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Peptidoglycan and the brain

important for brain development in utero

important for the growth of nerve cells, differentiation, synaptogenesis, myelinization and blood brain barrier 
development

affects motor, cognitive, social and emotional function 

important for gut brain connection for the rest of our life

reduces stress induced inflammatory response in the brain



“Life did not take over the globe 
by combat, but by networking.”     
Dr. Lynn Margulis 

“Symbiotic relationships are the 
major driving force behind 
evolution.” 



Symbiogenesis

• Men and their microbiota 
can be considered as 
holobionts – the fitness 
of the host depends on 
and cannot be seen 
separate from its 
microbiota. 

Gordon et al. 2013, Carrier et al. 2017 





Treatment with a single course of antibiotics was associated 
with higher risk of depression (23% -25% increased risk).

Recurrent treatment with antibiotics increased the risk of 
depression by 40-56% (from 2-5 to > 5 courses).

The risk of anxiety goes up by 17% after a single course of 
penicillin and 44% with > courses. 





Rise of 
chronic 

inflammatory 
diseases



Concerning stats

• 1 in 4 people are affected by mental 
health illness at some point in their life

• 1 in 5 children / youth has mental health 
illness

• In the past 12 months, around 26.2% of 
Americans met criteria for any mental 
health disorder – anxiety 18.1%, 
depression 9.5% , impulse control 
disorder 8.9%.

• Between 2005 and 2015, the number of 
people living with depression increased 
by 18%.







Microbiota as a source of neuroprotective 
nutrients 

• Some essential vitamins—such as vitamins K, B2, B9, and B12, 
synthesized by microbiota—have a neuroprotective effect on the CNS. 
Parker A., Fonseca S., Carding S.R. Gut microbes and metabolites as modulators of blood-brain barrier integrity and brain health. Gut Microbes. 2019;11:135–157.

• Vitamin K is produced by Escherichia coli, Klebsiella pneumoniae, Propionibacterium, 
and Eubacterium; 

• B2 (riboflavin) by Bacillus subtilis and E. coli;

• B9 (folic acid) by Bifidobacterium, Lactococcus lactis and Streptococcus thermophilus; 

• B12 (cobalamin) by Lactobacillus reuteri and Propionibacterium freudenreichii.



B vitamins and the brain 

• Randomized, controlled trial (VITACOG) assessing 
the effect of B-vitamin treatment (folic acid 0.8 mg/d, 
vitamin B12 0.5 mg/d, vitamin B6 20 mg/d) on elderly 
volunteers with mild cognitive impairment (MCI) over 
a period of 24 mo.

• Subjects receiving B vitamins showed a significant 
reduction of atrophy compared with the placebo group 
in posterior brain regions including bilateral 
hippocampus and para-hippocampal gyrus, retro-
splenial precuneus, lingual and fusiform gyrus, as well 
as in the cerebellum - regions most affected in AD, and 
also in MCI subjects who later convert to AD

Douaud G, Refsum H, de Jager CA, Jacoby R, Nichols TE, Smith SM, Smith AD. Preventing Alzheimer’s disease-related gray 
matter atrophy by B-vitamin treatment. Proc Natl Acad Sci U S A. 2013;110:9523–9528.



Vitamin K and the brain

• Low levels of vitamin K have been correlated with apolipoprotein Eϵ4 allele, a risk factor 
linked to Alzheimer’s dementia. 

• Allison AC. The possible role of vitamin K deficiency in the pathogenesis of Alzheimer’s 
disease and in augmenting brain damage associated with cardiovascular disease. Med 
Hypotheses. 2001

• Vitamin K has been shown to have a beneficial role in the modulation of α-synuclein 
fibrillization, associated with Parkinson’s disease. 

• Da Silva FL, Coelho Cerqueira E, de Freitas MS, Goncalves DL, Costa LT, Follmer
C. Vitamins K interact with N-terminus alpha-synuclein and modulate the protein 
fibrillization in vitro. Exploring the interaction between quinones and alpha-
synuclein. Neurochem Int. 2013

• Increased dietary vitamin K intake has been associated with less severe subjective memory 
complaints in the elderly. 

• Soutif-Veillon A, Ferland G, Rolland Y, Presse N, Boucher K, Feart C, Annweiler
C. Increased dietary vitamin K intake is associated with less severe subjective memory 
complaint among older adults. Maturitas. 2016



Short Chain Fatty Acids

• Affects body weight via appetite regulation, insulin sensitivity, increased energy expenditure and fat oxidation 

• Binds to GPR 41 and GPR 43, able to enter TCA cycle, important for blood pressure regulation,

• Cross talk between muscle, liver and adipose tissueAcetate

• Anti-inflammatory and anti-depressant effect on brain

• Increases non-REM sleep

• Epigenetic effect – helps with transcription of pro-survival, pro-regeneration and pro-neuroplasticity genesButyrate

• Increased levels associated with gingivitis and periodontal disease

• Low levels associated with asthma

• Excess propionate associated with motor impairments, brain atrophy, cognitive impairments and dementiaPropionate



Gut microbiome and sleep 

The brain sleep mechanisms and the gut flora are linked through a dynamic bidirectional 
relationship. Depletion of intestinal microbiota induces significant reduction in sleep 
suggesting that the gut flora is a source of sleep-inducing signals, while circadian disruption 
and chronic sleep fragmentation promote intestinal dysbiosis.

Benedict C, Vogel H, Jonas W, et al. Gut microbiota and glucometabolic alterations in 
response to recurrent partial sleep deprivation in normal-weight young individuals. Mol 
Metabol. 2016;5(12):1175–1186.

Wang Z, Yuan K, Ji YB, Li SX, Shi L, Wang Z, Zhou XY, Bao YP, Xie W, Han Y, Shi J, Lu L, Yan W, 
Chen WH. Nature and Science of Sleep. 2022 Jan 25; 14: 121-133



Other neuroactive microbial metabolites:

• Short-chain fatty acids 
(SCFAs)

• Gamma-Aminobutyric acid 
(GABA)

• BDNF

• Histamine

• Acetylcholine

• Serotonin

• Melatonin

• Catecholamines

• Nitric oxide



Intestinal Lining



Leaky Gut > Endotoxemia



“Leaky gut” leads to  “Inflamed brain”

• In rodents, a single injection of LPS causes acute immune activation in 
the brains that persists for at least 12 months, and results in loss of 
dopaminergic neurons in the substantia nigra 10 months later. (Qin 2007)

• Endotoxin stimulates microglia in the brain to produce nitric oxide and 
pro-inflammatory cytokines. (Kinsner, 2006)

• High plasma levels of endotoxin can increase permeability of the blood-
brain barrier, allowing toxic plasma components, including amyloid β
and α-synuclein into the brain. (Vutukuri, 2018)



3 times 
more LPS 

• Blood LPS levels in 
Alzheimer’s  patients are 
3-fold the levels in control 
(Zhang et al, 2006)



• Parkinson’s disease patients 
have increased gastrointestinal 
and a proportion of Parkinson’s 
patients have elevated blood 
endotoxin.(Forsyth et al. 2011)

• Serum endotoxin levels are 
elevated in patients with severe 
autism (Emanuele et al, 2010)

• LPS higher in amyotrophic 
lateral sclerosis (Zhang et al. 2009)

LPS higher in Parkinson’s, 

ALS  and Autism 



Serum LPS, 
depression and 
anxiety 

• LPS predictive of 
depression/anxiety disorders 
as well as severity of 
depression and anxiety. 
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Stress and 
intestinal 

permeability















Developmental Origins of Health and 
Disease (DOHaD)

• DOHaD postulates that adverse events during 
gestation/early postnatal life are responsible for 
fetal programming of the structure and function 
of cells, tissues, and organs, leading to permanent 
alterations in the individual’s physiology that 
then predispose the individual to a plethora of 
health conditions, including behavioral and 
cognitive disorders. 

Gluckman PD, Buklijas T, Hanson MA, 2016. Chapter 1 - The Developmental Origins of Health and Disease (DOHaD) 
Concept: Past, Present, and Future, In: Rosenfeld CS (Ed.), The Epigenome and Developmental Origins of Health and 
Disease







What we feed our 
babies…

• Breast milk is crucial for the 
gut microbiome



What we Feed Ourselves…

• The MIND dietary pattern is a combination of the Mediterranean diet 
and the DASH diet and is based on dietary components that have been 
shown to be neuroprotective. The MIND diet emphasizes natural 
plant-based foods and limited intakes of animal foods and foods high 
in saturated fat. Uniquely, the MIND diet also specifies the 
consumption of berries and green leafy vegetables





Probiotics to 
the rescue!









Thank you!  

• Tereza Hubkova, MD
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Artificial sweeteners cause leaky gut

• Intestinal epithelial homeostasis is established by equilibrium between cell 
proliferation and cell death, with dysregulated or excessive epithelial cell death 
associated with diseases of impaired barrier integrity and leakage across the 
paracellular space.

• Diseases associated with a leaky gut, such as Crohn’s disease and ulcerative 
colitis, have been demonstrated to impact the expression of claudins in the small 
and large intestine

• At high concentrations, aspartame and saccharin were found to induce 
apoptosis and cell death in intestinal epithelial cells, while at low 
concentrations, sucralose and aspartame increased epithelial barrier 
permeability and down-regulated claudin 3 at the cell surface. (Aparna Shil, Nutrients 
2020)



Fillers in artificial 
sweeteners (AS)

• There is evidence that artificial sweeteners influence 
inflammation pathways. Owing to the potent 
sweetening effect of most AS and bitterness/lingering 
aftertaste, most commercial products contain a 
commercial proprietary blend of two or more AS. 
Commercial AS also contain fillers such as 
maltodextrin comprising 95–99% of the product to add 
weight and volume, or anti-caking agents such as silica. 
While these substances are considered innocuous in 
small quantities, several studies indicate that such fillers 
could also promote intestinal inflammation and changes 
in gut microbiota.



Western diet > 
leaky gut 

• There is increasing evidence that the consumption 
of a high-fat diet and excessive alcohol intake 
leads to increased intestinal permeability and 
metabolic endotoxemia. (Moreira A.P., Texeira 
T.F., Ferreira A.B., Peluzio Mdo C., Alfenas Rde C. 
Influence of a High-Fat Diet on Gut Microbiota, 
Intestinal Permeability and Metabolic 
Endotoxaemia. Br. J. Nutr. 2012;108:801–809.)



Dysbiosis

• Microbial-derived toxins like 4EPS and cresol are found to be 
related to autism, and recently to inhibit myelin gene expression. 
This shows a correlation of the microbiome to neuroplasticity and 
early as well as long-term brain development


