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Microbial-derived metabolites induce actin
cytoskeletal rearrangement and protect
blood-brain barrier function

Emily G. Knox,1,2 Maria R. Aburto,2,3,* Carmen Tessier,2 Jatin Nagpal,2 Gerard Clarke,2,4 CaitrionaM.O’Driscoll,1

and John F. Cryan2,4,5,*

SUMMARY

The gut microbiota influences host brain function, but the underlying gut-brain
axis connections and molecular processes remain unclear. One pathway along
this bidirectional communication system involves circulating microbially derived
metabolites, such as short-chain fatty acids (SCFAs), which include butyrate and
propionate. Brain endothelium is the main interface of communication between
circulating signals and the brain, and it constitutes the main component of the
blood-brain barrier (BBB). Here, we used a well-established in vitro BBB model
treated with physiologically relevant concentrations of butyrate and propionate
with andwithout lipopolysaccharide (LPS) to examine the effects of SCFAs on the
actin cytoskeleton and tight junction protein structure. Both SCFAs induced
distinct alterations to filamentous actin directionality. SCFAs also increased tight
junction protein spikes and protected from LPS-induced tight-junction mis-locali-
zation, improved BBB integrity, andmodulatedmitochondrial network dynamics.
These findings identify the actin cytoskeletal dynamics as another target further
illuminating how SCFAs can influence BBB physiology.

INTRODUCTION

A community of microbes have co-evolved with the human host over thousands of years, influencing host

health.1,2 Most of these microbes reside in the gut and this gut microbiota is known to communicate with

and influence a variety of host health aspects, including key brain processes and behaviors.3,4 Gut micro-

biota composition changes throughout the lifespan under steady-state conditions. Moreover, changes in

the composition have also been associated with neurological disorders including autism spectrum disor-

der, major depressive disorder, obesity, Parkinson’s disease, Alzheimer’s disease, and Multiple Sclerosis.3

Communication pathways between the gut microbiota and the brain include the vagus nerve, immune sys-

tem, microbial metabolites, and endocrine pathways.5,6 The brain vasculature and its associated blood-

brain barrier (BBB) play an important role in regulating what enters and leaves the brain, thus constituting

a communication interface between peripheral signals, such as microbial metabolites, and the brain. This

highly selective structural and biochemical barrier between the circulation and the brain is essential for

maintaining an optimal microenvironment for brain homeostasis7–9

In the last years, the BBB has been identified as a target of microbial influence.10–12 This link was first iden-

tified in germ-free mice which lack a gut-microbiota and have increased BBB permeability from embryonic

development through adulthood.10 There aremajor implications if the integrity or cellular physiology of the

BBB is altered, potentially causing detrimental effects in the brain. BBB disruption can be triggered by

stress,13–15 depression,16 aging,17,18 and notably is a hallmark of neurodegenerative disorders.18 Interest-

ingly, detrimental changes in gut microbiota composition have been described in all these pathological

phenomena.18–20

BBB function is primarily maintained by highly specialized endothelial cytoarchitecture and junctional com-

plexes which largely reduces paracellular and transcellular diffusion.21 Endothelial cells are squamous cells

that form a thin monolayer that lines the interior of the brain’s blood vessels in direct contact with the

circulation responsible for exchange between blood and surrounding brain.22 Tight junction proteins,

a specialized feature of brain endothelial cells, help to greatly restrict paracellular permeability and are
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localized to the cell-cell junctions.23 The tight junction proteins include the transmembrane proteins

claudin-5 and occludin, as well as the peripherally associated protein ZO-1.18,23 ZO-1 helps anchor the clau-

dins and occludins to the cytoskeleton,24 greatly contributing to the formation and function of cell-cell junc-

tions in addition to maintaining cell morphology, stabilization of the cells, and transport mechanisms.25

The gut microbiota produces and influences a diverse array of metabolites which reach the host circulation

to act at sites distal from the gut.26 Several of these microbial metabolites can alter BBB integrity including

butyrate, propionate, urolithin A, trimethylamine (TMA), trimethylamine N-oxide (TMAO), deoxycholic

acid, and chenodeoxycholic acid.18 Butyrate and propionate, are short-chain fatty acids (SCFAs) which

have receivedmajor attention for their broad impact on host physiology.27 SCFAs are the main metabolites

produced by bacterial fermentation of dietary fiber.28,29 Butyrate has been identified to protect BBB func-

tion12 and improve BBB integrity in germ free mice treated with either the SCFA or colonized with SCFA

producing bacteria.10 Propionate protects BBB integrity from a post-inflammatory insult (via lipopolysac-

charide (LPS)) in an in vitro BBB model.12 Although butyrate and propionate protect BBB function, the

involvement of various cellular structures specifically at the level of the cytoskeleton, remain unknown.

In this study, we examined the effects of physiologically relevant concentrations of butyrate and propionate

on the structure and function of brain endothelial cells. In particular, we focus on the impact of SCFAs on

cytoskeletal structure in the context of filamentous actin directionality, tight junction protein localization,

and barrier integrity.

RESULTS

Butyrate and propionate alter actin filamentous directionality

Filamentous actin was stained and visualized using phalloidin following butyrate and propionate treatment

with and without LPS in bEnd.3 endothelial cells. Confocal microscopy revealed changes in the organiza-

tion of actin filaments following butyrate and propionate exposure (Figure 1A). Particularly, the coherency

of the directionality of the filamentous actin was significantly altered upon treatment with both SCFAs in-

dependent of LPS since there was no interaction [SCFAs; F (2,65) = 8.813, p < 0.001, LPS; F (1,65) = 6.810, p =

0.011, interaction; F (2,65) = 0.722, p = 0.490]. Butyrate or propionate significantly altered the directionality

with and without the addition of LPS (Figure 1A).

Next, we wanted to examine the interactions between actin filaments and ZO-1 tight junction protein, as

these are known to be crucial for the proper coordination of barrier function with cytoskeletal dynamics.

Confocal imaging following incubation with phalloidin and an anti-ZO-1 antibody revealed the interaction

between cytoskeletal actin and tight junction proteins at the endothelial cell-cell junctions (Figure 1C). The

percentage of co-localized signal between ZO-1 and actin was increased with SCFAs treatment [SCFAs; F

(2,24) = 22.189, p < 0.001]. Butyrate with or without LPS or propionate with LPS treatment significantly

increased the percentage of co-localized signal (Figure 1C), indicating the modulation of actin-ZO-1

interactions.

Butyrate and propionate protect tight junction protein localization and induce tight junction

protein spikes

As previously described, tight junction protein localization can be influenced by interactions with the actin

cytoskeleton.25 Confocal microscopy of the tight junction proteins ZO-1 and claudin-5 revealed differences

in the localization upon treatment with LPS, reflected in a reduced relative intensity of these proteins at the

cell-cell junctions (Figures 2A and 2B). There was an effect of SCFAs treatment, LPS, and an interaction

[SCFA; F (2,86) = 12.650, p < 0.001, LPS; F (1,86) = 46.502, p < 0.001, interaction; F (2,86) = 0.722, p =

0.038]. LPS significantly reduced the relative intensity of both ZO-1 and claudin-5 at the cell-cell junctions.

Remarkably, butyrate or propionate rescued the observed reduction in a relative intensity of ZO-1 and

claudin-5 signal in the presence of LPS at the cell-cell junctions (Figures 2C and 2E). Of interest, butyrate

and propionate treatment also induced expression of ZO-1 and claudin-5 spike-like structures (from now

on ‘‘spikes’’), which are perpendicular to the direction of cell-cell junctions (Figures 2A and 2B highlighted

with red arrows). There was an effect of SCFAs on both ZO-1 and claudin-5 spikes and an effect of LPS on

ZO-1 spikes, but no interaction effect with either proteins spikes [ZO-1: SCFAs; F (2,80) = 10.155, p < 0.001,

LPS; F (1,80) = 17.456, p < 0.001, interaction; F (2,80) = 2.152, p = 0.123], [Claudin-5: SCFAs; F (2,101) = 8.889,

p < 0.001, LPS; F (1,101) = 0.721, p = 0.389, interaction; F (2,101) = 2.158, p = 0.121]. The percentage of cells

with claudin-5 and ZO-1 spikes significantly increased after butyrate and propionate treatments (Figures 2D
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and 2F). This suggests that butyrate and propionate modulate the localization and dynamics of tight junc-

tion proteins.

Butyrate and propionate protect mitochondrial networks and function

Actin filaments play a large role in modulating mitochondrial dynamics, trafficking, biogenesis, and meta-

bolism.30 Additionally, mitochondrial dysfunction and a decrease in tight junction protein expression can

be induced by LPS.31 Given these previous observations, we proceeded to visualize the mitochondrial

networks by treating endothelial cell monolayers with Mitotracker� Red CMXRos (Figure 3A). Using

mitochondrial network image analysis tools,32 networks were analyzed with the three major readouts:

i) mitochondrial footprint or landscape of the mitochondria in the cells; ii) the number of branches each

network made, and iii) average branch length made by each network. There was an effect of LPS and

SCFAs treatment on the mitochondrial footprint as well as an interaction effect [SCFAs; F (2,142) =

4.280, p = 0.016, LPS; F (1,142) = 7.650, p = 0.007, interaction; F (2,142) = 4.421, p = 0.014]. LPS exposure

significantly decreased the mitochondrial footprint compared to the control (Figure 3B). The decrease in

mitochondrial footprint was restored with both butyrate or propionate pre-treatments (Figure 3B). There

was no effect of LPS or SCFAs on the number of branches or branch length of the mitochondrial networks;

however, there was an interaction effect on the average number of branches [SCFAs; F (2,141) = 1.563, p =

0.213, LPS; F (1,141) = 0.299, p = 3.659, interaction; F (2,141) = 3.659, p = 0.028]. Propionate treatment in the

Figure 1. Short-chain fatty acids (SCFAs) alter filamentous actin arrangement and increase actin-ZO-1

colocalization.

(A) Representative 60x confocal images of phalloidin-stained actin following butyrate or propionate treatment with and

without LPS.

(B) Coherency coefficients of the filamentous actin in the 60x confocal image following butyrate or propionate treatment

with and without LPS.

(C) Representative 300x confocal images of actin (magenta) and ZO-1 (green) following butyrate or propionate treatment

with and without LPS.

(D) Percentage of actin-ZO-1 fluorescent signal that is co-localized. MeanG S.E.M. two-way ANOVA followed by Tukey’s

post hoc. #p < 0.05, ###p < 0.001 compared to control group. Scale bars 20mm (60x), 10mm (100x zoom3).
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presence of LPS increased the number of branches in mitochondrial networks compared to LPS alone

(Figure 3D).

Butyrate and propionate do not protect against lipopolysaccharide-mediated reduction in

tight junction protein mRNA expression levels

To determine if the observed protection to tight junction protein intensity upon treatment with butyrate or

propionate reflects modulation at a mRNA expression level, real-time PCR was used to assess mRNA

expression. There was an effect of LPS exposure on all three tight junction proteins mRNA expression; how-

ever, there was no SCFA effect or interaction effect [Claudin-5: LPS; F (1,29) = 46.164, p < 0.001, Occludin:

LPS; F (1,28) = 37.538, p < 0.001, ZO-1: LPS; F (1,29) = 11.259, p < 0.001, interaction; F (2,47) = 1.237, p =

0.002]. As expected, the mRNA expression of the three tight junction proteins was decreased with LPS

exposure compared to the controls. Interestingly, however, neither butyrate nor propionate pre-treatment

protected against LPS-mediated decreased expression (Figures 4A, 4B, and 4C). These data indicate that

the butyrate and propionate-mediated protection of the localization of the tight junction proteins was not

at the transcriptional level through mRNA expression of the tight junctions.

Butyrate and propionate protect against lipopolysaccharide-induced disruption of blood-

brain barrier function

Next, we wanted to determine the functional consequences of the observed alterations in actin filament

coherency, tight junction protein spikes and localization and mitochondrial networks on barrier properties

Figure 2. Short-chain fatty acids increase tight junction protein spikes and protect expression and localization.

(A-F) Representative 60x confocal images following butyrate and propionate treatment with and without LPS stained with claudin-5 (A) and ZO-1

(B) antibodies. Relative intensity of claudin-5 (C) and ZO-1 (E) at cell-cell junctions following butyrate or propionate treatment with or without LPS. Percentage

of cells containing cells with spikes normalized to the percentage of the control for claudin-5 (D) and ZO-1 (F). Mean G SEM two-way ANOVA followed by

Tukey’s post hoc. **p < 0.01, ***p < 0.001 SCFAs group compared to LPS control group; ##p < 0.01, ###p < 0.001 compared to control. Scale bar 20mm.
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in the cultured endothelial cells. There was an effect of LPS and SCFA treatment on TEER as well as an inter-

action effect between LPS and SCFAs treatments [SCFAs; F (2,114) = 10.826, p < 0.001, LPS; F (1,114) =

48.691, p < 0.001, interaction; F (2,114) = 8.962, p < 0.001]. Following LPS exposure, TEER in endothelial

cells was significantly reduced compared to the controls (Figure 4D). This reduction in TEER was

protected against pre-treatments of either butyrate or propionate (Figure 4D). Moreover, an MTT assay

was performed to assess cell viability. Neither butyrate, nor propionate, nor LPS exposure had an impact

on cell viability compared to the control cells (Figure 4E).

DISCUSSION

As research grows in the microbiome-gut-brain axis field, mechanistic studies to understand how the gut

microbiota influence CNS function in health and disease are urgently required.33–35 In the current study, we

show that the microbial metabolites butyrate and propionate may act on brain endothelial cells by modu-

lating cytoskeletal arrangement/architecture. Butyrate and propionate also increase tight junction protein

spike formation, protect cell-cell tight junction protein expression, and regulate mitochondrial network

dynamics.

Our understanding of the effects of microbial metabolites such as SCFAs on individual host cell types is

rudimentary and requires further elaboration27,28,36 to expedite translation and move toward therapeutic

applications.37 For this study, the concentrations of butyrate and propionate were chosen based on the

range of circulating concentrations found in the blood of heathy adults,27 further emphasizing the impact

these metabolites have on brain endothelial cells. Due to their proximity to the gut microbiota, there are

more studies investigating the effects of gut microbiota products on the intestinal epithelial barrier cells

than on brain barrier cells per se. SCFAs have been shown to affect cytoskeletal proteins in the intestinal

epithelial barrier.38,39 However, the effect of butyrate and propionate on the actin cytoskeleton within brain

endothelial cells has remained under-investigated until our current findings.

Formation of tight junction protein spikes has been noted in several endothelial and epithelial cell types.40

The functional implications of increased tight junction protein spikes remain unknown, but perpendicular

spikes are associated with characteristic differences in the organization of the associated actin filaments

Figure 3. Short-chain fatty acids protect the mitochondrial network visualization and quantification.

(A) Representative 60x confocal immunostaining images of Mitotracker staining following butyrate or propionate

treatment with and without LPS. Quantification of the mitochondria footprint (B), average number of branches each

mitochondrial networks has (C), and average branch length of each branch within the mitochondrial networks (D) in brain

endothelial cells. Mean G SEM two-way ANOVA followed by Tukey’s post hoc. *p < 0.05, **p < 0.01 SCFAs group

compared to LPS control group; #p < 0.05, ##p < 0.01, compared to control group. Scale bar 20mm.
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which form a complex with ZO-1 bound to claudins.40 To our knowledge, this is the first study to describe an

increase in the percentage of cells with tight junction protein spikes following exposure to butyrate or pro-

pionate in brain endothelial cells. The increase in the percentage of cells with these spikes may reflect the

altered directionality of the actin cytoskeleton. Furthermore, the localized expression of the tight junction

proteins indicated the protected function of the tight junctions even though the decrease in mRNA expres-

sion induced following LPS exposure appears to be non-recoverable at this concentration of butyrate and

propionate.

Mitochondrial content in endothelial cells is low (ca. 2-6% of total cytoplasm volume) compared with other

cell types.41 In fact, endothelial cells rely on glycolysis for producing more than 80% of their ATP.41 This low

mitochondrial content in endothelial cells in general, and brain endothelial cells in particular, points to

endothelial cells being possibly more involved in regulating signaling responses to environmental cues

rather than in energy production. Indeed, the activity of endothelial cell mitochondria is influenced by a

variety of peripheral circulating factors such as oxygen and nutrients by modifying their dynamics.41

Here, we propose that circulating microbial factors can also act as modulators of brain endothelial mito-

chondrial dynamics thereby influencing endothelial cell signaling and BBB function. The mitochondrial

footprint is one of the readouts of mitochondrial network, and a decrease in mitochondrial network

complexity reflects an increase in mitochondrial fragmentation or fission,32 so the decrease in mitochon-

drial footprint with LPS possibly reflects an increase in mitochondrial fission. Previous studies show actin

plays a role in mediating fission and fusion balance in mitochondrial networks.42,43

The observed alterations to the actin arrangement following butyrate and propionate exposure, are

accompanied by the functional protection in barrier integrity upon LPS-mediated disruption, in line with

previous literature.12 Importantly, other microbial metabolites such as TMA and TMAO, have been also

shown to influence BBB integrity as well as alter the expression of actin cytoskeleton regulation genes.12

The protection of BBB integrity we observed was not mediated by cellular mechanisms involving cell

viability per se, which is not surprising at the physiologically relevant concentrations of butyrate and pro-

pionate.27 Caution, however, should be taken when interpreting the translatability of the LPS effects since

the LPS concentration used in this study is much higher than what is reported to be in the circulation of

Figure 4. Short-chain fatty acids protect LPS-induced barrier disruption.

(A-C) mRNA levels of claudin-5 (A-C), occludin (B), and ZO-1 (C) in bEnd.3 cells measured following butyrate, propionate, and LPS treatment by TaqMan

qPCR and normalized to the actin beta housekeeping gene.

(D).Trans-endothelial electrical resistance of bEnd.3 cellular monolayer following 24h butyrate or propionate exposure with or without LPS (1ug/mL) for the

last 12hrs of incubation.

(E).Viability of bEnd.3 cells following butyrate, propionate, or LPS treatment determined using the MTT assay. Data are Mean G SEM two-way ANOVA

followed by Tukey’s post hoc. ***p < 0.001 SCFA group compared to LPS control group; ##p < 0.01, ###p < 0.001 compared to control group.
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patients with sepsis.44 The LPS concentration used in this study was strong enough to significantly reduce

TEER while having no effect on cell viability. At higher doses, both LPS and butyrate are reported to cause

toxicity in cells and are detrimental to cell viability.45,46 What is currently unclear is whether the cytoskeletal

effects of SCFAs contribute to their ability to impart barrier integrity protection and through which mech-

anisms. Based on previous studies, future work should focus on understanding the crucial roles of histone

deacetylases (HDACs),47,48 CD14,12 FFAR2/3,48–50 G-protein coupled receptor 109a (GPR109a),51 mono-

carboxylate transporter (MCT1),52 sodium-coupled monocarboxylate transporter (SMCT1),52 and aryl hy-

drocarbon receptor (AhR)53–55 in mediating the physiological effects of butyrate and propionate. Addition-

ally, these findings are intriguing and should be followed up incase SCFAs protect against barrier

disruption upon LPS exposure in vivo (e.g. due to bacterial infection).

This study confirms the protective effects of both SCFAs, butyrate, and propionate, on an in vitro BBB

model integrity. Further, we found that these two metabolites alter actin cytoskeletal arrangement in brain

endothelial cells and increase tight junction protein spikes. Additionally, the metabolites protect cell-cell

tight junction protein localized expression and mitochondrial networks. Our data provide insight into the

effects microbial metabolites have on the cytoskeleton of brain endothelial cells.

Limitations of the study

While this study further elucidates the role of microbial factors (SCFAs) in modulating brain barriers, more

studies are needed to uncover the exact molecular mechanisms behind SCFA-mediated changes in cyto-

skeletal architecture and their link to the barrier function and mitochondrial dynamics. Moreover,

leveraging the advantages of this simple but robust and widely used in vitro BBB model will inform future

in vivo studies to confirm our current observations.
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Claudin-5 Polyclonal Antibody Thermo Fisher Scientific #34-1600
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F12 Nutrient Mixture + L-glutamine

Thermo Fisher Scientific #11320-074

Trichloracetic acid Sigma Merk #T6399-500G

Critical commercial assays

GenElute� Mammalian Total RNA

Miniprep Kit

Sigma-Aldrich #RTN70

High-capacity cDNA reverse transcription

kit

Thermo Fisher Scientific #4368814

Deposited data

Raw and analyzed This paper ISCIENCE-D-22-02,918

Experimental models: Cell lines

bEnd.3 [BEND3] ATCC CRL-2299, RRID:CVCL_0170

Oligonucleotides

Primer: Hypoxanthine-guanine

phosphoribosyltransferase (HPRT)

Integrated DNA Technologies Mm.PT.39a.22214828, Ref# NM_013556

Primer: Claudin-5 Integrated DNA Technologies Mm.PT.58.33394738.g, Ref# NM_013805

Primer: ZO-1 Integrated DNA Technologies Mm.PT.58.12952721, Ref# NM_009386

Primer: Occludin Integrated DNA Technologies Mm.PT.58.30118962, Ref#NM_008756

Software and algorithms

FIJI/ImageJ (Java 1.8.0_172 (64-bit) Wayne Rasband and contributors,

National Institute of Health, USA

(Schindelin J, Arganda-Carreras I,

Frise E, Kaynig V, Longair M, Pietzsch

T, et al. Fiji: an open-source platform

for biological-image analysis. Nature

Methods. 2012; 9(7):676-82.)

https://imagej.net/software/fiji/downloads

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information or requests for resources and reagents should be directed to the lead author, John F.

Cryan (j.cryan@ucc.ie).

Materials availability

This study did not generate any unique reagents or materials.

Data and code availability

d All data reported in this paper will be shared by the corresponding authors upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Brain endothelial cells

Murine brain endothelial cell line bEnd.3 (ATCC CRL-2299, Middlesex, UK) were cultured in Dulbecco’s

Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) containing 10% heat-inactivated fetal bovine

serum and 1% penicillin/streptomycin. Cells were maintained in an incubator at 37�C and 5% of CO2. Cells

under passage 20 were used for all experimentation and were seeded at a density of 1.2*104 cells/cm2 and

grown to confluence. Similar to another study,12 cells were treated with sodium butyrate (1 mM) or sodium

propionate (1 mM) in media 24 hrs before beginning terminal assays. Control cells were treated with media

absent of SCFAs to control for the media change required for SCFA treatment. These concentrations of

butyrate and propionate were chosen based on the concentrations of found in blood of healthy adults

(butyrate 1.0 (0.3–1.5) mM; propionate 0.9 G 1.2mM).27 Cells were challenged with lipopolysaccharide

(LPS) (Escherichia coli O 26:B6; 1 mg/mL) 12 hrs12 after the start of butyrate or propionate treatments

with no wash out period.

METHOD DETAILS

Immunofluorescence assays

Cells were cultured on Ibidi m-slide 8-well (Ibidi #80826). Following treatments, cells were fixed with ice-cold

10% trichloroacetic acid (TCA) or 4% PFA, washed with 1xPBS, permeabilized with 0.1% Triton X-, and

blocked with 10% normal donkey serum. Alexa Fluor 647 Phalloidin (Thermo Fisher Scientific #A22287)

was used to stain the actin cytoskeleton. Primary antibodies were used against claudin-5 (1:150, Thermo

Fisher Scientific #34-1600) and ZO-1 (1:150, Thermo Fisher Scientific #61-7300). Mitotracker� Red

CMXRos (Thermo Fisher Scientific #M7512) was used in live cells before fixation according to the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

OrientationJ plugin for FIJI/ImageJ Barroso A, Mahler JV, Fonseca-Castro

PH, Quintana FJ. The aryl hydrocarbon

receptor and the gut–brain axis. Cellular

& Molecular Immunology. 2021;

18(2):259-68.

http://bigwww.epfl.ch/demo/orientation/

Coloc2 plugin for FIJI/ImageJ license GPLv3+, release 3.0.5 https://imagej.net/plugins/coloc-2

Other

Thincert cell culture insert for 24 well plates Greiner Bio-one #662641

m-Slide 8 Well Ibidi #80826

Confocal laser scanning microscope

(Olympus FV1000)

Olympus https://www.olympus-lifescience.com/en/

technology/museum/micro/2004/

Epithelial volt/Ohm (TEER) Meter World Precision Instrument https://www.wpiinc.com/var-2754-epithelial-

volt-ohm-teer-meter
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manufacturer’s protocol. Images were captured using a confocal laser scanning microscope (Olympus

FV1000) fitted with 488, 545, 633 nm lasers and 60x or 1003 oil immersion objective lenses.

Image analysis

The coherence of the actin filamentous directionality was measured using OrientationJ56 (http://bigwww.

epfl.ch/demo/orientation/), a plugin for Fiji/ImageJ57 (Java 1.8.0_172 (64-bit); Wayne Rasband and contrib-

utors, National Institute of Health, USA; https://imagej.net/software/fiji/downloads), with the region of in-

terest (ROI) set to the entirety of each image. The scale of coherency is 1 to 0 with 1 being the dominant

orientation and 0 being completely isotropic.56

The tight junction mean fluorescence of claudin-5 and ZO-1 was used to measure pixel intensity at the cell –

cell junctions as adapted from previous literature58. A linear ROI was placed along the maximum fluores-

cent plane between the cells and the mean pixel intensity was measured then a linear ROI identical to the

first ROI used was placed within the cell body in close proximity to the cell – cell junction. The first measure-

ment at the cell – cell junction was divided by the secondmeasurement to express the cell – cell fluorescent

intensity ratio. Five tight junction fluorescent measurements were taken per image and averaged. The tight

junction mean fluorescent results are expressed as the percent average of the control.

The colocalization signal was calculated using Pearson’s correlation coefficient in the Fiji/ImageJ2 plugin

Coloc 2 (license GPLv3+, release 3.0.5) (https://imagej.net/plugins/coloc-2) and expressed as a percentage

of the control.

Similar to other studies,59 the percentage of cells with tight junction protein spikes was quantified by count-

ing the number of cells containing projections perpendicular to the cell – cell junction divided by the total

number of cells in the image.

Mitochondrial networks were analyzed using the Fiji/ImageJ macro tool described for analyzing mitochon-

drial network morphology in mammalian cell culture.32 Briefly, the images were preprocessed in Fiji/

ImageJ to uniformly optimize quality and contrast then processed into a binary image. The binary image

was used to measure the mitochondrial footprint, or area occupied by mitochondria. The branch length

and number of branches in each image were calculated by skeletonizing the binary image and then

analyzing the skeleton.

Evaluation of relative gene expression

Cells were seeded on 24 well plates. Following treatment, total RNA was purified with GenElute Mamma-

lian Total RNAMiniprep Kit (Sigma-Aldrich #RTN70). RNA concentration was quantified using the ND-1000

spectrophotometer (NanoDrop). Equal amounts of total RNA were reverse transcribed to cDNA using a

high-capacity cDNA reverse transcription kit (Applied Biosystems, Life Technologies, Carlsbad, CA).

Gene expression was analyzed using real-time PCR on the AB7300 system (Applied Biosystems, Thermo

Fisher Scientific). At least three technical replicates were averaged and normalized to a stable house-

keeping gene, Hypoxanthine-guanine phosphoribosyltransferase (HPRT). Changes in gene expression

levels were calculated using the DDCt method.60

Evaluation of endothelial cell barrier integrity

Cells were grown on 24-well plate polyethylene terephthalate (PET) transwell inserts (surface area 0.33 cm2,

pore size 0.4 mm; Grenier Bio-one #662641). Trans-endothelial electrical resistance performed using a

World Precision Instrument Epithelial volt/Ohm (TEER) Meter on 100% confluent cells. Values obtained

from cell-free inserts were subtracted from the total values and expressed as percentage of control. The

average of the control group is 32.95 U cm2 in accordance with previous literature.61

Cell viability assay

Cell viability was assessed by MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Thermo

Fisher Scientific #M6494) assay.62 Cells were grown on 96 well plates until confluent. 24 h before the assay,

cells were treated for 24 h with butyrate (1 mM) or propionate (1 mM) or 12 h with LPS (1 mg/mL). Media was

removed and replaced with 50mL of 0.5 mg/mL MTT solution and incubated at 37�C for 3hrs. Once crystals
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had formed, the MTT was removed, and crystals were solubilized with dimethyl sulfide. Absorbance was

read at 590nm. The expressed cell viability is the percent dehydrogenase activity relative to control cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro experimental data was expressed as meanG SEM, n = biological replicates. At least three indepen-

dent experiments were performed with at least three biological replicates in each experiment. Grubs test

was used to remove any outliers from datasets. Data was analyzed by two-way ANOVA for metabolite treat-

ment with and without LPS insult (reported in results) followed by Tukey-adjusted post hoc testing (re-

ported in figures/figure legends) using SPSS Statistics software (IBM, Armonk, NY, US). A p value of less

than 0.05 was considered significant.
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