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Innovative pulse and cereal-based food fermentations for human health and sustainable diets
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How is our food digested?
Basic mechanisms of intestinal physiology
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The main nutrients in our food 3
HealthFerm
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The main functions of the gastrointestinal trac* N
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pharynx
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Mechanical digestion Churning

Segmentation
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N P Peristalsis Ck% stomach
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Chemical digestion

Enzymes Small intestine
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: Nutrients
Absorption [y

Large intestine

Defecation

Anus

https://www.austincc.edu/apreview/PhysText/Digestive.html
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Digestion of Carbohydrates N
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Carbohydrates Non starch polysaccharides

Salivary aimylase

5s-2min \ 4 Oral cavity
Polysaccharides, Disaccharides
Salivary amylase
15min-4h stomach

Pancreatic amylase

Brush border enzymes

Microbial fermentation



Food properties influencing postprandial glycemic response N
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Blood glucose

Food texture = oral processing behaviour

Starch crystallinity

Botanical structure = accessibility of enzymes to starch

Dietary fiber = viscous fiber reduces absorption of monosaccharides

Ostman, 2003; Flourie et al., Gut 1984
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Interindividual differences in postprandial glucose response e

Glucose, mg/dL

Glucose response to the same food

in different participants

200+

1804

160

1404

100

80

120 o

Time After Meal, min

120

150

Predictive model
(72 features)

Meal features

Meal context features
blood tests

personal features
CGM derived features
Microbiome features

True positive rate

HeoITh Ferm

Threshold at 50% of measured responses
(PPGR=>=13.0 mg/dL*h is considered high)

1.0

0.2 — caloric content
T — carbohydrate content ||
— predicted PFGR

0.0 ! !

0.0 0.2 0.4 o & D.B 1.0

False positive rate
Threshold at 90% of measured responses

10 (PPGR==45.8 mg/dL*h is considered high)

0.8
2
[
E 0.6
3
o 0.4l
=
=

02 — caloric content

I — carbohydrate content ||
— predicted PPGR
0.0

0.2 0.4 D B 0.3 1.0
False positive rate

e
=}

Mendes-Soares H et al., JAMA Netw Open. 2019



Personalised diet reduces PPGR more than mediterranean diet

N=225

Prediabetes
Mediterranean diet: n=112
Personalised diet: n=113

6 month intervention

Personalised diet: meals were
scored based on model features
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Ben-Yacov et al., Diabetes Care 2021



Combined with calorie-restriction: Personalised diet is not better than Y S
standardised diet to reduce PPGR HealthFerm

HbA1c (%) Mean amplitude of glycemic excursions Coefficient of variation (%)

(mmol/L)
N=156

Prediabetes or moderately controlled T2D

Standardised diet: n=75 - «0 -
Personalised diet: n=81 19+

3.0 1
6 month intervention 18 -

2.54

17 1

Diets: calorie deficit 500 kcal 551, ‘ ; 201, , g 164, ) ,
Standardised diet; Low fat 0 3 6 0 3 6 0 3 6
Personalised diet: meals were Month Month Month
scored based on model features
Intensive counselling —e— Personalized —e— Standardized

Kharmats et al., Am J Clin Nutr 2023
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Digestion of proteins N
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Proteins i

5s-2min Oral cavity

Pepsin

polyb(ptides

Trypsin, chymotrypsin, carboxypeptidases

“

15min-4h

stomach

Microbial fermentation
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Plant-based vs animal proteins
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Less optimal AA composition
Cereals: deficient in lysine
Legumes: deficient in S-AA

Lower digestibility
75-80% vs 90-95%

Essential AA




Fermentation to improve protein digestibility L ealtbFerm

% of protein digestibility
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unfermented
Corn |
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S4, et al. Crit Rev Food Sci Nutr 2020



Digestion of lipids

5s-2min

15min-4h

Lipids

lingual lipase

gastric lipase

N\

Lipase, co-lipase

Bile salts

Oral cavity

stomach

HealthFerm
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Undigested nutrients reach the colon N>
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1218 g
. 20 -
protein romano beans
(dietary + ¢ ¢ kidney beans
endogenous) ]

) 15

§ o chick peas

o

'E 10 - ¢ barey
5-50 g ° pumpemickel® & lentils ¢ oat bran

> £ x

carbohydrate £ ¢ long grain rice tgead o pumpernickel
! § 5 - * mﬁ%m o instant 80!&3 wholemeal bread  bread
* ) bulgur
'S parboiled rice ¢ white bread
spaghetti® ¢ rye bread
¢ ¢ comchex
0 rice chax
1 | 1 1 1 1 1
Max 7g fat 0 5 10 15 20 25 30 35
(assuming a daily Fiber per 80 g carbohydrate portion (g)

intake of 100g)

Chacko et al. Gut 1988; Jenkins, Am J Clin Nutr 1987
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s it microbiota or microbiome? e
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Microbiome

==

" Microbiota . + “Theatre of activity”

Microbial structural elements

| Bacteria Archaea i
: : : : Proteins/ - Poly-
| Fungi Protists : .
! & ! peptides s sacharides
i Algae |
' K Nucleic acids (Structural DNA/RNA)
Mobile genetic elements
Internal/external structural elements IncL. viruses/phages DNA
Microbial metabolites
Environmental - - -
conditions Signalling Toxins (an)organic

molecules molecules
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We need each other
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Regional differences in colonic fermentation e
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Carbohydrate fermentation @ Protein fermentation
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Diet and transit are the main modulators of the fermentation




Fermentation of undigested carbohydrates
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Hydrogenotrophic bacteria:
 Methanogens

* Reductive acetogens

e Sulfate reducing bacteria

Carbonero et al., Nat Rev Gastroenterol Hepatol 2012



SCFA are the main anions in the colon

Propionic acid

Butyric acid



SCFA have local effects in the gut

Oesophagus
pH ~7.0

Stomach

pH 2 pH 1-2.5 (up to 5 when fed)

Proximal small intestine

HS i
p Ascending colon pH 6.15-7.35

pH 5.26-6.72

pH7 Descending colon

pH 5.20-7.02

Distal small intenstine
pH 6.80-7.88

SCFA are responsible for the pH drop in
the proximal colon

()
5 3
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A lower pH results in
Lower activity of proteases
Inactivation of some pathogens e.g. salmonella
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SCFA are the main energy source for the colonocytes
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CcoO

Incorporation in
glucose, cholesterol
and fatty acids

Porta
blood

T

Passive

diffusion
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SCFA ) & \

scra) ATP

Unmetabolised

SCFA
SCFA~

2Na¢ SCFA in

systemic
circulation

A
e
=

o, o Faecal excretion Apical Basolateral
°o,°* 5% of total SCFA membrane membrane

Dalile, ef al Nat Rev Gastroenterol Hepatol 2019
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Because SCFA reach the circulation, they can affect other organs .y
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Liver Pancreas Brain Adipocytes



Protein fermentation results in a wide variety of metabolites

bsorbed
ry protei

microbiota

proteolysis

fermentation

=

disposal
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Metabolites of aromatic amino acids
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Uremic toxins originate from protein fermentation in the gut

Tyrosine
Tryptophan

N

Gut Microbiote

p-cresyl sulfate
Indoxyl sulfate

p-cresolJ
Indol
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Circulation

Uremic
Toxins

.............................

p-Cresyl Indoxyl
Sulfate
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Tryptophan metabolites strenghten intestinal barrier and immune functioneqiprerm

IAA, 1Ald, 1A, ILA
Indole, IPA, |A Indole Tryptamine, Skatole  Tryptamine
O o O O
®e ®e O O Gut lumen
/ Gut epithelium
Tight junctions
PXR
\ ' o N
Mucosal homeostasis k‘ ° - \.. Gi:jt'romtestlnal motility
O 5-HT
° Gut immune cells
IPA, IA, |E /GLP'1 t IL-22 production
¢ Suppress appetite Mucosal reactivity

\ Insulin secretion

Q E Slowing gastric empthying

Anti-oxidative
Anti-inflammatory

Roager, et al. Nat Commun 2018



Browning
Fat storage

Bacteria produce a wide

variety of metabolites that
can affect the host

Anti-inflammatory |

Gluconeogenesis
Insulin Lipogenesis
resistance

Fatty liver

TMAO

o M

IECs L cell

Herrema et al, Diabetologia, 2020
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What we find in stools does not reflect what happens in the intestine N>
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Stomach

Pyloric sphincter

Small intestine Spatial differences in microbial communities

Ascending colon

. ' Human protein abundance differs between stool and
Retrieval in stool intestinal Samples

Different bile acid profiles along the intestinal tract
compared with stool

Shalon et al., Nature 2023
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Take home messages N
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* In healthy conditions, our gastrointestinal tract works as a well-oiled machine

* Overall, digestion of macronutrients is very efficient

* Fermentation of undigested nutrients yields a wide variety of metabolites that can affect
the host

* New emerging technologies to sample different locations within the gastrointestinal
tract may further increase our knowledge



