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Brief exposure of neuronal cells 
to levels of SCFAs observed 
in human systemic circulation 
impair lipid metabolism resulting 
in apoptosis
Tiffany A. Fillier1*, Shrushti Shah2, Karen M. Doody3, Thu H. Pham4, Isabelle Aubry5, 
Michel L. Tremblay5, Sukhinder K. Cheema6, Jacqueline Blundell7 & Raymond H. Thomas1,4

Communication between gut microbiota and the brain is an enigma. Alterations in the gut microbial 
community affects enteric metabolite levels, such as short chain fatty acids (SCFAs). SCFAs have 
been proposed as a possible mechanism through which the gut microbiome modulate brain health 
and function. This study analyzed for the first time the effects of SCFAs at levels reported in human 
systemic circulation on SH-SY5Y human neuronal cell energy metabolism, viability, survival, and 
the brain lipidome. Cell and rat brain lipidomics was done using high resolution mass spectrometry 
(HRMS). Neuronal cells viability, survival and energy metabolism were analyzed via flow cytometer, 
immunofluorescence, and SeahorseXF platform. Lipidomics analysis demonstrated that SCFAs 
significantly remodeled the brain lipidome in vivo and in vitro. The most notable remodulation was 
observed in the metabolism of phosphatidylethanolamine plasmalogens, and mitochondrial lipids 
carnitine and cardiolipin. Increased mitochondrial mass, fragmentation, and hyperfusion occurred 
concomitant with the altered mitochondrial lipid metabolism resulting in decreased neuronal cell 
respiration, adenosine triphosphate (ATP) production, and increased cell death. This suggests SCFAs 
at levels observed in human systemic circulation can adversely alter the brain lipidome and neuronal 
cell function potentially negatively impacting brain health outcomes.
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CNS  Central nervous system
SCFAs  Short chain fatty acids
C2  Acetate
C3  Propionate
C4  Butyrate
HDAC  Histone deacetylase
HFD  High-fat diets
IBDs  Irritable bowel diseases
CRC   Colorectal cancers
FMF  Familial Mediterranean fever
ROS  Reactive oxygen species
ATP  Adenosine triphosphate
FBS  Fetal bovine serum
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Pen/Strep  Penicillin/streptomycin
PBS  Phosphate buffered saline
IP  Intraperitoneal
PTFE  Polytetrafluoroethylene
HILIC  Hydrophilic interaction liquid chromatography
C30RPLC  C30 reverse phase liquid chromatography
PI  Propidium iodide
PFA  Paraformaldehyde
MAP2  Microtubule-associated protein 2
STED  Stimulated emission depletion
OCR  Oxygen consumption rate
FCCP  Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
XF  Extracellular flux
PCA  Principle components analysis
ANOVA  Analysis of variance
LSD  Least significant difference
Cer & CerG1  Ceramides
LPE  Lyso-Phosphatidylethanolamine
CL  Cardiolipin
Car/C0  Carnitine
AC  Acylcarnitines
PE  Phosphatidylethanolamine
MT  Male treated
FT  Female treated
SRC  Spare respiratory capacity
AD  Alzheimer’s disease
PD  Parkinson’s disease
PUFA  Polyunsaturated fatty acid
TCA   Tricarboxylic acid

The link between enteric (gut) microbiota and the brain in modulating brain health outcome is currently of 
great interest globally. The gut can communicate with the central nervous system (CNS) through the gut-brain 
axis, affecting overall brain health. How this communication occurs is not  clear1. Short chain fatty acids (SCFAs) 
are proposed as one mechanism through which this communication may occur as they are able to cross the 
blood–brain  barrier1–4. These metabolites are produced by the gut microbiota through bacterial fermentation 
of fiber in the colon, thus linking them directly to dietary intake of carbohydrates. SCFAs include saturated fatty 
acids with up to six carbons, but acetate (C2), propionate (C3), and butyrate (C4) in the normal molar ratio of 
60:20:20, respectively are the major  contributors3,5,6. The 60:20:20 ratio reflects the approximate natural occur-
rence of the molecular ratio of these SCFAs in a healthy human individual. In terms of concentration, upwards 
of 400–600 mM SCFAs can be produced via dietary fiber fermentation within the  colon7. This translates to 
concentrations reported in systemic circulation of individuals that are within the range of 79 ± 22 µM for total 
 SCFA5 and varying range of 170, 4, and 8 µM for individual SCFAs (acetate, propionate, butyrate respectively)7,8. 
Within sick individuals, such as in salmonellosis and familial Mediterranean fever (FMF), systemic SCFAs have 
been observed to be as high as 100uM for propionate alone, with control concentrations being < 10 µM9.

SCFAs play a major role in signaling, energy supplementation, homeostasis, and metabolism giving them the 
ability to elicit cellular, molecular, immunological, and neurological  responses2,3,6,10. These metabolites have been 
observed to have beneficial impacts on host health, including their involvement in anti-inflammatory and anti-
cancer  responses11. For example, SCFAs elicit benefits as signaling molecules when inhibiting histone deacetylase 
(HDAC) to improve gene transcription and regulation to modulate various cancers and  inflammation3,4,10–13. 
Furthermore, high-fat diets (HFD) enriched with butyrate, and propionate, have been shown to confer obesity 
resistance, beneficial glucose and lipid metabolism in both mice and humans, versus a non-enriched  HFD2,10.

However, in other studies, SCFAs have been implicated in loss of gut integrity, and gut  dysbiosis2,3,6,11. Gut 
dysbiosis is an imbalance in the gut microbiome, which affects microbial composition and the metabolites they 
produce, such as SCFAs. Individuals with dysbiotic and other pathological conditions show on average higher 
systemic concentrations of SCFAs ranging between 20 µM and > 1  mM2,9. Dysbiosis has been implicated in 
diseases such as irritable bowel diseases (IBDs) and colorectal cancers (CRC)14. Elevated SCFAs have also been 
reported in the systemic circulation of patients with other diseases such as salmonellosis and FMF, as previously 
 mentioned9. Environmental factors such as alterations in diet, stress, antibiotic use, or infection can also lead to 
imbalances in the gut microbial population and elevated SCFAs in the blood of  patients1,4,10. Dysbiotic conditions 
and the concurrent elevation of SCFAs have been implicated as a potential risk factor in impaired brain health, 
resulting in alterations in brain cell lipid metabolism and neurodegeneration in  Autism15,16, mitochondrial dys-
function, and age-related neurological diseases including Alzheimer’s and Parkinson’s, etc.3,4,17,18. Many studies 
on gut derived SCFA are heavily focused on local or systemic effects within the body. However, there is a lack of 
research specific to how the brain responds to systemic SCFA concentrations.

The brain lipidome plays several key roles that are both structural and functional in maintaining overall 
brain health. Diseased or impaired brain function have been associated with changes in brain lipid metabolism, 
such as those observed in mitochondrial dysfunction in Alzheimer’s and Parkinson’s18–21. Brain mitochondria 
are critical for maintaining normal brain function and overall brain health since the brain is one of the most 



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14355  | https://doi.org/10.1038/s41598-022-18363-w

www.nature.com/scientificreports/

energy demanding organs in the body. Mitochondria are the main energy source driving cellular processes within 
the brain, including neurogenesis, clearance of reactive oxygen species (ROS), neurotransmitter biosynthesis, 
metabolism and transport of brain lipids, ATP production, and apoptosis  susceptibility22–25. Mitochondria dys-
function has been associated with abnormalities in these processes, brain aging and  neurodegeneration23,24. 
SCFAs is known to modulate cellular metabolism and signaling affecting mitochondria function. How SCFAs 
particularly at concentrations observed in systemic circulation modulate brain lipid metabolism, function and 
health outcome is poorly understood.

The goal of this study was to determine the potential adverse effects of SCFAs at levels observed in systemic 
circulation of patience with gut dysbiosis and other pathologic conditions on brain health by analyzing the lipid 
metabolism in human neuronal cells and Long-Evans’s rat brain, as well as overall effects on neuronal cell health. 
We hope to bridge the gap between mammal studies and human studies by comparing rat brain lipidome to 
human neuronal cell lipidome, which is especially helpful where human studies are not viable. We hypothesized 
that elevated levels of SCFAs, such as those reported in the systemic circulation of patients during gut dysbiosis 
and other pathologic  conditions5,9, can act as a stressor within the brain. Thus, affecting overall brain health 
via remodeling the brain lipidome, neuronal cell viability, adenosine triphosphate (ATP) production, cell cycle 
arrest, and possible cell death by apoptosis.

Materials and methods
Reagents. Unless stated otherwise, all reagents were purchased from Sigma-Aldrich (Oakville, ON, CA). 
SCFA stock (100 mM) were prepared in sterile PBS prior to each individual assay.

In-vitro analysis. Cell cultures consisting of SH-SY5Y human neuroblastoma cells were cultured in Dul-
becco’s modified Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/F12, 1:1) with 10% fetal bovine serum 
(FBS) (Fisher Scientific, Ottawa, ON, CA) and 1% Penicillin/Streptomycin (Pen/Strep). Neuroblastoma cells 
were cultured at 37 °C and incubated in 5%  CO2 (High Heat Decontamination  CO2 Series SCO6AD, Sheldon 
Manufacturing inc. USA). Prior to lipid analysis, neuroblastoma cells were grown in  TPP® tissue culture flasks 
until they reached 80% confluence. Neuroblastoma cells were then differentiated to neuronal cell in the pres-
ence of 10 µM retinoic acid and differentiation media (DMEM/F12 1:1, 3% FBS, 1% Pen/Strep) for 96   h26 in 
order to represent the most abundant cell type in brain. Differentiation was monitored via microscopy in both 
control and treated neuronal cells. All neuronal cells were synchronized in serum-starvation media (containing 
0.1% FBS) for 24 h prior to treatment with SCFAs. Neuronal cells were treated with 50 µM, 100 µM, or 1000 µM 
SCFAs at a 60:20:20 ratio (acetate: propionate: butyrate) for 72 h. Phosphate buffered saline (PBS) was used as a 
vehicle control. Prior to flow cytometry, Cytation imaging, and STED imaging, neuroblastoma cells were plated 
in 6-well plates  (Corning®, VWR International, QC, CA) at a density of 1 ×  105, differentiated for 96 h, starved for 
24 h, and then treated with 50 µM, 100 µM, or 1000 µM SCFAs (acetate: propionate: butyrate, 60:20:20) for 72 h. 
After the 72-h treatment for all analysis, adherent neuronal cells were collected via trypsin–EDTA solution, then 
pelleted by centrifuging (1500 rpm, 5 min), representing a population of approximately 1 ×  106 neuronal cells for 
lipid analysis. Max cell passages did not exceed 20 passages.

In-vivo analysis. Animal study procedures were approved by Memorial University of Newfoundland Ani-
mal Care Committee and followed the guidelines of the Canadian Council on Animal Care (protocol number: 
16-01-RT), as well as Arrive Guidelines for in-vivo studies. Briefly, 45–50 day old Long-Evans rats from Charles 
River Laboratories (Canada) were used for this study. A total of 12 males and 12 females were single housed 
under standard conditions and randomly divided into treatments groups (n = 6) following acclimatization of 
one week. The control group received 0.1 M PBS at 2 mg/kg body weight. Treatment groups were given the same 
mixture and ratio of SCFAs (acetate: propionate: butyrate, 60:20:20, PBS was the vehicle) (Sigma-Aldrich, USA, 
Cat # S2889, P1880, B6887, respectively) as compared to the SH-SY5Y cell methods. Rats received 500 mg/kg 
body weight of SCFA via intraperitoneal (IP) injection for 7 consecutive days, while on chow diet (Cat #7012; 
Teklad Laboratory Animal Diets, USA) and water (free access). IP was chosen to negate the gut metabolism of 
SCFA and increase the levels reaching the brain in order to directly mimic potential exposure arising from the 
systemic circulation system during normal and stress  conditions27. Long-Evans’s rat brain samples were collected 
20 min after the final IP injection, snap-frozen via liquid nitrogen, and stored at − 80 °C until lipid  analysis28.

Lipid extraction. Lipids were extracted from the neuronal cell pellets or homogenized rat brain (100 mg) 
using the Bligh and Dyer  method29. Lipids were extracted using 1:1 chloroform:methanol with 50 mg/L of butyl-
ated hydroxytoluene added as antioxidants. Milli-Q water (1 mL) and 50 µL labeled internal standards (NSK-B, 
Cambridge Isotope Laboratories, Andover, MA, USA) were next added as well as PC (14:0/14:0) added as inter-
nal standards. Samples were centrifuged at 4000 rpm for 10 min in glass centrifuge tubes. Samples (200 µL) from 
the aqueous layer was reconstituted in 250 µL of methanol prior to injection in the UPHLC system. The organic 
phase was transferred to one set of pre-weighed sample vials, while the aqueous phase was transferred to another 
set of vials with polytetrafluoroethylene (PTFE) lines caps. The organic layer was dried under nitrogen and the 
lipids extracted determined on a µg basis and the samples resuspended into 1:1 chloroform methanol (v/v), kept 
at − 80 °C until  analysis30.

Lipid analysis: ultra high-performance high resolution accurate mass tandem mass spectrom-
etry. The lipids, including the acylcarnitine extracted in the aqueous layer were resolved using hydrophilic 
interaction liquid chromatography (HILIC) and internal standards (NSK-B, Cambridge Isotope Laboratories, 
Andover, MA, USA). In contrast, C30 reverse-phase liquid chromatography (C30RPLC) was used to analyse 
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the lipids extracted in the organic layer. Both HILIC and C30RPLC were coupled to ultra high-performance 
liquid chromatography, heated electrospray ionization high resolution accurate mass tandem mass spectrom-
etry (UHPLC-HESI-HRAMS/MS). The HILIC column (Luna 3 µm, 100 × 2 mm I.D., particle size: 3 µm, pore 
diameter: 200 Å was obtained from Phenomenex (Torrance, CA, USA) and the C30 column (150 × 2 mm I.D., 
particle size: 2.6 µm, pore diameter: 150 Å) used was an Accucore C30 column from ThermoFisher Scientific 
(ON, Canada). The gradient and mobile phase systems for both the HILIC and C30RPLC methods are the same 
as presented in our previously published  methods30.

The high-resolution accurate mass tandem mass spectrometer used for the analysis was a Q-Exactive™ Orbit-
rap Mass Spectrometer operated with the X-Calibur 4.0 software (Thermo Fisher Scientific, MO, USA), coupled 
to a Dionex™ UltiMate 3000 UHPLC system (Thermo Fisher Scientific, Mississauga, ON, Canada) which was 
operated using the Chromeleon™ software (Thermo Fisher Scientific, Mississauga, ON, Canada). Q-Exactive™ 
was ran using the following parameters: sheath gas, 40; auxiliary gas, 2; ion spray voltage, 3.2 kV; capillary tem-
perature, 300 °C; S-lens RF, 30 V; mass range, 200–2000 m/z; full scan mode at a resolution of 70,000 m/z; top-20 
data dependent MS/MS at a resolution of 35,000 m/z and collision energy of 35 (arbitrary unit); isolation window, 
1 m/z; automatic gain control target, 1e5. The instrument was calibrated to 1 ppm using Pierce™ LTQ ESI Positive 
and Negative ion calibration solutions (Thermo Fisher Scientific, MO, USA). A mixture of lipid standards (Avanti 
Polar Lipids, AL, USA) in negative and positive ion modes were used to optimize tune parameters. Lipids in 
the samples were determine using the Lipid Search 4.2 (Thermofisher Scientific, Mississauga, ON, Canada) and 
Xcalibur softwares according to the parameters presented in our previous  publication30.

Organic acid analysis. Organic acid analysis was also conducted on the lipid extracts in order to analyze 
SCFAs, 20 µL of extract (aqueous) or standard solution (C2–C6) was added to 500 µL of acetonitrile solution 
containing 1 mM DPDS, 1 mM TPP, and 1 mM HQ. The reaction mixture was incubated at 60 °C for 60 min. 
The HQ derivatives in the reaction mixture were analyzed by LC–MS. The LC–MS column used was a Phenom-
enex C18 Reverse Phase Column (Torrance, CA, USA) in a LTQ Orbitrap. Solvent A consisted of water, 0.05% 
acetic acid, and 5 mM ammonium acetate, and solvent B consisted of acetonitrile, 0.05% acetic acid, and 5 mM 
ammonium acetate, with an LC–MS gradient of 5% B to 95% B over a 16-min method and flow rate of 0.3 mL/
min based on previously published  methods31.

Flow cytometry analysis. In order to analyze cell cycle progression following neuronal differentiation and 
incubation with SCFA, acoustic flow cytometry was used to analyze population and cell viability for seeding and 
neuroblastoma cells were treated as stated above. The supernatants were collected, combined with trypsinized 
adherent neuronal cells, and centrifuged to obtain neuronal cells as pellets. The cell pellet was fixed with ice cold 
80% ethanol for 30 min and stored in the fridge overnight, then stained with 20 µg/mL of propidium iodide 
(PI) in 0.1% Triton x-100 (in PBS) containing 200 µg/mL DNAse-free RNAse. Prior to analysis, neuronal cells 
were vortexed and stored at room temperature (RT) in the dark for 30 min. Data were acquired using an Attune 
Acoustic Focusing Flow Cytometer (Applied Biosystems, ThermoFisher) equipped with Attune Cytometric Soft-
ware, which was used for both data acquisition and analysis.

Cellular imaging using cytation 3 imager. All staining and mounting reagents were purchased from 
Fisher Scientific unless stated otherwise. In order to analyze morphological changes, neuroblastoma cells were 
differentiated to neurons, starved, and treated on coverslips, then stained with fluorophores to discern the nuclei, 
actin, and mitochondria. For fluorescence staining, neuronal cells were first stained with 500 nM MitoTracker™ 
Deep Red (ThermoFisher Scientific, ON, Canada) in 2 mL of culture media and incubated at 37 °C in 5%  CO2 for 
30 min. This was followed by fixing the neuronal cells in 4% Paraformaldehyde (PFA) dissolved in PBS. The fixed 
neuronal cells were then permeabilized in 0.2% Triton X-100 in PBS and blocked with 2% FBS in PBS before 
staining with Phallodin-AF568 (ThermoFisher Scientific, ON, Canada) and Hoechst (ThermoFisher Scientific, 
ON, Canada). Coverslips containing the stained neuronal cells were mounted to slides with ProLong™ Gold 
Anti-Fade (ThermoFisher Scientific, ON, Canada) mounting media before imaging. Imaging and analysis were 
performed on a Cytation 3 Cell Imaging Multi-Mode Reader (Biotek, Winooski, VT, U.S.A). Data acquisition 
and processing was accomplished with Gen 5 software package (Biotek).

Super resolution imaging using STED microscopy. Differentiated, starved, and treated neuronal cells 
were fixed, permeabilized, and blocked in the same format as above under Cytation 3 Imaging. Neuronal cells 
were then initially stained with microtubule-associated protein 2 (MAP2) monoclonal primary antibody (M13) 
(ThermoFisher Scientific, ON, Canada) at a 1:300 dilution then incubated overnight at 4  °C. Following this, 
staining with Star Red (KK114) (20 min, RT, covered) (Abberior, Göttingen, Germany) and Star 580 (20 min, RT, 
covered) (Abberior, Göttingen, Germany) was completed. Neuronal cells were then analyzed under stimulated 
emission depletion (STED) microscopy with corresponding confocal  microscopy32. Confocal and STED micros-
copy was performed using an Abberior Instruments Expert Line microscope (Abberior Instruments, Göttingen, 
Germany) equipped with a pulsed excitation lasers at 640 nm. Time gated detection was performed with an 
APD based detection modules equipped with a Cy5 detection filter. For STED microscopy a pulsed STED laser 
at 775 nm was applied.

Assessment of mitochondrial function using the seahorse platform. The effects of SCFA treat-
ment on mitochondrial oxygen consumption rate (OCR) of neuronal cells were assessed using a Seahorse XFe96 
analyzer (Agilent, Santa Clara, CA, U.S.A). In this assay, additions of the ATP synthase inhibitor oligomycin 
(2 µM), the mitochondrial uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (1 µM), 
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and the complex I inhibitor rotenone (1 µM) into the assay medium was used to provide insight into differ-
ent aspects of mitochondrial function. Neuroblastoma cells were plated at a density of 5000 neuroblastoma 
cells per well in the Seahorse XF96 cell culture micro-plate and differentiated, starved, and treated as previ-
ously explained in “In-vitro analysis” section. The Seahorse measurements were carried out after replication 
of original In-Vitro Analysis as follows: The cell culture media was replaced by the XF (extracellular flux) assay 
medium supplemented with 10 mM Glucose (ThermoFisher, ON, Canada), 2 mM Glutamax (Gibco) and 1 mM 
pyruvate (HyClone) and incubated for 1 h at 37 °C and 5%  CO2 prior to Seahorse measurements. Data acquisi-
tion included ATP production, basal respiration, maximal respiration, and spare respiratory capacity. Data was 
normalized on cell count using the CyQuant proliferation kit (ThermoFisher, ON, Canada), then exported for 
statistical  analysis33.

Statistical analysis. All statistical analysis was completed using XLSTAT Premium Version (Addinsoft, 
New York, USA) as previously  published34. All data was analyzed for normality and outliers. A multivariate 
approach was applied to the lipid classes determined via Lipid Search 4.2 (ThermoFisher Scientific, ON, Canada) 
and Xcalibur 3.1 (ThermoFisher Scientific, ON, Canada). Principle components analysis (PCA) was conducted 
in order to determine if the SCFA treatments were segregated within the same quadrants of the biplot based 
on lipid alterations. One-way analysis of variance (ANOVA) was used to analyze the lipid molecular species 
that accounted for the segregation of the treatments and control in different quadrants of the PCA biplots. 
Fisher’s Least Significant Difference (LSD) was used to separate the means when the treatments were observed 
to significantly differed from each other at p < 0.05. All figure superscripts represent a p < 0.05 significance level. 
Differential expression was also used to analyze the lipid molecular species to discern differences between the 
treatments and control. Figures were prepared using XLSTAT (Premium version, Adinsoft, Paris France) and 
Adobe Illustrator (Adobe, California, USA).

Ethics approval. Outlined in “Materials and methods” section.

Consent for publication. All authors consent for publication of this article.

Results
SCFA treatment alters global and mitochondrial lipid composition of SH-SY5Y cells and 
Long-Evans’s rat brain. In order to determine whether elevated levels of SCFAs observed in systemic cir-
culation during gut dysbiosis or other pathological conditions modulated brain lipid metabolism and function, 
two models were used: retinoic-acid differentiated SH-SY5Y human cell line (Fig. 1) and Long Evans rat brain. 
Quality of neuronal cells and differentiation were observed via microscopy during the experiment to ensure 
proper neuronal cell health (Fig. 1A). C30RPLC/HILIC chromatogram and spectrum examples are provided as 
an example of quality control of the lipid analysis (Fig. 1B,C). We observed that exposure of neuronal cells to 
elevated levels of SCFAs altered the neuronal cell lipidome relative to the control treated neuronal cells (Fig. 1D). 
Most notably, increases in ceramides (Cer & CerG1), lyso-phosphatidylethanolamine (LPE), cardiolipin (CL), 
free carnitine (C0) and acylcarnitines (AC) occurred concomitantly with decreases in phosphatidylcholine (PC). 
The most significant (p < 0.05) alterations occurred in neuronal cells exposed to the 50 µM and 1000 µM treat-
ments (Fig. 1D). Organic acids, including SCFAs, were analyzed in the brain of Long Evans rats in both control 
and treated animals. Significantly altered acids were lactic, propionic, and butyric acid. Lactic acid and butyric 
acid show significant (p < 0.05) differences between sex. Propionic acid shows significant increase after treatment 
in both male and female rats. (Fig. 1E). This demonstrates prevalence of increase in SCFAs after acute dose of 
treatment was administered.

Interestingly, some of the most dramatic changes were observed following evaluation of AC. We further evalu-
ated these mitochondrial lipids including their molecular species to better understand how SCFA treatments 
affected neuronal mitochondrial lipid metabolism. Following PCA analysis of Car/AC, we observed that each of 
the SCFA treatments clustered in different quadrants of the biplots compared to the control, and this grouping 
accounted for 83.70% of the total variation present in the AC data (Fig. 2A). The long chain AC clustered with 
the control in quadrant 3, while the short chain AC clustered with the 50 µM and 1000 µM SCFA treatments in 
quadrants 1 and 2 of the PCA biplot (Fig. 2A). Consistent with these groupings, elevated levels of free carnitine 
and AC (Fig. 2B,C) was observed in neuronal cells treated within 50 µM and 1000 µM concentrations of SCFA 
treatments. There are some variations present within molecular species for the 50 µM. The levels of all short 
chain AC including butyl and pentylcarnitine were significantly (p < 0.05) elevated in neuronal cells treated 
with 1000 µM SCFAs. Conversely, a general reduction in long chain AC was observed in neurons treated with 
all three concentrations of SCFAs (Fig. 2D). Specifically, neuronal cells treated with 50 µM and 100 µM SCFAs 
had significantly (p < 0.05) lower levels of C14:0, C16:0, C18:0, C18:1, and C20:1 AC compared to the control.

Based on these findings, we compared the SH-SY5Y cell line AC composition to the Long-Evans rat brain AC 
composition to determine if the same acylcarnitines were altered in-vitro and in-vivo (Fig. 2E). We observed that 
C2, C3, C14:0, and C18:0 was altered simultaneously in both cell line and rat brain. The trend between sample 
sets is different regarding C2, where the cell line is showing an increase and rat brain is showing a decrease in C2. 
However, C3, C14:0, and C18:0 showed similar increasing (C3) or decreasing (C14:0 & C18:0) trends between 
the cell line and rat brain samples exposed to SCFAs. The increase in C3 and decrease in C18:0 is observed in 
the cell line as well as both male treated (MT) and female treated (FT) rats. The decrease in C14:0 is observed 
in the cell line and only within MT rats.

Similar to the AC, we observed CL clustered in distinct quadrants of the PCA biplot with SCFA treatments 
(Fig. 3A). Neurons treated with 100 µM SCFAs and the control clustered together in quadrant 2 with C16:1 
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enriched CL molecular species. The 1000 µM treated neuronal cells clustered in quadrant 4 with predominantly 
CL molecular species enriched with saturated (C16:0, 18:0) and unsaturated (C18:1) fatty acids; while the 50 µM 
treated neuronal cells clustered in quadrant 1 based on a combination of C18:1 and C16:1 enriched molecular 
species. These groupings accounted for 61.61% of the total variation present in the CL data (Fig. 3A). Further-
more, the CL molecular species that clustered in quadrant 2 were significantly lower in neuronal cells treated with 
1000 µM SCFA compared with the control and other treatments (Fig. 3B), while the molecular species in the neu-
ronal cells treated with 50 µM and 1000 µM SCFAs and clustered in quadrant 4 were significantly higher than that 
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of the control (Fig. 3C). Furthermore, we compared the CL composition in the cell line to the CL composition 
in the rat brain samples (Fig. 3D,E). Although no altered species between the sample sets had the same fatty acid 
composition (Supplemental Data, Fig. S1), when comparing total CL alteration, the same increasing trend can 
be seen in-vitro and in-vivo. Within the cell line, an increase in CL is observed after treatment with 50 µM and 
1000 µM SCFAs. Similarly, within rat brain, an increase in CL was observed in both MT and FT rats compared 
to controls. However, only the MT rats are significantly different (p > 0.05) when compared to respective control.

Treatment with SCFAs alter mitochondrial morphology in SH-SY5Y neuronal cells. Following 
the observation that SCFAs significantly altered the composition of the mitochondrial lipids AC and CL, we 
determined whether exposure of neuronal cells to SCFAs also affected mitochondrial structure and morphology 
using MitoTracker™ Deep Red staining followed by cytation and super resolution imaging. The results from the 
cytation image analysis revealed an increase in functional mitochondrial mass (as seen by increase in average 
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MitoTracker™ intensity) in SCFA treated neruonal cells (p < 0.05) (Fig. 4A,B). Super-resolution (STED) imaging 
was then used to better assess the mitochondrial morphology in greater detail. This analysis showed normal 
mitochondrial morphology in both the control and 100  µM SCFA treatments, which corresponds to trends 
observed with the CL lipid analysis. However, STED analysis of the 50 µM and 1000 µM treatment showed a high 
proportion of fragmented and hyperfused mitochondria, respectively (Fig. 4C,D).

Decreased respiratory ability and ATP production in SH-SY5Y neuronal cells after treatment 
with SCFAs. Considering increased mitochondrial mass and abnormal mitochondrial morphologies were 
observed in neuronal cells upon SCFA treatment, we next determined the effect of SCFAs on mitochondrial 
function as determined by cellular respiration, ATP production, and mitochondrial stress using the Seahorse 
XF Cell Mito Stress Test platform (Fig. 4E). Significant decreases (p < 0.05) in OCR (oxygen consumption rate) 
measurements; basal respiration, maximal respiration, ATP production, and spare respiratory capacity (SRC), 
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Figure 3.  Alteration in cardiolipin (CL) composition after SCFA treatment. (A) PCA biplot showing 
relationship between SCFA treatment and cardiolipin molecular species. ANOVA revealed significantly 
(p < 0.05) altered CL molecular species in quadrant 2 (B), quadrant 4 (C) of the PCA. Average sum of all 
ANOVA significant (p < 0.05) CL species altered in (D) neuronal cells and (E) Long Evans rat brain. Species 
determined by PCA and Differential Expression, respectively, prior to ANOVA. Bar charts representative of 
means ± standard error. Means represented by different superscripts are significantly different at p < 0.05.
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were observed in a dose response manner. Consistently, we observed that ATP production, SRC, basal and maxi-
mal respiration significantly decreased (p < 0.007) across all treatment concentrations, indicating SCFA treat-
ments suppressed mitochondrial respiration and ATP production in neuronal cells (Fig. 4F).

SCFAs alter ceramide and plasmalogen composition in-vitro and in-vivo, concurrent with 
impaired neuronal cell division and induced cell death in SH-SY5Y neuronal cells. Given the 
mitochondrial stress observed in neuronalcells upon SCFA exposure, we next determined whether the com-
position of ceramide and plasmalogen lipids were altered in-vitro and in-vivo in response to SCFA treatment. 
Although increases and decreases occur in both lipid classes, depending on molecular species (Supplemental 
Data, Fig. S2), a significant increase in the ceramide:plasmalogen ratio in neuronal cells treated with 50 µM and 
1000 µM SCFA was observed (Fig. 5A). PCA analysis further confirmed, via quadrant segregation, the greatest 
variations in plasmalogens and ceramides occurred within the 50 µM and 1000 µM treatments (Fig. 5B). Given 
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Figure 4.  Morphological changes observed in the mitochondria between control vs SCFA treated neuronal 
cells. (A) Mitotracker Deep Red under Cytation3 Imaging revealed increased dye intensity after treatment. 
(B) Bar graph numerically represents increase in dye intensity. Bars represent mean ± standard error. Different 
superscripts represent statistically significant increase (p < 0.05). (C) STED imaging revealed fragmented 
(50 μM) and hyperfused (1000 μM) mitochondria after treatment. (D) 100% stacked column graph numerically 
represents relationship of regular, fragmented and hyperfused mitochondria per treatment. (E,F) Decrease 
in respiratory capacity and ATP production in neuronal cells after treatment. (E) Representative of general 
mitochondrial stress test profile and outputs from Seahorse XF as it measures OCR over time (from Agilent). 
(F) Seahorse XF analysis results after SCFA treatment showing an overall decrease in basal respiration, maximal 
respiration, ATP production, and spare respiratory capacity. Bars represent means ± standard error. Different 
superscripts represent statistically different (p < 0.05) decreases in respiration and ATP.
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the vast but various alteration in molecular species, we analyzed overall trend and fold-change. We determined 
that the increase in the ceramide:plasmalogen ratio was due to an overall increase in both ceramide and plas-
malogen concentrations after 1000 µM SCFA treatment (Fig. 5C,D). However, the fold-change for ceramides 
(1.32) was higher than that of plasmalogens (1.14) by approximately 15%, thus the increased ratio was mostly 
due to increased ceramide concentration.

Furthermore, we determined whether the alteration in ceramides and plasmalogens observed in SH-SY5Y cell 
line were the same in Long-Evans rat brain (Fig. 6A). The observed increase of ceramide and plasmalogen con-
centrations were sustained in analysis of ceramide and plasmalogen molecular species. This trend was observed 
in 50 µM and 1000 µM treated neuronal cells and female treated rats in respect to phosphatidylethanolamine (PE) 
(18:0p/16:0), PE (18:0p/20:3), PE (16:0/22:6), PE (20:0p/22:4), and Cer (18:1/24:0). PE (18:0p/22:4) increased in 
both 1000 µM treated neuronal cells and female treated rats. We observed a decreased in plasmalogen species 
enriched C20:4 fatty acid in both neuronal cells and female treated rat brain following treatment with SCFAs. 
Female treated rats show the most similarity to the 1000 µM SCFA treatment. Furthermore, sex specific altera-
tions are observed in the rat brain samples. Male and female treated rats only show the same trends within PE 
(18:1p/18:1), PE (18:0p/20:3), and Cer (d18:1/24:0) (Fig. 6A). This suggests that lipids connected to cell apop-
tosis after treatment with SCFAs differ between males and females. The increased ceramide:plasmalogen ratio 
reflects a potentially pro-apoptotic shift in lipid composition in neuronal cells upon treatment with SCFA, and 
so we next determined the effect of SCFA treatment on cell cycle progression. Cell cycle analysis of neuronal 
cells treated with SCFA revealed that there was a significant decrease (p < 0.0001) in neuronal cells in the  G2/M 
phase (Fig. 6B,D) across all treatment concentrations compared to neuronal control cells, while a significant 
increase (p < 0.0001) in neuronal cells was observed in the Sub-G0 phase (apoptotic neuronal cells) (Fig. 6B,C). 
These results suggest that SCFA elicit a dramatic reduction in neuronal cells in the G2/M phase and that this is 
accompanied by induction of cell death, represented by accumulation of neuronal cells in the sub-G0 region of 
the cell cycle (Fig. 6B–D).
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Figure 5.  Alteration in ceramide and plasmalogen composition in neuronal cells after SCFA treatment. (A) 
Increased ratio of ceramide: plasmalogens after treatment. (B) PCA biplot showing alteration in both ceramide 
and plasmalogen molecular species between control/100 μM, 50 μM, and 1000 μM SCFA treatment. ANOVA 
of average nmol area for both ceramide (C) and plasmalogen (D) showed significant (p < 0.05) difference after 
SCFA treatment. Ceramides show an average fold-change increase of 1.32 and plasmalogens show an average 
fold-change increase of 1.14 after 1000 μM treatment. Bar charts representative of means ± standard error. Means 
represented by different superscripts are significantly different at p < 0.05.
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Discussion
The brain is the most lipid rich organ in the body and consist of 60% lipids on a dry mass basis. Thus, the brain 
lipidome is an important mediator of brain health and functional outcome. In fact, alterations to the brain cell 
membrane lipid composition can have numerous brain health implications related to the onset and progression 
of several neurological  disorders18,19. For example, decreased PC and PE have been observed in Alzheimer’s 
disease (AD)  patients18, consistent with lipid alterations present within the neuronal cells in our study (Fig. 1D). 
Disturbance in lipid metabolism can be a trigger for inflammatory reactions, protein changes, and cell synaptic 
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pathology, potentially escalating into neurodegenerative disorders such as Parkinson’s disease (PD) or  AD17–19. 
Furthermore, mitochondrial membrane lipid composition is intimately linked with mitochondrial structure 
and function, important brain health risk factors implicated in neurological  disorders4,13,19,23,35. Lipid comprised 
mitochondrial membranes are necessary for important cell functions including fission and fusion. Fission and 
Fusion are needed for cell cycle division and reproduction, while the lipid membranes allow for reservoirs of 
energy  storage19, which are crucial to brain health and function. The biggest component of these mitochondrial 
membranes are the high concentrations of phospholipids such as PC, PE (both of which constitute approximately 
80% of the total brain phospholipids), and mitochondrial specific CL (10–15% of total lipids present in the 
brain)19,21. The mitochondrial composition is highly conserved between all mammalian cells, including  humans19.

In our study, we observed significant alterations in all major lipid classes after treatment with acute doses of 
increased SCFAs (Fig. 1D,E). The most notable changes occurred in mitochondria associated lipids (Figs. 2, 3). 
Neuronal carnitine showed several fold changes in response to SCFA treatment in both SH-SY5Y cell line and 
Long-Evans’s rat brain (Fig. 2). Carnitine can be derived either from the diet or synthesized within the brain and 
consists of both free carnitine and acylated carnitine  species36–38. Carnitine allows long-chain fatty acids to be 
transported across the inner mitochondrial membrane to be oxidized by beta-oxidation for energy or integrated 
into structural lipids. Alterations in these lipids can have metabolic and energy implications in the brain, as the 
brain switches from glucose to fatty acid energy under  stress36–38 such as during diseases or gut dysbiosis. Car-
nitine has been shown to have potentially neuroprotective effects in ameliorating metabolic disturbances in the 
brain and nervous system during injury. However, abnormal AC concentrations have been associated with autism, 
specifically elevated levels of short chain AC and long chain fatty  acids36,38,39, which were observed in both the cell 
line and rat brain analysis of this study (Fig. 2). Furthermore, within some molecular species of AC in rat brain, 
sex specific effects are observed. Long chain AC14 shows different trends between male and female treated rats 
(Fig. 2). Male rats show the same decreasing trend as the cell study, whereas female rats show an increase. Overall, 
there was an increase in free carnitine (C0), and all AC combined (C2–C20) (Fig. 1D) in neurons, consistent 
with the increased mitochondrial mass observed (Fig. 4A,B) following treatment with SCFA. This finding helps 
to connect the SCFA induced alterations in brain lipid metabolism to the impaired mitochondrial morphology, 
and the proposed brain health deficiency pathway reported in this study (Fig. 7).

The high concentration of free carnitine found in this lipid profile is normal as adult neurons typically 
contain 80% free  carnitine37. Interestingly, both increases and decreases in free carnitine have been observed 
in mitochondrial dysfunction and neurological  disorders36,39. In our study, increased C0 was observed, along 
with alterations in other groups and individual AC species in both neuronal cells and rat brain samples (Fig. 2). 
Several studies suggest that alterations in carnitine can augment aging related mitochondria, lipid, and metabolic 
dysfunction by impairing energy production and  metabolism36–39. This supports carnitine’s ability to modulate 
brain energetics and its importance in maintaining overall brain  health37.

In this study, we also observed that SCFAs significantly altered the CL composition in neuronal cells (SH-
SY5Y) and Long-Evans’s rat brain samples (Fig. 3). Decreased concentrations were seen among species domi-
nated by 16:1 and 18:2 fatty acids, whereas increases were seen among species with 16:0, 18:1, and other long 
chain unsaturated fatty acids such as C20:3, C22:1, and C22:4. An overall increasing trend was observed in both 
neuronal cells and male treated Long Evans rats (Fig. 2B–E). CL is a mitochondrial specific lipid and can be an 
important biomarker to assess mitochondria function in neurons. Furthermore, CL also accounts for approxi-
mately 20% of the lipids in the mitochondrial membrane. In fact, CL is found almost exclusively in the inner 
mitochondrial membrane. CL plays a major role in ATP production and mitochondrial bioenergetics, as well 
as regulation of cytochrome c and apoptotic pathways. All these processes are essential for brain cell health and 
energetics, as disruptions in these processes can influence mitochondrial dysfunction and  neuropathology20,40–43. 
Alterations in CL are generally associated with pathologies such as mitochondrial dysfunction, oxidative stress, 
cell death, and/or  aging20,41–43. Specific changes in composition, especially regarding aging, have not been com-
monly researched outside of the heart or cardiovascular  system20,41,42. However, within the aged heart, a decrease 
in 18:2 and an increase in other long chain polyunsaturated species have been  observed20. This is consistent with 
the decrease in 18:2 (Fig. 2B) and increase in 20:3, 22:1, and 22:4 species (Fig. 2C) observed in our cell line study, 
and the overall increase in polyunsaturated fatty acid (PUFA) enriched CL in the brain when male Long Evans 
rats are treated with SCFAs (Fig. 2E, Supplemental Data, Fig. S1). The alterations in both Car/AC and CL have 
clear connections to the observed alterations in mitochondrial morphology, ATP production, and cell respiration. 
These changes in CL are suspected to be connected to AD and/or PD, which may be induced by ATP changes and 
neuronal  apoptosis20,40,43. These finding suggests that exposure of neuronal cells to the elevated levels of SCFAs 
observed in patients during different pathologic and gut dysbiotic conditions appears to lead to an apoptotic 
response pathway that could possibly impact overall brain health over time (Fig. 7).

Furthermore, an increase in neuronal mass measured by increased dye intensity of mitochondria dye 
(MitoTracker™ Deep Red) was observed (Fig. 4A,B), which correlated with increased long chain polyunsatu-
rated CL species such as 20:3 and 22:4. Increased mitochondrial mass (high mitochondrial biogenesis) can be 
due to either increased energy demands or energy deficits such as cell stress, decreased ATP synthesis, or higher 
levels of oxidative stress, etc.24,35. This can be triggered by an increased demand for cellular energy that is unable 
to be met or by impairment of ATP production via the tricarboxylic acid (TCA)  cycle24,35. In our study, we 
observe a decrease in ATP production in neuronal cells (Fig. 4F) and is congruent with the observed increased 
mitochondrial mass. The mechanisms behind increased mitochondrial mass are not well understood, but it 
may indicate an early event to prepare cells from oxidative stress via cell cycle  arrest35, which was also observed 
in this study (Fig. 6B–D). Abnormal mitochondria have been found under similar conditions in brain aging 
and neurological  disorders22,24,35. Mitochondrial mass has a positive correlation with CL content, where CL has 
been employed to represent mitochondrial  mass20. Based on the observed results, there is a clear connection 
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between the SCFA induced alterations in brain mitochondrial lipid metabolism, morphology, and the neuronal 
cells apoptotic response (Fig. 7).

Furthermore, mitochondrial morphological analysis revealed high levels of mitochondrial fragmentation 
(50 µM) and hyperfusion (1000 µM) after treatment with SCFAs (Fig. 4C,D). Fragmentation is characterized 
by many small and round mitochondria, whereas hyperfusion is characterized by connected and elongated 
 mitochondria44. Fragmentation and hyperfusion play a role in cellular quality control, and cells continually alter 
the rate at which these occur based on energy  demands23,25,45. However, mitochondrial fragmentation is a hall-
mark of apoptosis and may result from nutrient overload (i.e. SCFA). Furthermore, mitochondrial fragmentation 
can occur directly from apoptotic signals, or cause apoptotic  signals24,25,45,46. While fragmentation is a normal and 
beneficial process in some functions of the body such as the increased energy demand of  exercise47, it has been 
observed in mitochondrial dysfunction related to overall brain health and aging, such as in PD and  AD46,48,49. We 
hypothesize that hyperfusion within the 1000 µM treatment is likely a stress response to damaged molecules or 

Figure 7.  Proposed mechanism for neuronal cell response to levels (50–1000 μM) of SCFAs observed in 
systemic circulation. SCFAs are received via infermentable carbohydrates in the diet, which are fermented by 
the gut microbiota population. SCFAs are able to cross the blood–brain barrier (BBB), which at elevated levels 
caused stress responses in brain neuronal cells. This stress response is shown in our study via alterations in lipids 
that make up the cell membrane bilayer, such as the increase observed in ceramide vs plasmalogen species. 
Mitochondrial lipid membrane is also altered, as observed by cardiolipin (CL) and acylcarnitine (AC) profiles. 
Mitochondria also display increased mass, hyperfusion (1000 μM), fragmentation (50 μM), and decreased ATP 
production. All of which are linked to apoptotic cell response, which we observed during cell cycle analysis. 
Although the 100 μM treatment is not completely normal, it does not show major alterations compared to the 
50 μM and 1000 μM treatments. This suggests a possible dose balance response between the treatments.



14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14355  | https://doi.org/10.1038/s41598-022-18363-w

www.nature.com/scientificreports/

mutated DNA, which at high levels or for long periods of time can lead to mitochondrial  dysfunction23,25,45. This 
represents a dose response, as the different concentrations of treatment elicit difference responses in cell mor-
phology. This is consistent with the lipidomics where the lipids are most dramatically altered within the 1000 µM 
treatment and mitochondrial fusion within the 1000 µM treatment is indicative of stress. Furthermore, although 
the 100 µM treated neuronal cells display less than significant morphological changes (Fig. 4C,D), a reduction in 
ATP production and increased cell death was observed in this treatment concentration. These findings further 
suggest a dose response as well as the increased mitochondrial mass and fragmentation/hyperfusion observed 
is a stress response affecting ATP production, further implicating the connection between mitochondrial mass 
and neuronal cell death by apoptosis following exposure to SCFAs (Fig. 7).

Based on mitochondrial lipid and morphology alterations connected to apoptosis (Fig. 7), we measured cell 
OCR via Seahorse XFe96 Mito Stress Test in live neuronal cells to further determine potential mitochondrial 
(dys)function. We observed a significant overall decrease in respiration (basal, maximal, spare respiratory capac-
ity) and ATP production across all SCFA treatment levels (Fig. 4F). Brain cell energy metabolism is driven by 
mitochondrial respiration and ATP production within the mitochondria via oxidative phosphorylation, possibly 
affecting overall brain health. ATP is known to play an important role in oxidative stress, maintaining DNA, gene 
expression, and cognitive brain  function50. This is concurrent with our findings that 50 µM treated neuronal 
cells were in a fragmented state after SCFA treatment, as ATP has been shown to stimulate fragmentation if 
 decreased23. When decreased, ATP productivity is also associated with mitochondrial dysfunction and oxidative 
stress, relating directly to diminished brain health in the form of neuronal damage, and aging related disorders, 
such as  AD50. Mitochondrial stress may lead to mitochondrial dysfunction if prolonged, potentially develop-
ing into neuronal cell death via apoptosis (Fig. 7). This reduction in respiration capacity and ATP production, 
coupled with subsequent lipid and morphological alterations, suggests overall impairment of brain health. Thus, 
marking SCFAs as a potential cause for mitochondrial stress and diminished brain  health23,50,51.

It has been noted that all observed alterations to mitochondrial lipids, mitochondrial morphology, ATP, and 
cell respiration are connected via the potential for an apoptotic outcome due to stress inducing levels of SCFAs. 
Based on this information, we analyzed the apoptotic related lipids, plasmalogens and ceramides (Figs. 5, 6A), as 
well as cell cycle progression (Fig. 6B). We observed a significant increase in the ratio of ceramides:plasmalogens, 
as well as a significant increase in Sub-G0 phase (apoptotic) neuronal cells and a significant decrease in  G2/M 
phase neuronal cells. Recently, reduced plasmalogens were proposed as a risk factor for AD, which may occur 
simultaneously to increased  ceramides51,52. Plasmalogens are ether phospholipids found mostly in PE or PC 
and play a major role in neuronal cell membrane  composition19,51 and cellular stress  response52,53. Furthermore, 
considering ceramides are suggested to be pro-apoptotic and plasmalogens anti-apoptotic51,53, the observed 
ceramide:plasmalogen ratio increase, due a higher fold-change by 15% in ceramides versus plasmalogens 
(Fig. 5A,C,D), suggests that a functional consequence of the altered mitochondrial morphology and lipid metabo-
lism may be cell cycle arrest and eventual cell death via apoptosis. This is further supported by similar trends 
observed in rat brain plasmalogens. Specifically, the similarity between 1000 µM treated neuronal cells and female 
treated rats (Fig. 6A). This shift shows that ceramide concentrations are more significantly increased compared 
to plasmalogen concentrations after SCFA treatment in-vitro and in-vivo; and this occurred concomitant with 
a significant decrease of neuronal cells present in the  G2/M phase and increase in the Sub-G0 phase (apoptotic 
neuronal cells) in all SCFA treatment concentrations (Fig. 6B–D). This demonstrates that regardless of the SCFA 
concentration (lower vs higher), neuronal cell cycle progression is delayed following exposure to SCFAs at con-
centrations observed in the blood of patients experiencing dysbiotic conditions. Furthermore, these changes 
appear to occur independent of the altered lipid metabolism occurring concomitant with the delayed cell cycle 
progression considering the lipid metabolism varied immensely with different SCFA concentration, but the 
delayed cell cycle progression remains consistent.

In this study, many of our findings point towards apoptosis, including lipid alterations, mitochondrial dys-
function via fragmentation/hyperfusion, respiration and ATP decline. These results present convincing evidence 
that SCFAs act as a stressor to neuronal cell health and viability and have major implications in neuronal cell 
survival by promoting alterations in lipid metabolism and mitochondrial morphology associated with an apop-
totic response (Fig. 7).

Conclusion
This study demonstrates that the elevated levels of SCFAs reported in systemic circulation of patience during 
gut dysbiosis and other pathological conditions significantly altered neuronal cells and Long-Evans’s rat brain 
lipidome, with the most noted alterations observed in mitochondrial specific lipids and PE plasmalogens. The 
altered mitochondrial lipidome occurred concomitant with hyperfused and fragmented mitochondria, decreased 
respiration, ATP production, impairment in neurons cell cycle progression, ultimately resulting in increased 
neuronal cell death by apoptosis. It is currently unclear as to whether the altered brain lipid metabolism, mito-
chondrial morphology, decreased ATP and respiration, or a combination of these are the trigger for the increased 
neuronal cell death by apoptosis observed following exposure to SCFAs. Based on the findings in this study, 
we propose a possible pathway by which elevated SCFA levels in the brain may translate into diminished brain 
health and neuronal cell viability. Our hope is that this work will stimulate further studies by the scientific com-
munity to elucidate how gut derived SCFAs modulate overall brain health outcome and function. We believe 
that the observed neuronal cells and equivalent rat brain responses to elevated SCFA levels reported in the 
systemic circulation are an important addition to the current literature and will be a seminal work leading to 
better understanding of how the gut microbiome modulate brain health outcome. Ongoing work in our research 
group is now focused on assessing the implication of the altered neurolipidome associations with any observed 
impaired behavioral phenotype and possible influence on brain health.
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