJ103 inhibits lipopolysaccharide- Mouse Hippocampus Fecal transplants [138]

induced activation of nuclear factor-kB in
the hippocampus and attenuates the
inhibitory effect of lipopolysaccharide on
brain-derived neurotrophic factor

expression

2014 Cell wall Bacterial peptidoglycan crosses the Mouse Cortex Immunohistochemistry and [131]

peptidoglycan placenta and activates toll-like receptor 2 immunofluorescence

(TLR2), leading to alterations in fetal
neurodevelopment

2014 BDNF When the vagus nerve was severed in Mouse Hippocampus Immunohistochemistry and [136]
mice, BDNF mRNA was down-regulated in in situ Hybridization
all regions of the hippocampus

2015 Lactobacillus SBC8803 may promote adult hippocampal =~ Mouse Hippocampus BrdU Treatment [134]
neurogenesis

2016 Gut microbiota The gut microbiome plays an important Mouse Ventral Fecal transplants [130]
role in depressive behavior as well as in hippocampus

inflammatory responses in stressed
individuals vHPC.

2018 Bromo- There is a critical checkpoint in early life Mouse Hippocampus Bromo-deoxyuridine label [132]
deoxyuridine during which microbial colonization will
affect adult hippocampal neurogenesis
2018 Polyphenol Phenols can affect their own metabolism Mouse Hippocampus Chromatographic (HPLC- [147]
by altering the dominant populations in ED) analyses

the gut. This leads to increased production
of neurotransmitters such as 5-hydroxy-
tryptamine in the hippocampus and
striatum, which in turn promotes neuronal
survival
2020 Antibiotics Antibiotics inhibit hippocampal Mouse Hippocampus BrdU Treatment [133]
neurogenesis in adult mice by disrupting
intestinal flora

2022 Butyrate Transplantation of intestinal microbiota Mouse Hippocampus Metagenomic and [142]
from older hosts can promote the immunofluorescence
generation of young recipient adult staining
neurons

2024 LPS Chronic inflammation affects adult Mouse Cortex Hippocampal Cytokine [145]
hippocampal neurogenesis, and the use of Analysis

azithromycin can reverse these negative
effects by modulating the gut microbiota
2024 Antibiotics Disruption of the microbiota affects adult Mouse Hippocampus Metabolomics Analysis [121]
hippocampal neurogenesis-related
behaviors, which can be alleviated by
voluntary exercise
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adult hippocampal neurogenesis, which can be alleviated by voluntary exercise [121]. And other related studies are summarized in
Table 7.

3. Conclusion and Perspective

Although many studies have explored adult neurogenesis at the molecular mechanistic and functional levels, these studies have
some limitations. There is evidence that neurogenesis begins to slow down after birth and may cease during adolescence. Although we
know that adult neurogenesis is downregulated with age, the exact mechanisms and timepoints remain unclear. In most animal
models, adult neuronal markers take at least several months to be expressed, and adult neuronal onset may take even longer, creating
more uncertainty about the use of postmortem brains for studies.

Adult neurogenesis is a potential treatment for many neurodegenerative diseases. Many studies are now being conducted on animal
models. Factors discovered through multi-omics may be able to help stimulate neurogenesis in patients with neurodegenerative
diseases for therapeutic purposes. However, there is still a lack of human trials due to ethical issues and lack of human brain specimens,
slowing down the development of therapeutic drugs. Most genetic studies of adult neurogenesis have focused on genetic variation in
candidate genes such as SRD5A3, PMM2, AUTS2, CSTB, PTBP1, NLGN4X, and Foxpl. However, most of the studies have only detected
motif changes, and there have been few studies of polymorphisms. Epigenetic mechanisms control key processes of different genomic
functions. In recent years, the epigenetic effects of adult neurogenesis have been extensively explored in animal models, but the
specific role of adult neurogenesis and the molecular pathways involved have yet to be explored in greater depth.

Many studies have explored the mechanisms of adult neurogenesis by examining various biometabolic processes. However, most
studies focus only on one part of biometabolism and rarely on its upstream and downstream processes, which is insufficient. A growing
body of research suggests that gut microbes play key roles in adult neurogenesis either directly or indirectly through the gut-brain axis.
However, most of the current studies are from animal models due to the inability to make prospective estimates in living humans. In
addition, there is no real specific mechanistic link to demonstrate a direct role of gut microbes with adult neurogenesis.

From a translational medicine perspective, adult neurogenesis presents significant potential for the treatment of neurodegenerative
diseases. Despite the promising nature of current research, which predominantly focuses on animal models, the stimulation of neu-
rogenesis in humans and its translation into effective treatment strategies encounter substantial challenges. Notably, the integration of
multi-omics data, epigenetic regulation, and the interactions of the gut-brain axis could lead to the development of novel treatment
approaches that either promote neuroregeneration or slow disease progression. However, the translation of these findings into clinical
practice is impeded by numerous obstacles, including ethical concerns and the necessity for improved human tissue models. In the
future, the integration of genetic, epigenetic, and microbiome data will be crucial for the development of safe and effective treatments.

Finally, the role of multi-omics in adult neurogenesis research still leaves much room for exploration. Adult neurogenesis may be a
multifactorial condition in which gene-gene and gene-environment interactions play an important role. Therefore, understanding of
these complex biological processes is more likely to be achieved using multidimensional multi-omics approaches.
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