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The influence of dietary factors on brain health and mental function is becoming increasingly recognized. Similarly, mounting evi-

dence supports a role for gut microbiota in modulating central nervous system function and behaviour. Still, the molecular mecha-

nisms responsible for the impact of diet and associated microbiome in adult neurodegeneration are still largely unclear. In this

study, we aimed to investigate whether and how changes in diet-associated microbiome and its metabolites impact on adult neuro-

genesis. Mice were fed a high-fat, choline-deficient diet, developing obesity and several features of the metabolic syndrome, includ-

ing non-alcoholic steatohepatitis. Strikingly, our results showed, for the first time, that animals fed with this specific diet display

premature increased neurogenesis, possibly exhausting the available neural stem cell pool for long-term neurogenesis processes.

The high-fat, choline-deficient diet further induced neuroinflammation, oxidative stress, synaptic loss and cell death in different

regions of the brain. Notably, this diet-favoured gut dysbiosis in the small intestine and cecum, up-regulating metabolic pathways

of short-chain fatty acids, such as propionate and butyrate and significantly increasing propionate levels in the liver. By dissecting

the effect of these two specific short-chain fatty acids in vitro, we were able to show that propionate and butyrate enhance mito-

chondrial biogenesis and promote early neurogenic differentiation of neural stem cells through reactive oxygen species- and extra-

cellular signal-regulated kinases 1/2-dependent mechanism. More importantly, neurogenic niches of high-fat, choline-deficient-fed

mice showed increased expression of mitochondrial biogenesis markers, and decreased mitochondrial reactive oxygen species scav-

engers, corroborating the involvement of this mitochondrial stress-dependent pathway in mediating changes of adult neurogenesis

by diet. Altogether, our results highlight a mitochondria-dependent pathway as a novel mediator of the gut microbiota–brain axis

upon dietary influences.
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Correspondence to: Susana Solá, Av. Prof. Gama Pinto, 1649-003 Lisbon, Portugal

E-mail: susana.sola@ff.ulisboa.pt

Correspondence may also be addressed to: Cecı́lia Rodrigues, Av. Prof. Gama Pinto, 1649-003

Lisbon, Portugal. E-mail: cmprodrigues@ff.ulisboa.pt

Keywords: gut microbiome; high-fat choline-deficient diet; mitochondrial oxidative stress; neurogenesis; short-chain fatty acids

Abbreviations: DCX ¼ doublecortin X; DG ¼ dentate gyrus; ERK1/2 ¼ extracellular signal-related protein kinase1/2; HFCD ¼
high-fat, choline-deficient; HFD ¼ high-fat diet; KEGG ¼ Kyoto encyclopedia of genes and genomes; LEfSe ¼ linear discriminant

analysis of effect size; MEK ¼ mitogen-activated protein kinase; mtDNA ¼ mitochondrial DNA; mtROS ¼ mitochondrial ROS;

NASH ¼ non-alcoholic steatohepatitis; NSC ¼ neural stem cell; OB ¼ olfactory bulb; PGC-1a ¼ peroxisome proliferator-activated

Received August 29, 2019. Revised July 23, 2020. Accepted August 14, 2020. Advance Access publication October 6, 2020
VC The Author(s) (2020). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which

permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

BBRAIN COMMUNICATIONSAIN COMMUNICATIONS
doi:10.1093/braincomms/fcaa165 BRAIN COMMUNICATIONS 2020: Page 1 of 20 | 1



receptor c coactivator-1 a; ROS ¼ reactive oxygen species; SCFA ¼ short-chain fatty acids; Sirt3 ¼ sirtuin-3; Sod2 ¼ superoxide dis-

mutase 2; Sox2 ¼ SRY (sex determining region Y)-box 2; SVZ ¼ sub-ventricular zone; Tfam ¼ mitochondrial transcription

factor A

Introduction
Dietary factors are well known to influence neurological

function and brain health. In fact, unbalanced dietary hab-

its, particularly calorie-dense foods, are risk factors for

impaired cognitive function and psychiatric disorders

(Gomez-Pinilla, 2008). Similarly, mice fed a high-fat diet

were shown to present cognitive deficits, anxiety and de-

pressive-like behaviour (Almeida-Suhett et al., 2017). Diet

also affects molecular events related to energy metabolism

which, in turn, modulates neuronal signalling, synaptic plas-

ticity and, ultimately, neuronal function (Gomez-Pinilla and

Tyagi, 2013). As such, a better understanding of the signal-

ling pathways connecting diet and brain function may

allow for the development of novel non-invasive therapeutic

strategies against neurological and psychiatric disorders.

Dietary nutrients are strong modulators of microbiota

composition, function and metabolism, which in turn

also impacts on host physiology (Gentile and Weir,

2018). The relevance of gut microbiota in the regulation

of brain function has recently gained extensive interest

(Khanna and Tosh, 2014). In fact, although the mecha-

nisms that mediate this cross-talk remaining largely un-

known, a microbiota–gut–brain axis has already been

recognized. It is worth noting that gut microbiota is not

only composed by bacteria but also by many other

micro-organisms such as archaea, viruses, phages and

fungus. However, although phages are known to exceed

bacteria in both number and diversity, bacteria and their

bacterial products are the most studied group of gut

microbiota, with crucial roles in food processing, vitamin

synthesis, inhibition of pathogens, host homeostasis

(Ramakrishna, 2013) and even brain development (Heijtz

et al., 2011; Rogers et al., 2016). Thus, disturbances in

this symbiotic microbiota–host relationship might lead to

pathological disorders in different organs, including the
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brain. In fact, gut dysbiosis has been shown to associate

with neurological disorders, such as psychiatric disor-

ders—depression and anxiety—autism and neurodegenera-

tive diseases (Lurie et al., 2015; Rogers et al., 2016).

Curiously, microbiota composition is highly dynamic

and sensitive to lifecycle, environmental, immune and nu-

tritional factors. Along with changes in bacterial abun-

dance, microbial metabolism also adjusts to surrounding

fluctuations, leading to different bacterial products, which

in turn modulate host physiology, metabolism, immune

system and gene expression (Nicholson et al., 2012; Fung

et al., 2017). Bacteria-derived molecules encompass lipo-

polysaccharides, peptidoglycans, short-chain fatty acids

(SCFA), neurotransmitters and gaseous molecules (Cani

and Knauf, 2016). Short-chain fatty acids, including acet-

ate, propionate and butyrate, result from fermentation of

non-digestible carbohydrates and some proteins in the

cecum and large intestine (Koh et al., 2016), and embody

powerful mitochondrial regulators. Apart from being

used as bacterial energy substrates, SCFAs regulate fatty

acid and glucose metabolism through an AMPK-PGC-1a-

dependent mechanism, and are also capable of increasing

mitochondrial bioenergetics and biogenesis (Rose et al.,

2018; Uittenbogaard et al., 2018). Therefore, mitochon-

drial-sensitive processes are deeply prone to SCFA-medi-

ated gut microbiota regulation.

The adult mammalian brain has the ability to generate

new neurons through neurogenesis in a mitochondria-de-

pendent process (Fang et al., 2016; Khacho et al., 2016).

In the adult mammalian brain, neurogenesis occurs in

two main neurogenic niches, including the sub-ventricular

zone (SVZ) and the sub-granular zone (SGZ) in the den-

tate gyrus (DG) of the hippocampus. Neural stem cells

(NSCs) self-renew, proliferate and differentiate into differ-

ent neural cells (Zhao et al., 2008). In the case of SVZ,

NSCs migrate until they reach the olfactory bulb (OB),

where neural precursor cells mature and integrate.

Interestingly, reduction of adult hippocampal neurogen-

esis has been reported in animal models of memory loss

(Donovan et al., 2006; Hamilton and Holscher, 2012)

and psychiatric disorders, particularly depression and

anxiety (Petrik et al., 2012; Fang et al., 2018), whereas

an increased rate of SGZ neurogenesis induced by treat-

ment with antidepressants improves psychiatric disorders

(Perera et al., 2011), suggesting an important role of

adult neurogenesis on neurological disorders. Importantly,

mitochondrial metabolism was shown to finely tune NSC

self-renewal and fate decision. In fact, mitochondrial

mass, as well as oxidative phosphorylation and by-prod-

uct reactive oxygen species (ROS) increase during neuron-

al differentiation in response to higher cellular energetic

demands, and promoting transcription of neurogenic

genes (Khacho et al., 2016). Besides mitochondrial bio-

genesis, alterations in mitochondrial dynamics—fusion

and fission events—also regulate NSC cell-cycle progres-

sion and fate, namely by modulating mitochondrial bio-

energetics and oxidative stress (Mitra, 2013). Although

the impact of diet and gut microbiota on neuroplasticity

has already been described, the underlying molecular

mechanisms remain largely unknown.

Here, we demonstrate that gut microbiota-derived

metabolites, produced upon dietary changes, modulate

adult neurogenesis in a mitochondria-dependent manner.

In particular, we show that a high-fat, choline-deficient

(HFCD) diet induces gut dysbiosis to favour the produc-

tion of propionate and butyrate from gut microbiota in

the small intestine and in the cecum. Alterations in these

specific SCFAs increase mitochondrial biogenesis in NSCs

and induce premature neurogenic differentiation through

a ROS- and ERK1/2-dependent manner, leading to rapid

NSC pool depletion in both neurogenic niches.

Materials and methods

Animals, diets and sample
collection

We used mice fed a HFCD diet, a well-established pro-

gressive liver disease—non-alcoholic steatohepatitis

(NASH)—model, with several features of the metabolic

syndrome, including obesity and insulin resistance (Gans,

1976; Kishida et al., 2016). Three-week-old C57BL/6N

male non-littermate mice were acquired at the same time

from Charles River Laboratories International, Inc.

(Wilmington, MA, USA) and were randomly distributed

three to four mice/cage. One week before starting HFCD

diet feeding, the animals were again randomly distributed

three to four mice/cage to dilute the possible effect of

housing in mediating microbiome composition alterations

and fed either a normal diet (control) (n¼ 14) or a

HFCD diet (n¼ 14) (TestDiet, St. Louis, MO, USA) for

14 and 24 weeks. Additionally, mice received a one-time

intra-peritoneal injection of 25 mg/kg diethylnitrosamine

at the start of the feeding protocol to accelerate disease

progression (Travis et al., 1991; Kishida et al., 2016). At

the indicated time points, animals were killed by exsan-

guination under isoflurane anaesthesia. Luminal samples

from small intestine and caecum were collected for DNA

extraction and next-generating sequencing (NGS) analysis

of 16S rRNA gene. The liver was collected for propion-

ate and butyrate analysis via LC-MS/MS and the brain

was removed for region-specific isolation and biochemical

studies. Neurogenic niches (SVZ, DG and OB), as well as

the hippocampus and cortex, were isolated from one

hemisphere and flash-frozen in liquid nitrogen for RNA

and protein extraction. The contralateral brain hemi-

sphere was fixed with 4% paraformaldehyde (PFA) at

4�C overnight for free-floating immunohistochemistry.

The protocol procedures were prepared before and

reviewed and approved by the Institution ethics

committee and national competent authorities for animal

protection. Animals received humane care in a tempera-

ture-controlled environment with a 12-h light–dark cycle.
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All animal experiments were performed in accordance

with Portuguese laws (DL 113/2013, 2880/2015,

260/2016) on Animal Care and with the EU Directive

(86/609/EEC; 2010/63/EU) on the protection of animals

used for experimental and other scientific purposes. In

addition, animal welfare fulfilled the recommendation

from the ‘Guide for the Care and Use of Laboratory

Animals’ prepared by the National Academy of Sciences

and published by the National Institutes of Health (NIH

publication 86-23 revised 1985). Importantly, throughout

the conducted experiments, group allocations and data

analysis were randomized by different researchers for

blinded outcome assessments.

Microbial community analysis

Microbial community analysis was performed by bio-

informatics analysis. DNA from intestinal and cecum lu-

minal samples was extracted using QIAamp DNA Stool

Mini Kit (Qiagen, Hilden, Germany), according to the

manufacturer’s instructions. Next, metagenomic content

was predicted using the 16S rRNA profile. Briefly, the

variable 4 (V4) region of the bacterial 16S rRNA gene

was amplified and sequenced through NGS using

Illumina MiSeq Benchtop Sequencer (San Diego, CA,

USA) and following Illumina recommendations.

Polymerase chain reaction of the 16S rRNA gene was

performed using the primer pair F515/R806, with the fol-

lowing cycling conditions: 94�C for 3 min, then 35 cycles

of 94�C for 60 s and 72�C for 105 s, with a final exten-

sion step of 72�C for 10 min. The QIIME pipeline was

used to de-multiplex and quality filter the samples for

taxonomic assignment (Caporaso et al., 2010). Reads

were truncated at a stretch of four or more consecutive

low-quality bases (phred q score, <20) with script spli-

t_libraries_fastq, and only reads at �75% of the original

length were retained. Operational taxonomic units were

assigned with 97% similarity against the Greengenes

database (McDonald et al., 2012). Principal co-ordinates

analysis (PCoA) plots were generated using QIIME.

Linear discriminant analysis effect size (LEfSe) was used

to determine significant alterations in relative abundance

of microbial taxa and predicted Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathways function between

mice fed the control and the HFCD diet (Segata et al.,

2011). The KEGG pathway functions were categorized at

level 3 using the phylogenetic investigation of commun-

ities by reconstruction of unobserved state (PICRUSt) tool

(Langille et al., 2013). When applicable, the classes were

defined as treatment groups (control or HFCD).

Significance thresholds were performed at the default set-

tings: a� 0.05 for the Kruskal–Wallis test among classes,

and �2.0 for the logarithmic linear discriminant analysis

(LDA) score.

Liver propionate and butyrate
analysis

The levels of both SCFAs, propionate and butyrate, were

measured in the liver of the ND- and HFCD-fed animals

(Metabolon Inc., Durham, NC, USA). Mouse tissue sam-

ples were analysed by LC-MS/MS (Metabolon Method

TAM135: ‘LC-MS/MS Method for the Quantitation of

Short-Chain Fatty Acid [C2–C6] in Human Feces’). After

sample derivatization, the samples were injected onto an

Agilent 1290/AB Sciex QTrap 5500 LC MS/MS system

equipped with a C18 reversed-phase UHPLC column.

The mass spectrometer was operated in negative mode

using electrospray ionization. The peak area of the indi-

vidual analyte product ions was measured against the

peak area of the product ions of the corresponding in-

ternal standards. Quantitation was performed using a

weighted linear least squares regression analysis generated

from fortified calibration standards prepared immediately

prior to each run. LC-MS/MS raw data were collected

and processed using SCIEX OS-MQ software v1.7. Titre

was normalized by the amount of starting material.

Analysis of ROS and caspase-3/-7
activity

The levels of ROS were detected using 20,70-dichlorodihy-

drofluorescein diacetate (H2DCFDA; Sigma-Aldrich

Corp., St. Louis, MO, USA), a cell-permeant non-fluores-

cent molecule that forms the fluorescent compound

dichlorofluorescein when oxidized by ROS. Briefly, 10 mg

of brain tissue was homogenized using a motor-driven

grinder on 100 ll of ice-cold phosphate-buffered saline

(PBS). Insoluble particles were removed by centrifugation

at 10 200g for 5 min at 4�C. Ten micromolar H2DCFDA

were incubated with 50 ll of the lysate at room tempera-

ture (RT) for 30 min. In addition, using the same lysate,

caspase-3/-7 activity was measured using the Caspase-Glo

3/7 Assay (Promega Corp., Madison, WI, USA). The re-

agent was incubated for 30 min at RT releasing a lumi-

nescent signal. Fluorescence and luminescence were

measured using GloMax-Multiþ Detection System

(Promega Corp.). Both caspase-3/-7 activity and total

ROS were normalized with total protein amount.

Free-floating immunohistochemistry
and cell counting

Brain hemispheres were sectioned from the OB to the oc-

cipital lobe, using a cryostat Leica CM 3050S (Leica

Biosystems, Wetzlar, Germany), to produce 40 lm-thick,

free-floating coronal sections. Sections were divided into

10 series.

Sections were degelatinized with PBS at 37�C, then

blocked at RT for 1 h with PBS containing 3% bovine

serum albumin (Sigma-Aldrich Corp.) and 2% Triton-X-

100 (Sigma-Aldrich Corp.). Next, slices were incubated
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overnight at 4�C with primary antibodies goat anti-dou-

blecortin (DCX) (1-500; sc-8066; Santa Cruz

Biotechnology Inc., Dallas, TX, USA) and anti-PGC-1a
(1:500, ST1202, Calbiochem, San Diego, CA, USA); and

rabbit anti-Ki67 (1:200; ab166667; Abcam Plc,

Cambridge, UK) and anti-mitochondrial transcription fac-

tor A (Tfam) (1:200; ab131607, Abcam); and mouse

anti-Synaptophysin (1:1000; MAB5258, Merck Millipore)

diluted in blocking solution. After rinsing, the secondary

antibodies anti-goat Alexa Fluor 488, anti-mouse Alexa

568 and anti-rabbit Alexa Fluor 568 (all 1:500; Thermo

Fisher Scientific Inc., Waltham, MA, USA) were incu-

bated with Hoechst 33258 (50 lg/ml; Sigma-Aldrich

Corp.) in PBS at RT for 2 h. Finally, samples were

mounted using Mowiol 4-88 (Calbiochem). Negative con-

trols were obtained by omitting the primary antibody to

validate the results.

Sections were viewed with a Leica DMi8 confocal

fluorescence microscope (Leica Microsystems, Germany).

Images were acquired with a 20� objective. For synapto-

physin detection, samples were single-layer scanned with

a Zeiss LSM 880 with Airyscan, a confocal point-scan-

ning microscope (Carl Zeiss, Jena, Germany) equipped

with a 63�/1.4 oil differential interference contrast plan-

apochromat objective. All imaging analysis was per-

formed using ImageJ Fiji 1.52e software. DCXþ, Ki67þ

and DCX/Ki67þ cells were counted in the SVZ and DG

regions in one-in-ten series, representing the whole neuro-

genic niches. Using Hoechst staining, areas of SVZ and

DG were manually traced and calculated. The volume of

SVZ and DG from each animal was estimated by multi-

plying the total area of each neurogenic niche with the

distance between each section (400 lm). Finally, the num-

ber of DCXþ, Ki67þ and DCX/Ki67þ cells was normal-

ized by the volume of each neurogenic niche per brain

hemisphere.

Total RNA extraction and
quantitative RT-PCR (qRT-PCR)

Sub-ventricular zone and the DG regions were dissected

out and flash-frozen separately. The remaining hippocam-

pus and the cortex tissues were also collected. RNA was

extracted from frozen neurogenic-enriched tissues and

cells using RibozolTM (AMRESCO, LLC, Solon, OH,

USA), as described previously (Simoes et al., 2013).

cDNA was prepared from 500 to 1000 ng total RNA

using NZY Reverse Transcriptase (NZYTech, Lisbon,

Portugal), according to the manufacturer’s instructions.

Real-time RT-PCR was performed using SensiFastTM

SYBRVR Hi-ROX Kit (Bioline USA Inc., Taunton, MA,

USA) in an Applied Biosystems QuantStudio 7 Flex Real-

Time PCR System (Thermo Fisher Scientific Inc.). Primers

used for qRT-PCR are listed in Table 1. Relative gene

expression was calculated based on the standard curve

and normalized to the level of Hprt housekeeping gene

and expressed as fold change from controls.

Neural stem cell cultures and cell
treatments

Neural stem cells were derived from 14.5-days post-coi-

tum (dpc) mouse fetal forebrain, as described previously

(Conti et al., 2005; Pollard et al., 2006). Forebrain pro-

genitor cells in the embryo are clonally related to post-

natal NSCs and are quiescent until they are activated in

adulthood (Fuentealba et al., 2015), thus modelling the

quiescent pool of adult NSCs. These NSCs continuously

expand by symmetrical division and are capable of tri-po-

tential differentiation (Conti et al., 2005; Fonseca et al.,

2013). Briefly, NSCs were maintained in a monolayer

and in self-renewal conditions in Euromed-N medium

(EuroCloneVR S.p.A., Pavia, Italy), at 37�C, in a humidified

atmosphere of 5% CO2. The self-renewal medium was

supplemented with 1% penicillin–streptomycin, 1% N-2

supplement, 20 ng/ml epidermal growth factor (EGF) and

20 ng/ml basic fibroblast growth factor (bFGF).

Penicillin–streptomycin and N-2 supplements were pur-

chased from GibcoTM, Life Technologies Corp. (Carlsbad,

CA, USA). Both EGF and bFGF were purchased from

PeproTechVR EC (London, UK). In self-renewal medium,

NSCs were plated with a density of around 1� 105 cells/

cm2. In brief, 24 h after platting, NSCs were incubated

Table 1 List of primers used for PCR

Gene Sequence (50-30)

Il-1b 50-TGCCACCTTTTGACAGTGATG-30 (fwd)

50-TGATGTGCTGCTGCGAGATT-30 (rev)

Hprt 50-GGTGAAAAGGACCTCTCGAAGTG-30 (fwd)

50-ATAGTCAAGGGCATATCCAACAACA-30 (rev)

Mash1 50-AGATGAGCAAGGTGGAGACG-30 (fwd)

50-TGGAGTAGTTGGGGGAGATG-30 (rev)

Mki67

(for Ki67)

50-CCTTTGCTGTCCCCGAAGA-30 (fwd)

50-GGCTTCTCATCTGTTGCTTCCT-30 (rev)

Rbfox3 (for

NeuN)

50-CCAGGCACTGAGGCCAGCACACAGC-30 (fwd)

50-CTCCGTGGGGTCGGAAGGGTGG-30 (rev)

Neurod1 (for

NeuroD1)

50-CGCAGAAGGCAAGGTGTC-30 (fwd)

50-TTTGGTCATGTTTCCACTTCC-30 (rev)

Nlrp3 50-AGAGCCTACAGTTGGGTGAAATG-30 (fwd)

50-CCACGCTACCAGGAAATCTC-30 (rev)

Ppargc1a (for

PGC-1a)

50-GGACATGTGCAGCCAAGACTCT-30 (fwd)

50-CACTTCAATCCACCCAGAAAGCT-30 (rev)

Sirt3 50-TGCTACTCATTCTTGGGACCT-30 (fwd)

50-CACCAGCCTTTCCACACC-30 (rev)

Sox2 50-0GGGTTCTTGCTGGGTTTTGATTCT-30 (fwd)

50-CGGTCTTGCCAGTACTTGCTCTCA-30 (rev)

Tfam 50-CACCCAGATGCAAAACTTTCAG-30 (fwd)

50-CTGCTCTTTATACTTGCTCACAG-30 (rev)

Tlr4 50-TCCCTGCATAGAGGTAGTTCCTA-30 (fwd)

50-CTTCAAGGGGTTGAAGCTCAG-30 (rev)

Tnf-a 50-AGGCACTCCCCCAAAAGATG-30 (fwd)

50-TGAGGGTCTGGGCCATAGAA-30 (rev)

Tubb3 (for

bIII-tubulin)

50-GCGCCTTTGGACACCTATTCA-30 (fwd)

50-TTCCGCACGACATCTAGGACTG-30 (rev)

mt-Co1 (for

CO1)

50-ATCTGTTCTGATTCTTTGGGCAC-30 (fwd)

50-AGCCTAGAAAGCCAATAGACATTA-30 (rev)

Rn18s (for

18S)

50-TAGAGGGACAAGTGGCGTTC-30 (fwd)

50-CGCTGAGCCAGTCAGTGT-30 (rev)

Microbiota metabolites control neurogenesis BRAIN COMMUNICATIONS 2020: Page 5 of 20 | 5



with SCFAs sodium propionate (P1880; Sigma-Aldrich

Corp.) and sodium butyrate (B5887; Sigma-Aldrich

Corp.). Short-chain fatty acids were incubated for 24 h to

assess cell viability, proliferation, neurogenic differenti-

ation, mRNA and protein levels of mitochondrial regula-

tors; 2 h to measure mitochondrial ROS; or 5, 15, 60

and 120 min to determine the protein levels of p-ERK1/2.

In addition, 0.5 lM N-acetyl-L-cysteine (NAC, T7250;

Sigma-Aldrich Corp.), a well-established anti-oxidant, was

incubated 2 h previously SCFA treatment to assess the

ROS involvement in SCFA effect. Cells were collected

and processed for flow cytometry, immunocytochemistry,

immunoblotting and qRT-PCR assays. For the prolifer-

ation assay, 10 lM BrdU (BD Pharmingen, BD

Biosciences) was added to the culture medium for the last

4 h of 24 h-SCFA treatment.

Evaluation of cell death and viability

Cell death was assessed by the Guava ViaCountV
R

assay

(Guava Technologies, Millipore Corp.), according to the

manufacturer’s instructions. After incubation of SCFAs in

self-renewal conditions, the cell-culture medium and ad-

herent cells previously detached with StemPro Accutase

(A11105-01; GibcoTM) were collected and centrifuged for

5 min at 600g and re-suspended in PBS with 2% foetal

bovine serum. Cell suspension was mixed with Guava

ViaCount reagent and incubated for 20 min at RT.

Sample acquisition was performed using Guava easyCyte

5HT flow cytometer (Guava Technologies).

Measurement of mitochondrial ROS
and DNA copy number

After 2 h of propionate and butyrate treatment, mito-

chondrial superoxide anion was measured using

MitoSOXTM Red mitochondrial superoxide indicator

(M36008; Molecular ProbesTM, Life Technologies Corp.),

as described previously (Ribeiro et al., 2019). In addition,

mitochondrial DNA (mtDNA) copy number was deter-

mined as described previously (Ribeiro et al., 2019).

Primer sequences are listed in Table 1.

Immunocytochemistry

Cells were fixed with PFA in PBS (4%, w/v), then

blocked for 1 h at RT in PBS, containing 0.1% Triton X-

100, 1% FBS and 10% normal donkey serum, and fur-

ther incubated with primary rabbit anti-MAP2 (1:100,

AB5622, Merck Millipore, Billerica, MA, USA) and

mouse anti-BrdU (1:100, M0744, Dako) overnight at

4�C. The appropriate secondary antibody anti-rabbit

Alexa Fluor 568 and anti-mouse Alexa Fluor 568 anti-

bodies diluted 1:200 were then incubated for 2 h at RT.

Nuclei were stained with Hoechst 33342 dye, and the

preparations were mounted using Mowiol. Image acquisi-

tion was performed with an AxioScope.A1 microscope

(Carl Zeiss Microscopy GmbH), equipped AxioCam

HRm camera. Images were processed using ImageJ Fiji

1.52e software.

Transfection assays

Neural stem cells were transfected with a plasmid encoding

a constitutively active form of mitogen-activated protein

kinase (MEK1*) (pCMV-deltaN3-MEK1), kindly provided

by Dr. Roger J. Davis (Howard Hughes Medical Institute).

Empty plasmid pcDNA3.1(�) harbouring a CMV promoter

(pCMV) was used as control. We used LipofectamineVR

3000 (Invitrogen, Thermo Fischer), according to the manu-

facturer’s instructions. Briefly, Opti-MEMVR (GibcoTM) con-

taining the mixture of LipofectamineVR 3000 and DNA

(2 ll:1lg) was added and cells were incubated for 24 h.

After 24 h of transfection, cells were treated with propion-

ate and butyrate and collected after 24 h to assess cell fate

by PCR, as described above.

Statistical analysis

Statistical significance was assessed using unpaired two-

tailed Student’s t-test when two groups were compared,

one-way ANOVA followed by Dunnett’s post-test for mul-

tiple comparisons to one control or two-way ANOVA fol-

lowed by Tukey post-test for multiple comparisons. The

analysis was performed using GraphPad Prism version 5.0,

GraphPad Software (San Diego, CA, USA). The values of

P< 0.05 were considered statistically significant.

Data availability

The data supporting the findings in this study are avail-

able from the corresponding author upon request.

Results

Dietary changes induce neural
damage and alterations in NSC
dynamics

Dietary factors impact on brain function (Gomez-Pinilla,

2008; Almeida-Suhett et al., 2017). In addition, diet is an

important modulator of neurogenesis, which contributes

to cognitive performance and mood (Lindqvist et al.,

2006; Stangl and Thuret, 2009). To dissect the role of

diet and gut microbiome in neurogenic niches, mice were

fed a HFCD diet for 14 and 24 weeks, mimicking short-

and long-term malnutrition, respectively. Mice on this

diet typically develop features of the metabolic syndrome,

including obesity and insulin resistance, as well as differ-

ent degrees of non-alcoholic fatty liver disease. In fact,

our results confirmed the occurrence of liver steatosis and

lipid accumulation (Supplementary Fig. 1) (Kishida et al.,

2016). As NSC fate determination is deeply affected by
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neighbouring cells and surrounding regions, we began to

assess brain alterations in mice on this diet, specifically

general brain damage. Cell death and oxidative stress

were evaluated by measuring caspase-3 activity and ROS

levels, respectively, in whole brain lysate. In long-term

HFCD-fed mice, caspase-3 was markedly activated in the

brain, as assessed by the enzymatic assay (P< 0.05;

Fig. 1A). In addition, increased ROS levels were detected

(P< 0.05; Fig. 1B). We evaluated protein expression of

two members of the ROS scavenging system, namely

superoxide dismutase 2 (Sod2), and its positive activator

sirtuin-3 (Sirt3), a NADþ-dependent mitochondrial deace-

tylase (Sundaresan et al., 2009). Short-term HFCD diet

increased Sod2 in hippocampus and cortex regions,

whereas Sirt3 protein was increased in the cortex alone

(at least P< 0.01; Fig. 1C), suggesting engagement of

Figure 1 HFCD diet induces brain damage, synaptic loss and oxidative stress. Mice were fed a control (n¼ 4–7 for each time point)

or HFCD diet (n¼ 4–7 for each time point) for 14 and 24 weeks. The wholebrain extract, as well as the cortex and hippocampus regions were

collected for enzymatic and ROS assays and Western blot, as described in Materials and methods section. Effect of HFCD diet on caspase-3/7

enzymatic activity (A) and ROS generation (B) in wholebrain extracts after 24 weeks of feeding. Immunoblotting (top) and densitometry

(bottom) of Sirt3 and Sod2 (C) and synaptophysin and PSD-95 (D) in the hippocampus and cortex. b-Actin was used as loading control. (E)

Representative images of immunofluorescence detection of synaptophysin in brains of control and HFCD diet-fed mice. Nuclei were

counterstained with Hoechst 33258 (blue). Scale bar, 5 lm. Data are expressed as fold change over control. Representative immunoblots are

shown. Data represent mean values 6 SEM for at least five individual mice. *P< 0.05, **P< 0.01 and ***P< 0.001 compared to control. Syn:

synaptophysin.
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endogenous protective mechanisms against oxidative

stress. Curiously, prolonged HFCD feeding induced a sig-

nificant decrease in Sirt3 levels in the hippocampus

(P< 0.01; Fig. 1C), suggestive of opposite events, namely

augmented Sod2 acetylation and activation, and subse-

quently increased oxidative stress. As oxidative stress is

particularly harmful to dendritic spines (Mast et al.,

2008) and synaptic loss precedes neuronal death, we also

analysed the relative abundance of pre-synaptic and post-

synaptic proteins synaptophysin and PSD-95, respectively,

in the hippocampus and cortex regions of HFCD-fed

mice. As expected, synaptophysin markedly decreased in

the hippocampus of long-term HFCD-fed mice, compar-

ing to controls, whereas in the cortex, loss of both syn-

aptic markers was soon observed in short-term HFCD

diet-fed animals (at least P< 0.05; Fig. 1D and E).

Interestingly, the statistical difference of Sirt3, Sod2 and

synaptic proteins between the two control groups

(Fig. 1C and D) clearly reflected expected changes associ-

ated with aging.

As inflammation is a hallmark of neurological impair-

ment, and also impacts neurogenesis through several

cytokines and intracellular mediators (Cai, 2013), we

next evaluated the expression of pro-inflammatory cyto-

kines in both hippocampus and cortex regions, through

qRT-PCR. Expression levels of interleukin (IL)-1b, tu-

mour necrosis factor a (TNF-a) and pro-inflammatory

markers nod-like receptor protein-3 (NLRP3) and toll-like

receptor 4 (TLR4) increased in the hippocampus of

short-term HFCD-fed mice, compared to control

(Fig. 2A). In the cortex of short-term HFCD-fed animals,

only IL-1b was found increased (at least P< 0.05;

Fig. 2B). No changes were found in long-term HFCD-fed

mice, comparing with control group. Because neurological

disorders are known to associate with malnutrition and

since neurogenesis is deregulated in neurodegenerative dis-

eases and depression-like behaviours (Perera et al., 2007;

Hamilton and Holscher, 2012), we investigated altera-

tions in NSC fate in our model, uniquely present in

neurogenic niches. Cell proliferation was assessed by the

number of Ki67-positive NSCs in both DG and SVZ

neurogenic regions of HFCD-fed mice. Curiously, Ki67-

positive cells and its co-localization with the early neur-

onal differentiation marker DCX increased in the SVZ

neurogenic region in short-term HFCD diet-fed mice

(P< 0.05; Fig. 3A and B). In contrast, a significant de-

crease in the number of Ki67/DCX-positive cells in the

SVZ region was observed in HFCD diet-fed animals for

24 weeks (P< 0.05; Fig. 3A and B). The short-term

HFCD diet also increased the expression of stemness

marker SRY (sex determining region Y)-box 2 (Sox2),

corroborating the increased NSC pool in this neurogenic

niche (P< 0.05; Fig. 3C).

Notably, immunohistochemistry analysis revealed a sig-

nificant increase of newly born cells in both SVZ and

DG neurogenic regions in short-term HFCD-fed mice, as

indicated by the increased number of DCX-positive cells

(at least P< 0.01; Fig. 3A, B, C, and E). In agreement,

these animals also displayed augmented bIII-tubulin ex-

pression, a marker of early neuronal differentiation, in

both DG and OB neurogenic regions (P< 0.05; Fig. 3F),

whereas NeuroD1 and Mash1, two transcription factors

required for the differentiation and maturation of NSCs

(Gao et al., 2009; Raposo et al., 2015), increased in the

OB and DG regions, respectively (P< 0.05; Fig. 3G and

H). Strikingly, the cumulative feed intake of this high cal-

oric diet induced a marked reduction in adult neurogen-

esis. In fact, although no changes in DCX-positive cells

were observed in DG, a significant decrease in DCX-posi-

tive cells was evident in the SVZ neurogenic region

(P< 0.001; Fig. 3A, B, D, and E). Furthermore, mice also

displayed reduced bIII-tubulin levels in hippocampal

neurogenic niche (P< 0.05; Fig. 3F), and reduced expres-

sion levels of Mash1 and NeuroD1 in OB regions (at

least P< 0.05; Fig. 3G and H).

Taken together, our data demonstrate that short-term

HFCD diet triggers proliferation of SVZ-derived NSCs

and premature neuronal differentiation in both adult

neurogenic niches. However, sustained dietary changes

may lead to exhaustion of the NSC pool and impairment

of neurogenesis.

Diet-induced gut dysbiosis
associates with increased SCFA
metabolic pathways

As diet strongly impacts on gut microbiota (Gomez-

Pinilla and Tyagi, 2013; Almeida-Suhett et al., 2017),

and gut dysbiosis is a putative causal factor of neuro-

logical disorders (Rogers et al., 2016; Slattery et al.,

2016), we hypothesized that altered gut microbiota could

play a role in altering neurogenesis induced by the

HFCD diet. To test our hypothesis, we analysed the gut

microbiome in luminal samples from the small intestine

and cecum of HFCD-fed mice. V4 variable region of the

16S rRNA gene from intestinal microbiota was

sequenced. By performing a PCoA on gut microbiota

composition, a clear separation was found between either

short- or long-term HFCD diet and corresponding control

groups clusters, in both small intestine (Fig. 4A) and

cecum (Fig. 4B). These results indicate that HFCD diet

induced gut dysbiosis in both digestive compartments. To

depict our analysis in terms of microbiota composition

relative abundance between HFCD-fed mice and control,

we performed LEfSe analysis. At the phylum level,

Proteobacteria was one of the most highly enriched

microbiota populations in the small intestine of long-term

HFCD diet-fed mice, as well as in the cecum of short-

term HFCD-fed mice (Supplementary Fig. 2). Firmicutes

were significantly decreased in the small intestine and

cecum of long-term HFCD-fed mice (Supplementary Fig.

2). Additionally, these dietary changes induced more dis-

criminating taxa in small intestine than in cecum,
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possibly due to the fact that diversity of microbiota com-

position is usually much lower in small intestine than in

cecum (Supplementary Fig. 2).

The cross-talk between the brain and the microbiota can be

supported by different pathways, such as the neural pathway,

the immune system and microbiota metabolites (Fung et al.,

2017). Thus, variation of metabolites from gut microbiota can

strongly influence neurological function. To evaluate the poten-

tial impact of these gut microbiota differences on the systemic

circulation and the brain, we used a LEfSe approach, to deter-

mine KEGG pathways that were enriched or under-represented

in HFCD diet groups. In short-term HFCD-fed mice, we found

that 53 and 32 third-level classification KEGG pathways were

markedly different in the small intestine and cecum, respectively

(Fig. 5A and Supplementary Fig. 3). Long-term HFCD diet sig-

nificantly altered more third-level classification KEGG path-

ways, namely 141 and 54 in the small intestine and cecum,

respectively (Fig. 5B and Supplementary Fig. 3). Again, the

small intestine presented with the largest number of changes in

microbial function, comparing with the cecum. Among these

pathways, HFCD diet increased SCFA metabolic pathways,

such as propionate and butyrate. In fact, HFCD diet increased

propionate metabolism in the small intestine of all animals

(Fig. 5A and Supplementary Fig. 3A), and in the cecum of

long-term feeding animals (Fig. 5B), suggesting a shift of propi-

onate-producing bacteria from the cecum to the small intestine.

Long-term HFCD diet also increased butyrate metabolism in

the small intestine (Supplementary Fig. 3A).

In order to corroborate the predicted bioinformatic

SCFA data, we performed direct measurements of butyr-

ate and propionate levels in mice liver. In fact, because

the portal system drains directly into the liver, this organ

is trusted for assessing changes in systemic circulation.

Interestingly, our results corroborated KEGG analysis and

revealed that 24 weeks of HFCD diet significantly

increased propionate levels in liver (Fig. 5C and

Supplementary Fig. 3A). Butyrate remained below the de-

tection limit at 24 weeks of diet (data not shown).

Diet-associated gut metabolites

induce alterations in NSC fate,

mitochondrial biogenesis and

oxidative stress

To determine whether metabolites from HFCD diet-asso-

ciated microbiota, namely propionate and butyrate,

modulate neurogenesis, we dissected the effect of these

two specific SCFAs on NSC mitochondrial activity, viabil-

ity, proliferation and differentiation potential, in vitro

(Conti et al., 2005). Our results showed that propionate

did not significantly reduce cell viability of NSCs up to

Figure 2 HFCD diet induces neuroinflammation at short-term. Mice were fed a control (n¼ 4–7 for each time point) or HFCD diet

(n¼ 3–7 for each time point) for 14 and 24 weeks. The total RNA from cortex and hippocampus regions were extracted for qRT-PCR analysis, as

described in Materials and methods section. Expression levels of pro-inflammatory markers, including IL-1b, TNF-a, Nlrp3 and Tlr4 in the

hippocampus (A) and cortex (B). Hprt was used as loading control. Data are expressed as fold change over control. Data represent mean values

6 SEM for at least five individual mice. *P< 0.05 and **P< 0.01 compared to control.
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Figure 3 HFCD diet exhausts NSC pool by increasing adult neurogenesis. Mice were fed a control (n¼ 3–7 for each time point) or

HFCD diet (n¼ 3–7 for each time point) for 14 and 24 weeks. Brain slices and total RNA from SVZ-, OB- and DG-enriched extracts were

processed for immunohistochemistry and qRT-PCR, respectively, as described in Materials and methods section. (A) Representative images of

immunofluorescence detection and (B) quantitative analysis of neuronal differentiation and proliferation markers DCXþ, Ki67þ and DCXþ/

Ki67þ from SVZ of control and HFCD diet-fed mice. (C) Expression levels of Sox2 in the SVZ-enriched extracts. (D) Representative images of

immunofluorescence detection and (E) quantitative analysis of neuronal differentiation and proliferation markers DCXþ, Ki67þ and DCXþ/

Ki67þ from DG of control and HFCD diet-fed mice. Nuclei were counterstained with Hoechst 33258 (blue). Scale bar, 5 lm. Quantitative

analysis of neuronal markers bIII-tubulin (F), NeuroD1 (G) and Mash1 (H) in OB- (top) and DG- (bottom) enriched extracts. Hprt was used as

loading control. Data are expressed as fold change over control. Data represent mean values 6 SEM for at least five individual mice. *P< 0.05,

**P< 0.01 and ***P< 0.001 compared to control.
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1 mM concentration. However, both SCFAs significantly

increased cell death to 10–20% at 1 mM, comparing to

controls (at least P< 0.05; Fig. 6A). To avoid massive

cell death, we then performed subsequent experiments

with 1 mM of each compound. The effects of SCFAs on

NSC proliferation and differentiation were assessed

through the expression of proliferation (Ki67), stemness

(Sox2), early (bIII-tubulin) and late (NeuN) neuronal

markers. Interestingly, propionate and butyrate signifi-

cantly increased the expression of neuronal markers bIII-

tubulin and NeuN (at least P< 0.01; Fig. 6B). These

results were also corroborated by immunocytochemistry

of MAP2 (Fig. 6B). Concerning proliferation, butyrate

decreased Ki67 mRNA levels, whereas propionate

increased Ki67 levels (P< 0.001; Fig. 6C), possibly indi-

cating different proportions of symmetric and asymmetric

divisions triggered by these two SCFAs. Indeed, propion-

ate increased BrdU incorporation while butyrate

decreased, as shown by fluorescence microscopy

(Fig. 6C). These specific SCFAs also increased the expres-

sion of stemness marker Sox2 (P< 0.001; Fig. 6D). More

importantly, and in agreement with the augmented adult

neurogenesis observed in short-term HFCD-fed mice,

these results reveal that both SCFAs, propionate and bu-

tyrate, enhance early neurogenic differentiation.

To dissect the role of mitochondria in SCFA-induced

changes in neurogenesis, we next investigated the effect of

propionate and butyrate on NSC mitochondria. In fact,

SCFAs have been described to regulate mitochondrial bioen-

ergy, biogenesis and dynamics in the small intestine, liver,

muscle and adipose tissues (Rose et al., 2018;

Uittenbogaard et al., 2018). On the other hand, mitochon-

dria are known to regulate NSC self-renewal, differentiation

and viability (Sena and Chandel, 2012; Khacho et al.,

2016). Our results showed that propionate and butyrate

increased mtDNA copy number and mitochondrial tran-

scription factor A (Tfam) mRNA expression in NSCs (at

least P< 0.05; Fig. 6E), suggesting that both propionate

and butyrate increase the number of mitochondria in

NSCs. Curiously, SCFAs also increased mitochondrial ROS

(mtROS) (at least P< 0.05; Fig. 6F), possibly by increasing

mitochondrial mass but also by preventing the elimination

of NSC mtROS. In fact, propionate and butyrate had no

effect on total levels of the major ROS mitochondrial scav-

enger Sod2, or its activator protein, Sirt3 (Kong et al.,

2010; Chen et al., 2011), but increased acetyl-Sod2 levels,

the inactive form of Sod2 (P< 0.05; Fig. 6G). This increase

in acetyl-Sod2 form may rely on the loss of Sirt3 activity

rather than changes in Sod2 and Sirt3 total levels, as

observed in vivo. These results highlight the effect of propi-

onate and butyrate on neuronal differentiation, mitochon-

drial biogenesis and oxidative stress of NSCs.

Diet-associated gut metabolites
trigger premature differentiation
of NSCs in a ROS- and p-ERK1/
2-dependent manner

Apart from inducing cellular toxicity, elevated levels of

ROS have also been demonstrated to act as key

Figure 3 Continued
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intracellular signals for cell-cycle progression and NSC

fate (Khacho et al., 2016). Therefore, we investigated

whether ROS induced by HFCD-associated gut metabo-

lites were crucial for NSC differentiation, by blocking

ROS accumulation through the use of antioxidant NAC,

in NSCs treated with propionate and butyrate (Sun,

2010). Our results show that NAC significantly decreased

SCFA-induced bIII-tubulin and NeuN expression (at least

P< 0.05; Fig. 7A), whereas SCFA-induced Sox2 was fur-

ther enhanced in the presence of NAC (at least P< 0.05;

Fig. 7B).

Increased levels of ROS have also been associated with

modulation of redox signalling pathways, including mito-

gen-activated protein kinase (MAPK) cascades and, specif-

ically, extracellular signal-related protein kinase1/2

(ERK1/2) (Zhang et al., 2016; Choi et al., 2019). In add-

ition, several studies have already correlated the repres-

sion of ERK1/2 pathway with stem cell differentiation

(Na et al., 2010). To test the role of ERK1/2 in either

SCFA- or ROS-mediated effects on neurogenesis, we eval-

uated p-ERK1/2 levels in NSCs incubated with propion-

ate and butyrate. Curiously, propionate and butyrate

were shown to significantly inhibit ERK1/2 phosphoryl-

ation in NSCs (at least P< 0.05; Fig. 7C). To elucidate

the significance SCFA-mediated inhibition of ERK1/2

phosphorylation in neuronal differentiation, NSCs were

transfected with a plasmid coding for a constitutively ac-

tive form of MEK1 (MEK1*). This form constitutively

phosphorylates, and consequently activates, ERK1/2

(Fig. 7D). Importantly, MEK1* prevented propionate-

and butyrate-induced neurogenesis, blocking SCFA-

induced bIII-tubulin (at least P< 0.05; Fig. 7E), as well

as NSC proliferation (P< 0.001; Fig. 7F). Altogether,

these data suggest that HFCD-associated gut metabolites,

propionate and butyrate, induce neuronal differentiation

of NSCs, at least in part, through a ROS- and ERK1/2-

dependent signalling.

Dietary changes induce

mitochondrial biogenesis and

oxidative state alterations in adult

neurogenic niches

Our results have thus far suggested that propionate and

butyrate, produced upon HFCD diet-associated gut mi-

crobial changes, are capable of regulating NSC mitochon-

drial biogenesis and oxidative stress. Therefore, we finally

assessed the expression of different mitochondrial-associ-

ated proteins in neurogenic niches of HFCD-fed mice.

Tfam, a key activator of mitochondrial transcription and

mitochondrial genome replication, was increased in DG

of short-term HFCD-fed mice as shown by qRT-PCR and

immunohistochemistry (P< 0.05; Fig. 8A). In fact, this is

in agreement with the pattern of neurogenesis found in

DG neurogenic niche (Fig. 3). Notably, dietary changes

also significantly decreased Sirt3 in DG- and OB-enriched

extracts (at least P< 0.05; Fig. 8B), suggesting that NSCs

may be further exposed to elevated ROS levels in these

contexts. Particularly, long-term HFCD diet-mediated in-

hibition of Sirt3 in OB-enriched extracts may result from

decreased expression of peroxisome proliferator-activated

receptor c coactivator-1a (PGC-1a), a positive upstream

regulator of Sirt3 (Chen et al., 2005) as we observed by

Figure 4 HFCD diet exerts gut dysbiosis. Mice were fed a control (n¼ 5 for each time point) or HFCD diet (n¼ 8–10 for each time point)

for 14 and 24 weeks. Luminal samples of small intestine and cecum were collected as described in Materials and methods section. The influence of

HFCD diet on the composition of the small intestine (A) and cecum (B) gut microbiota was assessed by PCoA. Data represent mean values 6

SEM for four individual mice.
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Figure 5 HFCD diet promotes SCFA metabolic pathways. Mice were fed a control (n¼ 5 for each time point) or HFCD diet (n¼ 8–10

for each time point) for 14 and 24 weeks. Luminal samples of small intestine and cecum were collected as described in Materials and methods

section. The impact of HFCD diet on the metabolism of gut microbiota was predicted by LDA analysis in both feeding time points. The pathway

of KEGG was predicted by LDA coupled with effect size measurements in the small intestine after 14 weeks (A) and in the cecum after 24 weeks

(B). The most differentially abundant pathways enriched by HFCD diet and ND were indicated in red and green, respectively. Arrows mark

enriched SCFA metabolic pathway. Only pathways meeting an LDA significant threshold of >2 were shown. Validation of propionate pathway

and measurement of propionate concentration in the liver of the ND- and HFCD-fed mice by LC-MS/MS (C). Data represent mean values 6

SEM for four individual mice. *P< 0.05 compared to control.
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Figure 6 Short-chain fatty acids stimulate neuronal differentiation, mitochondrial biogenesis and oxidative stress of NSCs.

Mouse NSCs were treated with 1, 5, 10, 100, 250, 500 or 1000 lM of propionate (n¼ 3–9) and butyrate (n¼ 3–8) in self-renewal conditions.

After 24 h of propionate and butyrate treatment, cells were collected for viability, mitochondrial mass, qRT-PCR, immunocytochemistry and

Western blot analysis, whereas cells treated with only 2 h of these SCFAs were collected for mtROS, as described in Materials and methods

section. (A) Effect of SCFAs on NSC viability, assessed by Guava ViaCount flow cytometry. Data are expressed by percentages of viable cells.

Effect of SCFAs on (B, left) bIII-tubulin and NeuN, and (C, left) Ki67 and (D) Sox2 mRNA levels in NSCs. Hprt was used as loading control. Data

are expressed as fold change over control (untreated cells). Representative images of immunofluorescence detection of cells labelled with anti-

MAP2 (B, right) and anti-BrdU (C, right) antibodies. Nuclei were stained with Hoechst 33258. Scale bar, 5 lm. (E) Effect of SCFAs on

mitochondrial biogenesis markers in NSCs. Quantification of relative mtDNA copy number (left) assessed by qPCR analysis of mitochondria-

encoded gene mt-Co1. Nuclear Rn18s was used as loading control. Quantification of Tfam expression levels (right) assessed by qRT-PCR. Hprt

was used as loading control. (F) Effect of SCFAs on mtROS levels in NSCs, assessed by flow cytometry. Data are expressed by percentages of

cells stained with MitoSOXTM Red reagent. (G) Representative immunoblots (top) of Sirt3, total Sod2 and Ac-Sod2 protein levels and respective

densitometry analysis (bottom). b-Actin was used as loading control. Data are expressed as fold change over control. Data represent mean

values 6 SEM for at least three independent experiments. *P< 0.05, **P< 0.01 and ***P< 0.001 compared to control cells.

14 | BRAIN COMMUNICATIONS 2020: Page 14 of 20 M. F. Ribeiro et al.



Figure 7 Short-chain fatty acids trigger neuronal differentiation of NSCs in a ROS- and p-ERK1/2-dependent manner. Mouse

NSCs were treated with 1 mM of propionate (n¼ 3–7) and butyrate (n¼ 3–7) and 0.5 lM NAC for 24 h in self-renewal conditions. Cells were

collected for qRT-PCR and Western blot analysis, as described in Materials and methods section. Effect of SCFAs on bIII-tubulin and NeuN (A),

and Sox2 (B) mRNA levels. Hprt was used as loading control. A time-dependent assay was performed to evaluate the effect of propionate and

butyrate on ERK1/2 phosphorylation. As described in Materials and methods section, NSCs were transfected with a MEK over-expression plasmid

to evaluate the impact of ERK1/2 activation on SCFA-mediated changes in NSC fate. (C) Representative immunoblots (top) of p-ERK1/2 protein

levels and respective densitometry analysis (bottom). b-Actin was used as loading control. (D) Representative immunoblots showing the

efficiency of MEK transfection in NSCs. (E) Effect of ERK1/2 activation on SCFA-mediated changes in bIII-tubulin and NeuN, and Ki67 mRNA

levels (F). Hprt was used as loading control. Data are expressed as fold change over control. Data represent mean values 6 SEM for at least

three independent experiments. *P< 0.05, **P< 0.01 and ***P< 0.001 compared to untreated cells.
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Figure 8 Dietary changes induce mitochondrial biogenesis and oxidative state in adult neurogenic niches. Mice were fed a

control (n¼ 4–5 for each time point) or HFCD diet (n¼ 4–7 for each time point) for 14 and 24 weeks. Total RNA from DG- and OB-enriched

extracts were processed for qRT-PCR, and brain slices were immunostained, as described in Materials and methods section. Effect of HFCD diet

on Tfam (A, left), Sirt3 (B) and PGC-1a (C, left) mRNA levels in enriched extracts derived from the DG and OB. Hprt was used as loading

control. Data are expressed as fold change over control. Representative images of immunofluorescence detection of DG and SVZ labelled with

anti-Tfam (A, right) and anti-PGC-1a (C, right) antibodies. Nuclei were stained with Hoechst 33258. Scale bar, 5 lm. Data represent mean values

6 SEM for at least five individual mice. *P< 0.05, **P< 0.01 and ***P< 0.001 compared to control.
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qRT-PCR and immunostaining in the SVZ (P< 0.05;

Fig. 8C). All these in vivo molecular alterations, together

with the SCFA-induced signature in NSCs, strongly sup-

port the idea that mitochondria are, in part, responsible

for the impact of diet-associated gut microbiome metabo-

lites on adult NSC fate.

Discussion
Changes in host dietary patterns alter gut microbial com-

position and bacterial metabolism, ultimately favouring

the species that can better adapt to new fuel sources.

Importantly, diet-induced changes in microbiota potential

impact on host physiology and disease processes (Gomez-

Pinilla and Tyagi, 2013). By manipulating various dietary

factors, microbiota plasticity embodies a therapeutic op-

portunity to improve host health.

Gut microbiota has recently emerged as a novel regula-

tory factor of brain function, namely through the action

of microbiota metabolites (Ogbonnaya et al., 2015;

Sarkar et al., 2018). In fact, gut microbiota imbalances

associate with a variety of neurological and psychiatric

disorders, some with impaired neurogenesis, including

cognitive decline, depression and anxiety (Ghaisas et al.,

2016; Rogers et al., 2016). Furthermore, diet-induced

whole-body metabolic disturbances, particularly features

of the metabolic syndrome like obesity, insulin resistance

and type II diabetes, are becoming increasingly recognized

as risk factors for many neurological disorders

(Etchegoyen et al., 2018; Gasparova et al., 2018). In par-

ticular, non-alcoholic fatty liver disease, considered as the

hepatic manifestation of the metabolic syndrome, corre-

lates with gut dysbiosis and has also been associated

with neurological comorbidities (Seyan et al., 2010; Patel

et al., 2017). In fact, patients with NASH may present

hepatic encephalopathy (Seyan et al., 2010) and other

neurological alterations, such as cognitive impairment, de-

pression and anxiety (Elwing et al., 2006; Youssef et al.,

2013). A major challenge resides in understanding the

molecular mechanisms associated with this inter-organ

communication to ameliorate neural regeneration and

brain function after abnormal dietary habits or gut dys-

biosis. Our data clearly demonstrate a molecular link be-

tween diet-associated whole-body metabolic disturbances,

including NASH, gut dysbiosis, and adult neurogenesis,

highlighting mitochondrial stress as the culprit for gut

microbiota metabolite-mediated modulation of NSCs.

Mice fed a high-fat diet (HFD), including NASH-induc-

ing diets, have already been shown to present anxiety-

and depressive-like behaviour as well as cognitive impair-

ment (Almeida-Suhett et al., 2017). Here, we show that

mice on a HFCD diet display increased cell death and

oxidative stress in several areas of the brain, namely the

cortex and the hippocampus, in parallel with loss of syn-

aptic markers. Notably, apart from brain damage, neuro-

logical disorders have also been associated with

deregulated adult neurogenesis (Fang et al., 2018).

Indeed, several studies have reported that HFD induces

lipid peroxidation in the brain, while also decreasing

brain-derived neurotrophic factor, a pro-neurogenic fac-

tor, as well as its receptor (Park et al., 2010; Arcego

et al., 2016). On the other hand, as inflammation is a

hallmark of neurological impairment, and based on the

fact that inflammation might also impact neurogenesis

through several intracellular mediators, such as NLRP3

(Cai, 2013), we also evaluated the pro-inflammatory

responses and neurogenesis alterations in HFCD-fed mice.

In line with HFD activating immune response in the

brain and brain periphery (Baufeld et al., 2016), we

found increased levels of several pro-inflammatory cyto-

kines in the brains of HFCD-fed mice. Regarding adult

neurogenesis, short-term diet-associated changes stimu-

lated premature adult neuronal differentiation in the DG

and SVZ regions of mouse brain, whereas long-term feed-

ing led to an exhaustion of this process. In agreement,

HFD has been already reported to induce memory im-

pairment, depressive-like behaviour and stress-induced de-

pression by inhibiting hippocampal neurogenesis

(Lindqvist et al., 2006; Arcego et al., 2018).

Furthermore, HFD has also been shown to induce apop-

tosis of newborn neurons, resulting in reduced neurogen-

esis in the hypothalamus, a non-canonical neurogenic

niche (McNay et al., 2012). Therefore, neurogenesis de-

cline may result from direct brain damage and inflamma-

tion (Gould and Tanapat, 1997; Parent et al., 1997), but

also from premature neuronal differentiation processes,

followed by depletion of the active NSC pool in the

brain, as our results suggest. In fact, neurogenesis has al-

ready been shown to be triggered during metabolic disor-

ders and/or upon HFD, where the switch of quiescent

NSCs into activated NSCs leads to premature exhaustion

of NSC (Cavallucci et al., 2016).

Gut microbiota has recently arisen as a new regulator

of neurogenesis, emotion and stress, learning and memory

and social behaviour (Ogbonnaya et al., 2015; Sarkar

et al., 2018). Here, we show that shifting mice from a

control to a HFCD diet promotes gut dysbiosis and, par-

ticularly, enhanced microbial metabolism of two specific

SCFAs, namely propionate and butyrate. In fact, although

SCFAs are mainly produced from fibre-enriched diets

(Koh et al., 2016), a high abundance of genes involved

in propionate and butyrate metabolism have been

reported in faeces of HFD-fed mice (Xiao et al., 2017).

Furthermore, and in agreement with our data, faeces

from NASH-affected patients present high abundance of

SCFAs, as well as enzymes involved in butyrate and pro-

pionate metabolism, and domination of SCFA-producing

bacteria (Loomba et al., 2017; Rau et al., 2018). More

importantly, our metabolite analysis showed that HFCD

diet significantly increases propionate levels in the liver,

whereas butyrate remained undetectable. This may also

suggest that propionate might be the major responsible

for the neurogenesis differences in vivo.
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Short-chain fatty acids are also important mitochon-

drial modulators (Clark and Mach, 2017). Because prolif-

eration and differentiation of NSCs are highly sensitive to

mitochondrial function (Antico Arciuch et al., 2012), we

hypothesized that both propionate and butyrate could

constitute a dominant link between gut microbiota and

neurogenesis. In this regard, we demonstrated that propi-

onate and butyrate modulate mitochondrial biogenesis

and mass, increasing mtDNA copy number and Tfam ex-

pression in NSCs. In fact, others have also reported that

SCFAs are capable of stimulating mitochondrial biogen-

esis (Tang et al., 2011; Uittenbogaard et al., 2018).

Accordingly, we also showed that short-term HFCD diet

increased Tfam expression in mice neurogenic niches,

possibly due to increased SCFA metabolism. In parallel,

we found that propionate and butyrate induced early

neurogenic differentiation of NSCs through a ROS-de-

pendent mechanism. Indeed, in vitro and mouse model

studies have reported increased differentiation of NSCs

by butyrate (Uittenbogaard et al., 2018; Val-Laillet et al.,

2018). However, neurogenesis enhancement by propion-

ate has never been assessed. Interestingly, ROS have re-

cently gained a new perspective as physiological

signalling molecules in cell differentiation, promoting a

transcriptional program of pro-neuronal genes (Sena and

Chandel, 2012). Non-toxic, high levels of ROS induce ex-

pression of genes that promote commitment and differen-

tiation of NSCs (Khacho et al., 2016). Here, we

demonstrate that mtROS accumulation by SCFAs results

from an unbalanced radical scavenger system in the brain

of HFCD-fed mice. In parallel, neurogenic niches of

HFCD-fed mice presented decreased Sirt3 expression, the

positive regulator of Sod2, further contributing to the

increased susceptibility of NSCs to the effects of ROS. In

fact, the increase of total Sod2 levels observed in brain of

HFCD-fed mice might represent an adaptative cellular

mechanism to counteract the decrease of Sod2 activation

under an oxidative stress scenario.

Several studies have reported the involvement of

ERK1/2 in neurogenesis (Pereira et al., 2015; Vithayathil

et al., 2015; Tang et al., 2017), while propionate and bu-

tyrate decrease ERK1/2 phosphorylation in colon carcin-

oma cells (Davido et al., 2001). Interestingly,

maintenance of quiescent NSCs in neurogenic niches was

also shown to be assured by ERK1/2 phosphorylation

(Pereira et al., 2015), with loss of ERK1/2 inhibiting

maintenance of neural progenitors as they migrate, result-

ing in premature depletion of neural progenitor cells

(Vithayathil et al., 2015). Here, we show that ERK1/2

phosphorylation, and subsequently its activation, is

decreased in NSCs upon exposure of SCFAs, supporting

the idea that decreased p-ERK1/2 plays a role in prema-

ture NSC differentiation. In fact, the role of both mito-

chondrial ROS and inactive form of ERK on cell-cycle

arrest and differentiation progression has been well estab-

lished (Pereira et al., 2015; Khacho et al., 2016).

Conclusion
Overall, we have shown that HFCD diet produces a spe-

cific gut microbiota signature in the small intestine and

cecum, increases propionate and butyrate, changes NSC

fate and promotes mitochondrial biogenesis and oxidative

stress. More importantly, we identified the mitochondrial

by-product ROS as a key mediator of SCFA-induced

NSC alterations, leading to a premature differentiation

and depletion of NSC pool in adult neurogenic niches of

HFCD-fed mice. Although other host feedback mecha-

nisms triggered by diet-associated gut microbiome must

be further investigated, our findings add novel under-

standings of gut–microbiota–brain interactions in regulat-

ing adult neurogenesis, propelling mitochondrial stress

into the centre of this cross-talk.
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