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Abstract

Short-chain fatty acids (SCFAs) are a group of fatty acids predominantly produced
during the fermentation of dietary fibers by the gut anaerobic microbiota. SCFAs af-
fect many host processes in health and disease. SCFAs play an important role in the
‘gut-brain axis’, regulating central nervous system processes, for example, cell-cell in-
teraction, neurotransmitter synthesis and release, microglia activation, mitochondrial
function, and gene expression. SCFAs also promote the growth of neurospheres from
human neural stem cells and the differentiation of embryonic stem cells into neural
cells. It is plausible that maternally derived SCFAs may pass the placenta and expose
the fetus at key developmental periods. However, it is unclear how SCFA exposure at
physiological levels influence the early-stage neural cells. In this study, we explored
the effect of SCFAs on the growth rate of human neural progenitor cells (RNPCs),
generated from human embryonic stem cell line (HS980), with IncuCyte live-cell anal-
ysis system and immunofluorescence. We found that physiologically relevant levels
(uM) of SCFAs (acetate, propionate, butyrate) increased the growth rate of hNPCs
significantly and induced more cells to undergo mitosis, while high levels (mM) of
SCFAs had toxic effects on hNPCs. Moreover, no effect on apoptosis was observed
in physiological-dose SCFA treatments. In support, data from g-RT PCR showed that
SCFA treatments influenced the expression of the neurogenesis, proliferation, and
apoptosis-related genes ATR, BCL2, BID, CASP8, CDK2, E2F1, FAS, NDN, and VEGFA.
To conclude, our results propose that SCFAs regulates early neural system develop-

ment. This might be relevant for a putative ‘maternal gut-fetal brain-axis’.

KEYWORDS
gut microbiota, human neural progenitor cells, neurodevelopment, proliferation, short-chain
fatty acids
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1 | INTRODUCTION
1.1 | Gut microbiota and gut-brain axis

The human body harbors an ecosystem of gut microbiota that is
dynamic throughout the lifespan. In rodent models, there is strong
evidence that the gut bacterial microbiota can cause behavio-
ral changes (Ntranos & Casaccia, 2018; Luczynski et al. 2016).
Transferring feces from patients diagnosed with autism, depres-
sion, or schizophrenia to the rodent intestine produced behaviors
and biochemical modulations related to these disorders (Kelly,
Borre, & C, O. B., 2016; Sharon, Cruz, & Kang, 2019; Zheng, Zeng,
& Liu, 2019). The gut microbiota plays a major role in the bidirec-
tional communication between the Gl tract and the central nervous
system, the so-called gut-brain axis. This communication is medi-
ated by neural pathways (e.g., the vagus nerve), immune activa-
tion, hormones (e.g., the hypothalamic-pituitary-adrenal axis), and
metabolites (e.g., tryptophan and short-chain fatty acids (SCFAs))
produced by gut microbiota (Bienenstock, Kunze, & Forsythe,
2015). By studying germ-free and antibiotic drug-treated rodents,
the SCFAs and the vagus nerve have been proposed to be key gut-
brain axis mediators (Dinan & Cryan, 2017; MacFabe, 2015).

1.2 | SCFAs

SCFAs are fatty acids with 2-5 carbon atoms, of which acetate (C2),
propionate (C3), and butyrate (C4) are the most abundant. They
are the predominant metabolites that arise from the fermenta-
tion of dietary fibers, such as resistant starch, by anaerobic colonic
microbiota, but are also present naturally or as an additive in diet
(Cummings, Pomare, Branch, Naylor, & Macfarlane, 1987; Kasubuchi,
Hasegawa, Hiramatsu, Ichimura, & Kimura, 2015; MacFabe, 2015).
SCFAs are an essential energy source for intestinal cells (Hu, Lin,
Zheng, & Cheung, 2018), strengthen the gut barrier function and
have immune-modulatory effects in the intestine, exerting anti-car-
cinogenic and anti-inflammatory properties (Sivaprakasam, Prasad,
& Singh, 2016). SCFAs are soluble in both water and lipids and they
can be absorbed through passive diffusion, but their cellular up-
take is enhanced by monocarboxylate transporters (Vijay & Morris,
2014). Dietary SCFAs as well as those produced by bacteria in the
oral cavity, esophagus, distal colon, rectum, and epidermis may es-
cape hepatic clearance and thereby get systemic access (MacFabe,
2015) and then pass the blood-brain barrier (BBB) (Tsuji, 2005).
G-protein-coupled receptors (GPR41, GPR43), named also free
fatty acid receptors (FFAR3, FFAR2), were the main receptors that
found to be activated by all the three SCFAs (Kasubuchi et al., 2015;
Miyamoto et al., 2016). GPR41/43 are known to be expressed on a
wide range of cell types, including the human intestinal epithelial
cells, adipose cells, immune cells, pancreatic f cells, brain endothe-
lium, and neural cells in ganglia (Miyamoto et al., 2016).

The metabolism of SCFAs is complex. However, the SCFAs have

been suggested to have broad influences on the physiology of the
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nervous system including calcium-dependent neurotransmitter
release (rats) (DeCastro et al., 2005; Severson, Wang, Pieribone,
Dohle, & Richerson, 2003), electrophysiology, neuroinflammation,
lipid metabolism (rats) (MacFabe, 2015), closure of gap junctions,
intracellular acidification (rats) (Rorig, Klausa, & Sutor, 1996), mi-
croglial maturation and activation (mice) (Erny, Hrabe de Angelis, &
Jaitin, 2015), as well as mitochondrial function and oxidative stress
(animals and human) (Frye, Melnyk, & Macfabe, 2013; Hecker,
Sommer, & Voigtmann, 2014). SCFAs influence gap junction gat-
ing also in the BBB, and are hence essential for a functioning BBB
in mice (Braniste, Al-Asmakh, & Kowal, 2014; Hoyles et al., 2018).
Some of these effects are likely mediated by the SCFA receptors
(GPR41/GPR43). Other SCFA effects, especially of propionate and
butyrate, are mediated through their histone deacetylase (HDAC)
inhibitory activity, which results in epigenetically regulated gene
expression (Nankova, Agarwal, MacFabe, & Gamma, 2014; Patnala,
Arumugam, Gupta, & Dheen, 2017). Furthermore, sodium butyrate
was shown to stimulate brain-derived neurotrophic factor expres-
sion, neurogenesis, and neural proliferation in rodents (Kim, Leeds,
& Chuang, 2009; Wei, Melas, Wegener, Mathe, & Lavebratt, 2014;
Yoo et al., 2011) and to facilitate long-term memory consolidation
(Levenson et al., 2004). Emerging evidence shows that species-rich
enteric microbiota and metabolites, such as propionate, play a major
role in normal brain and behavioral development (Diaz Heijtz et al.,
2011; Hsiao, McBride, & Hsien, 2013) and are altered in neurode-
velopmental disorder like autism (MacFabe, 2015).

Most in vitro studies of SCFAs investigated their effects on
cancer cells, such as colorectal cancer cells (Van Rymenant et al.,
2017), breast cancer cells (Wang et al., 2016), non-small-cell lung
carcinoma cells (Jin, Wu, Dai, Li, & Xiao, 2017), osteosarcoma cells
(Perego, Sansoni, Banfi, & Lombardi, 2018) and other cells like
adipocytes (Hu, Kyrou, & Tan, 2016) and immune cells (Patnala
et al., 2017). So far, however, only few studies have been per-
formed on the effects of SCFAs on human early neural cells. A
study from Yao et al. reported that sodium butyrate promoted the
differentiation of mouse embryonic stem cells into neural cells
(Yao et al., 2010). Moreover the concentrations of SCFAs applied
in these studies (in the mM range) have been much higher than
the reported physiological levels (UM range), but for in a recent in
vitro study on a human BBB cell model that was conducted using a
physiologically relevant propionate concentration at 1 puM (Hoyles
et al., 2018). As previously mentioned, we have examined meta-
bolic, immunological, and epigenetic effects in rodent PC12 cells,
and lymphoblasts from neurotypical and autistic patients (Frye et
al., 2017; Nankova et al., 2014; Rose, Bennuri, & Davis, 2018). The
detectable physiological levels of acetate, propionate, and butyr-
ate differ between types of human body fluid, but are typically in
the range of (acetate 0-410 uM; propionate 0-18.3 uM; butyrate
0-81 uM), including blood, cerebrospinal fluid (CSF), breast milk,
and urine (Human Metabolome Database, http://www.hmdb.ca/).
The relative levels of the three SCFAs corresponds to approxi-
mately 30:2:1 for acetate: propionate: butyrate (De Baere et al.,
2013; Nagashima et al., 2010; Zhao et al., 2017).
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1.3 | Effects of SCFAs on the fetus

In mice, maternal diet and microbiota reversibly affect the social
behaviors and synaptic activity in offspring (Buffington et al,,
2016). Subcutaneous injection of propionate into pregnant dams
increased the anxious and antisocial behavior in female rat off-
spring (Foley, Ossenkopp, Kavaliers, & Macfabe, 2014; MacFabe,
2015). Prenatal maternal exposure to propionic acids associated
with autism spectrum disorder development and produced simi-
lar biochemical effects in animal models and cell lines (Foley et
al., 2014; MacFabe, 2015; Nankova et al., 2014). Other reported
effects on fetuses of maternal dietary SCFA supplementation in-
clude increased number of fetuses and decreased abortion rate
in mice (Lin et al., 2014). Non-interventional prenatal exposure
to SCFAs is thought to primarily be gut-produced SCFAs in the
maternal blood passing over the placenta to the fetus. However,
the fetus is exposed to SCFAs present also in the amniotic fluid
(Orczyk-Pawilowicz et al., 2016). Live microbes, including those
capable of producing SCFA, or microbial DNA were found in
human amniotic fluid (Stinson, Boyce, Payne, & Keelan, 2019),
placenta (Aagaard et al., 2014), meconium (Ardissone, Cruz, &
Davis-Richardson, 2014), as well as umbilical cord blood (Jimenez,
Fernandez, & Marin, 2005). Taken together, there is a possibility
that the SCFAs in the maternal blood, produced by the maternal
intestinal or amniotic microbiota, expose the fetus and influence
the fetal neurodevelopment. The aim of this study was to explore
if SCFAs affect the growth of early stage neural cells, using human

neural progenitor cells (nNPCs) as an in vitro model.

2 | MATERIALS AND METHODS

All reagents in this study were purchased within 2 years and stored
properly according to the manufacturer's instructions. All experi-
ments were performed and repeated according to the same time
schedule during February 2018 to October 2019.

2.1 | CULTIVATION OF HUMAN EMBRYONIC
STEM CELLS

Human embryonic stem cell line HS980 (RRID: CVCL_2788)
(Rodin, Antonsson, & Niaudet, 2014) was provided by Professor
Outi Hovatta (Karolinska Institutet). Cultivation and in vitro
experimentation of this cell line was approved by the Swedish
ethical review board in Stockholm (2017/1079-31/1). The study
was not pre-registered. Cells were cultured in NutriStem hESC
XF medium (cat. #05-100-1A, Biological Industries, Israel)
on laminin-521 (LN-521, 30 pg/ml, cat. #LN-521, BiolLamina,
Stockholm, Sweden), in a similar way as described previously
(Rodin et al., 2014). Cells were passaged by exposure to TrypLE
Select (cat. #12563011, Gibco, New York, USA) for 4-5 min
at 37°C, 5% CO,. Before detaching, the enzyme was carefully
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fully wash the cells. After that, the cells were gently detached
with 1 ml of pre-warmed NutriStem medium by pipetting into
single-cell suspension and a desired fraction of cells was plated
on a fresh LN-521-coated dish.

2.2 | GENERATION OF HUMAN NEURAL
PROGENITOR CELLS (HNPCS)

hNPCs were generated from the human embryonic stem cell line
(HS980) (Rodin et al., 2014) as described previously (Falk, Koch,
& Kesavan, 2012; Koch, Opitz, Steinbeck, Ladewig, & Brustle,
2009). Briefly, cells were dissociated into single cells using TrypLE
Select and plated on non-adhesive plastic in DMEM/F12 (cat.
#31331028, Gibco) supplemented with 1% N2 (cat. #17502001,
Gibco), SMAD inhibitors, SB-431542 (cat. #54317, Sigma-Aldrich)
and LDN-193189 (cat. #SML0O559, Sigma-Aldrich). 50% of the
media was changed every day, and 6-day-old floating aggregates
were plated on tissue culture plates coated with 0.002% poly-L-or-
nithine (cat. #P4957, Sigma-Aldrich) and 20 pg/ml murine laminin
(cat. #L2020, Sigma-Aldrich). Neural rosette structures started to
emerge 2-3 days after plating. Neural rosettes were manually se-
lected at day 4 and transferred to a new coated well in high density
in DMEM/F12 media supplemented with 10 ng/ml FGF2, 10 ng/ml
EGF (cat. #01-A01110 and #01-AA060, both from ORF Genetics,
Kopavogur, Iceland), 1% N2 and 0.1% B27 (cat. #17504044, Gibco).
The HS980 cell line could be maintained and expanded in the same
media to at least 45 passages at our laboratory and the gener-
ated hNPCs were cultured from passage O to 25 at our laboratory
(Figure 1a and Figure S1).

2.3 | SCFA EXPOSURE ON HNPCS

The concentrations of SCFAs for our in vitro experiments were
selected for two sub-studies (Table 1A and B). First, for the tox-
icity test, concentrations ranging from 1 pM to 192 mM were
selected based on the current in vitro literature (mM) and the
relative levels in human body fluid (acetate: propionate: butyrate
= 30:2:1). Second, for the experimental test of physiologically
relevant SCFA levels, concentrations were selected based on the
previously reported levels in human body fluid that did not have
toxic effects in our in vitro toxicity test (concentrations lower
than T3, Table 1B). The reported levels of the three SCFAs in
CSF of healthy population are: acetate: 31-410 uM, propion-
ate 0-6 uM, butyrate 0-2.8 pM (Human Metabolome Database,
http://www.hmdb.ca/). Sodium acetate (cat. #71196, Sigma-
Aldrich), sodium propionate (cat. #P5436, Sigma-Aldrich) and
sodium butyrate (cat. #TR-1008-G, Merck Millipore) and water
as control were added (1:100 dilution in cell culture medium) to
obtain the listed concentrations, immediately after splitting cells

from a six-well plate into a 48-well plate (Figure 1b).
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FIGURE 1 Work flow for the generation and SCFA exposure of human neural progenitor cells ('(NPCs). (a) Human embryonic stem cell line
(HS980) was cultured to get the floating aggregates, human embryoid bodies. Neural rosettes were picked up and cultured for the generation
of hNPCs. (b) hNPCs were maintained in a six-well plate, and were then split into a 48-well plate for exposures. Each SCFA treatment condition
was in triplicates within one plate and water was used as control. The 48-well plate was incubated for 12 h. Thereafter, 300 pl fresh cell culture
media with the same SCFA treatments and propidium iodide (Pl) were added and the plate was placed into the IncuCyte. Cells were incubated

in the IncuCyte for 48 h for proliferation/apoptosis analyses and for 24 h for immunofluorescence and g-RT PCR analyses

TABLE 1 SCFA concentrations used in this study

(A) SCFAs T1
Toxicity test Acetate 30 uM
Propionate 2 uM
Butyrate 1uM
(B) SCFAs 1
Experimental test with ~ Acetate 3 uM
physiologically rel-
evant concentrations Propionate 0.2uM
Butyrate 0.1 uM

T2 T3 T4 T5
3mM 12 mM 48 mM 192 mM
200 uM 800 uM 3.2mM 12.8 mM
100 uM 400 pM 1.6 mM 6.4 mM
2 S 4

30 uM 300 uM 3mM

2 uM 20 uM 200 uM

1uM 10 uM 100 uM

2.4 | LIVE IMAGING USING INCUCYTE®
ZOOM SYSTEM

Cells were seeded into 48-well plates and treated in triplicates with
SCFAs (sodium acetate, sodium propionate, sodium butyrate or
water as control, Table 1) and incubated for 12 hr. Thereafter, 300 ul
of fresh medium supplemented with growth factors (EGF, FGF2,

N2, B27), SCFAs and 20 pg/ml propidium iodide (PI, cat. #P3566,
Invitrogen, Carlsbad, CA, USA) were added into each well and the
plate was transferred to the IncuCyte ZOOM system incubator (Essen
BioScience) (Figure 1b). Pl is a popular red-fluorescent nuclear coun-
terstain, which is not permeant to live cells and commonly used to
detect dead cells in a population. Four images were taken from each

well every second hour and the confluency percentage data and red
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staining count were recorded at the same time. Apoptosis rate was
calculated as change in number of dead cells over two hours, and the
value reported per condition and plate (one biological experiment)

was the mean of the triplicates’ mean of the four images per well.

2.5 | MODELING CELL GROWTH

Confluency was assessed at four separate places in each well
every second hour. In order to model the sigmoid growth curve, a

nonlinear least square model was fitted to the data by finding the

phid—phil
1t~ (Phiz+phidTime)?

best coefficients:Confliency =phil+ where phil is the
confluency at origin, phi4 the confluency reached at maximum and
-phi2/phi3 the time corresponding to the inflection point of the
curve. Using the estimates of the coefficients and the function's
derivative, the maximum growth for each image was calculated
(Figure S2). The mean values of maximum growth rate per well in
each plate were then calculated. The mean maximum growth rates
of each condition from each plate (i.e., mean of the triplicates)
were then used for statistical analyses. Seven biological experi-

ments were performed.

2.6 | IMMUNOFLUORESCENCE FOR PHOSPHO-
HISTONE H3 (pHH3)

Cells were assessed for expression of pHH3, a marker of mitosis
(Kim et al., 2017; Veras, Malpica, Deavers, & Silva, 2009). A plate
design identical to that used for assessing maximum growth rate
and apoptosis rate was applied. After being treated with SCFAs
for 24 h, cells were washed twice with phosphate-buffered saline
(PBS, cat. #10010056, Gibco) and fixed with 4% formaldehyde (cat.
#R37814, Invitrogen) on ice for 30 min. Cells were washed twice
more with PBT buffer (PBS + 0.5% Tween-20 (cat. #P1379, Sigma-
Aldrich)) and blocked with PBTA buffer (PBS + 0.3% TritonX-100
(cat. #T8787, Sigma-Aldrich) + 0.1% bovine serum albumin (cat.
#A9647, Sigma-Aldrich) + 5% donkey serum (RRID: AB_2337258,
cat. #017000121, Jackson ImmunoResearch Labs, Cambridge,
UK)) at 22°C for 40 min. Cells were incubated with pHH3 primary
antibody (RRID: AB_304763, cat. #ab5176, Abcam, Cambridge,
UK) in PBTA at 4°C overnight, followed by washing twice with
PBT and incubating with secondary antibody (RRID: AB_162543,
cat. #A31572, Invitrogen) at 22°C for 45 min. After staining with
DAPI (RRID: AB_2629482, cat. #D1306, Invitrogen) at 22°C for
5 min, cells were imaged by an automated high-content imaging
system--Cell Observer (Zeiss). After loading the layout informa-
tion of plate and setting parameters of the system, images were
taken automatically.

To define intensity threshold corresponding to pHH3 positivity,
two pictures were randomly selected from each 48-well plate for
analysis. Cell nuclei were defined by ImageJ (bundled with 64-bit Java
1.8.0_112) and the mean intensity of pHH3 staining was measured

and classified as positive/negative by a human analyst. A threshold
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was then set according to the split (Figure S3). Thereafter, automatic
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cell counting for all images was carried out by ImageJ, which recorded
the total number of cells and intensity of the fluorescence of each
cell, followed by calculating the percentage of positive cells per well
and per condition (each condition in triplicates) corresponding to the

pre-defined threshold for each plate by software R (version 3.5.0).

2.7 | GENE SELECTION

By checking the three QIAGEN RT? Profiler™ PCR Array panels:
Human Neurogenesis, Human Cell Cycle, and Human Apoptosis, can-
didate genes for the study were selected by applying STRING (https://
string-db.org/) analysis, which can generate interaction networks of
genes. From the neurogenesis panel, eight genes (adenosine A1 recep-
tor (ADORA1), adenosine A2a receptor (ADORA2A), BCL2 apoptosis
regulator (BCL2), E1A-binding protein P300 (EP300), histone deacety-
lase 4 (HDAC4), necdin (NDN), notch receptor 2 (NOTCH2), and vascular
endothelial growth factor A (VEGFA), who have shown strong confi-
dence of interaction with each other were included in our study (Figure
S4a). From each of the cell cycle and apoptosis panels, five commonly
studied genes from different clusters, which have strong confidence of
interaction to other genes were included (Figure S4b and c). The five
cell-cycle genes were serine/threonine kinase (ATR), cyclin-dependent
kinase 1 (CDK1), CDK2, cyclin D2 (CCND2), E2F transcription factor 1
(E2F1), the five apoptosis genes were BH3-interacting domain death
agonist (BID), caspase 8 (CASP8), CASP3, fas cell surface death receptor
(FAS), and tumor protein P53 (TP53). In total, 18 genes were analyzed
by quantitative reverse transcriptase (QRT)-PCR in six independent cell
culture preparations (biological replicas). A molecular interaction net-
work of these 18 candidate genes was generated using STRING, which
revealed multiple regulations among these genes.

2.8 | QRT-PCR

hNPCs exposed to the each treatment in three 48-well plates
(technical replicates) for 24 h were harvested, respectively, in
Trizol Reagent (cat. #15596018, Invitrogen) and then total cellular
RNA was extracted using Direct-zol” RNA MinpRrep Plus Kit (cat.
#R2072, Zymo Research) according to the standard manufacturer's
instructions and protocols. RNA concentration and purity (A260/
A280) were measure by NanoDrop™ 2000 Spectrophotometers
(cat. # ND-2000), with concentration at 50 ~ 120 ng/l and A260/
A280 at 1.8 ~ 2.1 for all samples. cDNA was synthesized directly
after RNA extraction using SuperScript® Il First-Strand Synthesis
System for qRT-PCR (cat. #18080051, Invitrogen) according to
the standard protocol for cDNA synthesis with Veriti™ 96-Well
Thermal Cycler (cat. #4375786, Applied Biosystems). qRT-PCR was
carried out in a QuantStudio™ 6 Flex Real-Time PCR system (cat.
#ZG21SCQSTUDIOGFLEX, Applied Biosystems) using SYBR Green
kit (cat. #4368702, Applied Biosystems) following the standard set-

tings. The working system for each reaction was the same (5 ul SYBR
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TABLE 2 Primer sequences for mRNA

Genes Primers

Forward 5' ACCCTAACTTTGCAGCCGAG 3’
Reverse 5’ CTTGACCAGCACGTACCACA 3’
E2F transcription factor Forward 5 CAGCTCATTGCCAAGAAGTCC 3’
1(E2F1) Reverse 5' GCAATGCTACGAAGGTCCTGA 3’
Forward 5' AAAGTTGACCACATTTGCCGC 3’
Reverse 5’ CTGCAGGGCCCAGTTGTAA 3’
Forward 5' GTGAGCAGATCAGAATTGAGGT 3’
Reverse 5’ CAGGCTCTTGTTGATTTGGGC 3’
BH3 interacting domain Forward 5 CGGAATATTGCCAGGCACC 3’
deathagonist (BID)  peyerse 5" AAGACATCACGGAGCAAGGAC 3'
Forward 5' GGCATTCCTCTTCCCCTCATC 3
Reverse 5 ACGAACAGGGACTCCAAAAGC 3’
BCL2 apoptosis regula- Forward 5 TCATGTGTGTGGAGAGCGTC 3
tor (BCL2) Reverse 5' TCACTTGTGGCCCAGATAGG 3’
Forward 5' ATCCAATCGAGACCCTGGTG 3’
Reverse 5’ GCCTTGGTGAGGTTTGATCC 3’

Necdin (NDN)

Serine/threonine
kinase (ATR)

Caspase 8 (CASP8)

Cyclin-dependent
kinase 2 (CDK2)

Vascular endothelial
growth factor A
(VEGFA)

Forward 5 AACTTGGAAGGCCTGCATCA 3’
Reverse 5 GGGTCCGGGTGCAGTTTATT 3’
Forward 5° AGGAATCCTTCTGACCCATGC 3’
Reverse 5' CTCACCATGGATGATGATATCGC 3’
Forward 5 CCTGCACCACCAACTGCTTA 3
Reverse 5 CCAGTGAGCTTCCCGTTCAG 3

Fas cell surface death
receptor (FAS)

B-actin (ACTB)

Glyceraldehyde-3-
phosphate
dehydrogenase

(GAPDH)

green, 1 pl 10 uM primer pair, 4 ul cDNA). The specific primer pair
sequences (Invitrogen) for mRNA are given in Table 2 and Table S1.
The success rate was 100% for all genes. The cycle threshold val-
ues for the reference genes were 18 ~ 20, and for the target genes
22 ~ 31. All reactions were run in triplicates and the reference genes
for normalization were B-actin (ACTB) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Levels of target mRNA relative to
that of the reference genes were calculated applying the 2744Ct
method with the average Ct value of the triplicates and using the
control group as the calibrator with QuantStudio Software for 6 Flex
(V1.3). Analyses were performed on three independent cell culture
preparations with all SCFA concentrations in Table 1B, and three ad-
ditional independent cell culture preparations with the two lowest
SCFA concentrations (Table 1B). Target mRNA levels were similar
between normalizing using a single reference gene (ACTB) and multi-
reference genes (ACTB and GAPDH) (Fig S5a and b).

2.9 | Statistical analysis
The primary endpoints were maximum growth rate, apoptosis rate

and proportion of pHH3 positive cells, while the secondary endpoint

was gene expression. All data presented represent the mean of at least
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three replicates of independent cell culture preparations. Normality
of distributions was assessed using Shapiro-Wilk test. Between-
group (control vs. treatment) differences of each SCFA (acetate,
butyrate, and propionate) were tested using unpaired t-tests and p-
values were adjusted for multiple testing with the Holm-Bonferroni
method. All statistical tests were performed using software R (ver-
sion 3.5.0). An adjusted p-value less than 0.05 was considered sta-
tistically significant. Neither blinding, assessment of the normality of

data distribution, nor test for outliers was performed.

3 | RESULTS
3.1 | Toxicity test of SCFAs on hNPCs

To explore the effects of SCFAs on growth rate in our in vitro hNPC
model, we first aimed to assure absence of apparent toxicity of SCFAs
at concentrations up to approximately 10 times higher than re-
ported physiological levels in human body fluid (Human Metabolome
Database). We conducted a toxicity test of the three SCFAs in the
hNPC line using the IncuCyte® ZOOM System. Cells were observed
by live imaging over a 48 h incubation with the three individual SCFAs
each at five different concentrations (Table 1A). We found that for
all the three SCFAs, the highest concentration (T5: Acetate_192 mM,
Butyrate_6.4 mM, Propionate_12.8 mM) had obvious toxic effects on
the cells with much slower growth as compared to controls from early
hours and a proliferation termination and cell death after 24 h expo-
sure (Figure 2a). Cellular morphology looked abnormal at T5 (Figure
Séa). Also, the T4 concentration of butyrate had obvious effects on
cell proliferation and morphology (Figure 2a and Figure Séa). The cells
exposed to low concentrations (T1-T3) showed a similar proliferation
pattern as cells in the control condition (Figure 2a). Apoptosis rates
were assessed by measuring Pl-stained dead cells. Only images at
confluency less than 80% were considered in order to reduce the in-
fluence of high confluency on the results. We found that the overall
apoptosis rates for all three SCFAs were increased at the T5, as well as
at the T4 for butyrate compared to controls, with the apoptosis rates
of the highest concentration (T5) being 2-3 times higher than that of
the control group. The apoptosis rates of the SCFA concentrations
T1-T3 were at control levels (Figure 2b). When assessing the images in
a qualitative way no difference in morphology was apparent in T1-T3
for any three SCFAs (Figure Séa). Taken together, at least the two low-
est concentrations (T1 and T2, covering the reported physiological
levels in human body fluid) were without apparent toxic effects on
hNPCs for all the three compounds.

3.2 | EFFECTS OF SCFAS AT PHYSIOLOGICALLY
RELEVANT LEVELS ON PROLIFERATION AND
APOPTOSIS OF HNPCS

In this next step, we analyzed the effects of SCFAs at physiologi-

cally relevant concentrations on hNPC proliferation and apoptosis.
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FIGURE 2 Toxicity test of SCFA treatments on human neural progenitor cells (nNPCs). (a) Confluency curve of hNPCs treated with
SCFAs over 48 h (concentrations as described in Table 1A). (b) Overall apoptosis rate (Adead cells/2 h) before reaching 80% confluency
during 48 h. Data are presented as mean = SEM and are based on three independent cell culture preparations

Having established that concentrations T1 and T2 of SCFAs were
without apparent toxic effects on hNPC, we used concentrations
corresponding to T2 and lower of the three compounds (concen-
trations 1-4, Table 1B). Concentrations 2 and 3 of acetate and all
concentrations of butyrate and propionate significantly increased
the maximum growth rate of hNSCs, when comparing to the con-
trol condition (Figure 3a and Figure Séb). Moreover the three com-
pounds seemed to have a similar dose-dependent effect pattern
on maximum growth rate. However, we did not see clear effects
of SCFAs on apoptosis rate at any of the confluency stages studied
(50%-90% confluency) (Figure 3b and Figure Séb).

To validate these results, we treated the cells for 24 h (Figure 1b),
corresponding to the time at which the maximum proliferation
was reached, and then stained for phospho-histone H3 (pHH3), a
marker of mitosis (Figure 3c), and calculated the proportion of pHH3
positive cells as a proxy-marker for cell proliferation (Figure S3).
Acetate concentrations 1 and 3, and propionate concentration 3
(Table 1B), significantly increased the proportion of pHH3 positive
cells (Figure 3d), while the highest concentration of the three com-
pounds did not have a significant effect on the proportion of pHH3
positive cells compared to the control (Figure 3d). The dose-de-
pendent effect patterns of the three compounds on proportion of
pHH3-positive cells were similar to that on maximum growth rate.
Therefore, the three individual SCFAs at physiological levels in-

creased the proliferation rate of hNPCs.

3.3 | GENE EXPRESSION OF HNPCS AFTER
TREATMENT WITH SCFAS

To explore molecular mechanisms by which SCFAs mediate prolifera-
tion of hNPCs, we selected candidate genes from the three QIAGEN

RT? Profiler™ PCR Array panels: Human Neurogenesis, Human Cell
Cycle and Human Apoptosis. Eight genes (EP300, HDAC4, NOTCH2,
BCL2, VEGFA, NDN, ADORA2A, ADORA1) from the neurogenesis panel,
five genes (CDK1, CDK2, CCND2, ATR, E2F1) from the cell cycle panel
and five genes (CASP3, CASP8, FAS, BID, TP53) from the apoptosis
panel were selected. These 18 genes were analysed by qRT-PCR after
exposure to all exposure levels (Table 1B) in three independent cell cul-
ture preparations (Figure S5a and b). When we combined all data from
six independent cell culture preparations with physiologically relevant
level of treatments, nine out of 18 genes showed significant changes
in expression by SCFA exposure conditions compared to control ex-
posure (Figure 4a). The neurogenesis related gene ATR, NDN, prolif-
eration related genes CDK2, E2F1, VEGFA, and the apoptosis-related
genes BCL2, BID, CASP8, and FAS (Figure 4a) were significantly changed
in cells treated with SCFAs for 24 h. The expression of the other nine
studied genes (ADORA1, ADORA2A, CASP3, CDK1, CCND2, EP300,
NOTCH2, HDAC4, TP53) did not change significantly by the SCFAs
treatment (data not shown). A molecular interaction network of these
18 candidate genes was generated using STRING (https://string-db.
org/). The 18 genes clustered as four groups using the Markov Cluster
algorithm, which were discriminated in agreement with the original
panels (Figure 4b). The nine genes (ATR, BCL2, BID, CASP8, CDK2, E2F1,
FAS, NDN, VEGFA) that showed significant changes after SCFA treat-
ments in our cell model were located in the center of the interaction
network and had multiple experimentally validated molecular actions,

which may suggest possible pathways among these genes (Figure 4b).

4 | DISCUSSION

We show for the first time by two separate analysis methods that

the SCFAs acetate, propionate and butyrate promote proliferation
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of hNPCs at physiologically relevant concentrations (e.g., CSF: ac- effect on hNPC apoptosis at these levels. The strongest effects
etate 31-410 uM, propionate 0-6 uM, butyrate 0-2.8 uM, Human were found in the levels close to CSF (concentrations 2 and 3 in
Metabolome Database). Furthermore, we could not detect any Table 1B). These findings were supported by that several genes,
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FIGURE 3 Proliferation and apoptosis effects of SCFA treatments on human neural progenitor cells (hNPCs). (a). Maximum proliferation rate
estimated from the growth curves for all treatments (n = 7) monitored using IncuCyte live imaging. (b). Apoptosis rate (Adead cells/2 h) based on
propidium iodide (PI) staining for different treatments at different confluency stages (50%-95%) (n = 7) monitored using IncuCyte live imaging.
Box represents the interquartile range (IQR), line inside box represents median, lower and upper whisker indicate 1st quartile (Q1) minus

1.5 x IQR and Q3 plus 1.5 x IQR. (c). Phospho histone H3 (pHH3) and nuclear (DAPI) staining of hNPCs after treating with three SCFAs for 24 h.
(d). pHH3 positive cell percentage for each group (n = 5), all groups were normalized with the ratio of control group (red), making control group
to 1.0. Data here are presented as mean + SEM, acetate (blue), butyrate (green), propionate (purple). All between-group differences within each
SCFA were compared with by unpaired t-tests comparing each treatment group to control followed by Holm-Bonferroni correction. * adjusted p
value < 0.05, ** adjusted p < .01. n refers to number of independent cell culture preparations (48-well plate)

FIGURE 4 Genes known to be involved in proliferation and/or apoptosis had altered expression levels in human neural progenitor cells
(hNPCs) after exposure to physiologically relevant levels of SCFAs. (a). Cells treated with physiologically relevant levels (Table 1B) of a
SCFAs (acetate, butyrate, and propionate) for 24 h were assessed for gene expression of 18 genes known to be implicated in neurogenesis,
cell cycle, or apoptosis using qRT-PCR. Nine of the analyzed genes had altered levels after at least one SCFA concentration exposure. The
number of independent cell culture preparations was 6 for the lower concentration groups 1 and 2, and 3 for the higher concentration
groups 3 and 4. (b). Molecular interaction network for the 18 genes using STRING with basic settings: Network edges (molecular action),
Experiments (active interaction sources), Markov cluster algorithm (algorithm). Shape and color of the lines between the genes indicate
the predicted mode of action, and the gene colors indicate gene clusters. The nine genes in figure (a) are indicated with tin (b). The

bars represent the mean + SEM. The controls (red) within each plate were used as and set to 1.0. Between-group (control vs. treatment)
differences of each SCFA (acetate, butyrate and propionate) were tested using unpaired t-tests and p-values were adjusted for multiple
testing with the Holm-Bonferroni method. *adjusted p < .05, **adjusted p < .01
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and apoptosis, showed significant expression changes by the cor-
responding SCFA exposures. This finding is consistent with an-
other recent study showing that propionate increased diameter of
neurospheres from hNSCs (Abdelli, Samsam, & Naser, 2019). Toxic
effects were found only at much higher concentration, in agree-
ment with studies of high dose propionate infusions in rat brain
where we did not observe increased apoptosis in brain despite the
presence of autism spectrum disorder-like behaviors, seizure, neu-
roinflammation, and redox changes (MacFabe et al., 2007).

The SCFAs present in the human body fluid derive mainly from
bacterial carbohydrate fermentation in the gut. However, they are
also present naturally in dairy, fermented foods, maternal milk and
are added as antifungal agents in refined carbohydrates and dairy.
The amounts and composition of gut short-chain fatty acids are
dependent not only on bacterial species but also on type of sub-
strate (increased propionate with wheat and dairy, increased bu-
tyrate with inulin-containing diets). Their effects are remarkably
tissue and dose specific (Al-Lahham, Peppelenbosch, Roelofsen,
Vonk, & Venema, 2010; MacFabe, 2015). Studies on animal models
and cell lines have shown that SCFAs influence diverse processes
in nervous system physiology and behaviors, and orally adminis-
tered SCFAs can cause such effects as well (see introduction).
13C-labelled acetate derived from dietary carbohydrates was ob-
served to cross the BBB, reach the rat brain and regulate appetite
(Frost, Sleeth, & Sahuri-Arisoylu, 2014). In germ-free mice that ex-
hibited an impairment of the BBB and microglial function, SCFAs
in drinking water restored these functions (Braniste et al., 2014;
Erny et al., 2015). Moreover maternal SCFAs have been reported
to influence the fetus, as subcutaneous injection of propionate into
pregnant dams increased the anxious behavior in the female rat
offspring (Foley et al., 2014).

To the best of our knowledge, there are few in vitro studies of
SCFA effects on hNPCs published so far. The vast majority of pre-
vious in vitro studies of SCFA effects were performed on cancer
cells (see introduction). Also, the concentrations of SCFAs applied
in these studies were at mM range, acetate (1-26 mM), butyrate
(0.1-20 mM), and propionate (1-10 mM), which were mostly much
higher than physiological levels in human blood, urine, and CSF. The
study most comparable to ours was conducted with 2 mM propi-
onate on hNSCs, which showed effects of increasing diameter of
neurospheres (Abdelli et al., 2019). In order to model physiology in
this study, we used SCFA concentrations in a uM to mM range, with
proportions of acetate: butyrate: propionate proportions at about
30:1:2 (Table 1), similar to the levels observed in blood (Cummings et
al., 1987; Hoyles et al., 2018; Peters, Pomare, & Fisher, 1992), urine
(Zhao et al., 2017) and CSF (Nagashima et al., 2010; Pal, Sharma,
Gupta, Pratap, & Jagannathan, 2005). Our results indicated that
all three SCFAs at uM levels had proliferative effects on hNPCs.
Accordingly, a newly published in vitro study showed a protective
effect on a human BBB model of propionate exposure at 1 uM for
24 h and that 10-100 times higher propionate levels did not compro-

mise these protective effects (Hoyles et al., 2018).

SCFAs can exert effects through several mechanisms. First, they
activate the G-protein-coupled receptors primarily GPR41/FFAR3
and GPR43/FFAR2. Both receptors were expressed in the hNPCs
studied here and were potentially up-regulated by SCFA exposure
(Figure S7). Second, due to their carboxylic group they may influence
the pH, affecting many processes including gap junction closure,
leading to electrotonic, neurodevelopmental and anti-apoptotic
effects (Frantseva et al., 2002; MacFabe, 2015). Thirdly, they have
epigenetic effects through their HDAC inhibitory activity on regu-
lating gene expression (Kim et al., 2009; MacFabe, 2015; Patnala,
Arumugam, Gupta, & Dheen, 2016; Yao et al., 2010). In our study,
several genes involved in neurogenesis, proliferation and apopto-
sis were significantly down-regulated by the SCFAs. These effects
might not be mediated through HDAC inhibition, as that mostly is
associated with transcription activation. Effects via mitochondrial
induced pathways may possibly be involved (Frye et al., 2017).

Strengths of our study are particularly the human origin of the
NPCs, that we explored effects of physiologically relevant concen-
trations of the three most common SCFAs, the live imaging in com-
bination with a mitosis marker and finally the relatively high number
of biological replicas. Limitations of the study include that it is based
on an in vitro 2D-model and that it lacks data from exposure to com-
binations of SCFAs.

5 | CONCLUSION

Our study demonstrates, for the first time, that SCFAs, at human physi-
ological concentrations, increase the proliferation and mitosis of human
early neural progenitor cells. These findings have implications for further
evidence of maternal gut microbiota influence on fetal brain develop-
ment, a putative ‘maternal gut-fetal brain-axis', and further support the
role of dietary and enteric short-chain fatty acid and associated path-

ways in brain development and function, in both health and disease.
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