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Kvalitet och trovärdighet
Göteborgs universitets logotyp står för kvalitet och trovärdighet. All kommunikation ska
förmedla dessa värden.

Logotypen är baserad på en modernisering av sigillet som ursprungligen utformades 1954,
då Göteborgs högskola blev universitet. Designer är Eva Engstrand, grafisk formgivare och
högskolerektor vid Högskolan för design och konsthantverk, i samarbete med rådet för
identitet och image vid Göteborgs universitet.

Logotypen består av sigillet plus namnet ”Göteborgs universitet”. Sigill och namn får inte
säras på och sigillet får inte användas ensamt. Logotypen finns i en engelsk version, med
identiskt sigill och namnet “University of Gothenburg".

Logotypens grundform
Logotypen har en grundform. Det är den centrerade formen med en rad under och den ska i
princip alltid användas.

Varianter av logotypen
Logotypen har två alternativa utformningar. Dessa används i tillämpningar där utrymmet är
direkt olämpligt för grundformen, till exempel på universitetets webbplats och i PowerPoint-
presentationer.
Logotypen har aldrig fler än två textrader.

Logotypen i negativform – vit
 

 

I de fall logotypen läggs på en svart, universitetsblå eller mörk bakgrund, ska
negativformen användas. Denna är särskilt konstruerad så att den ska se normal ut i tryckt
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 In 2050 15-20% adults worldwide will develop DM2 during their life 

Es#mated	Diabetes	prevalence	in	2025	



What	drives	obesity	to	metabolic	syndrome?	
		

Hyperglycemia: the tip of the metabolic syndrome/ type 
2 diabetes iceberg 

Abdominal	obesity	

Atherogenic	
dyslipidemia	

Sa2ety	

Insulin	resistance	
----------------------	

Hyperinsulinemia	

High	fat/sugar	
						diet	

Gutmicrobiota	

Hyperglycemia	



Unanswered questions and unsolved problems 
intestinal microbiota and human glucose 

metabolism 
•  1. what is driving increased glucose levels and diabetes in 

humans? 
 
•  2. are (small) intestinal microbiota involved in insulin 

resistance and metabolism; causal factor or disease 
modifier (confounders)?  

 
•  3. Gutmicrobiota and metabolic syndrome;  from group to 

individual (responders-non responders)?  

•  4. Bacteria vs other components in feces driving   
metabolic disease 



Development of insulin resistance and 
type 2 diabetes in obese subjects 

LeRoith et al 2002 



Holmes E, Cell Metabolism 2012 16, 559-564  

Levels	of	gutmicrobiota	–host	interplay		Figure 1  

Cell Metabolism 2012 16, 559-564DOI: (10.1016/j.cmet.2012.10.007)  
Copyright © 2012 Elsevier Inc. Terms and Conditions 



Short	chain	faAy	acids	(ScFA)	are	best	studied	
microbial	metabolites	in	rela#on	to	metabolism	

SCFA-acetate (50%)  2 
  -butyrate (30%)  1 
  -propionate (20%):  1 

Backhed,	Nature	2012,Vrieze	2014		
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	Autoimmune	diseases	(DM1/	coeliakie)	

IBD	and	IBS	

C	difficile	

Relation microbiota and disease 
most likely not always causal 

ESBL/VRE/post	AB	
dysbiosis	

Insulin	resistance/DM2	

Gut-brain	axis	diseases	(au2sm)	

Level of complexity 
Course of disease 
Responders-non responders 
Influence of genetics and diet 
Multiple FMT or real failures 
Concomitant medication 

             Causal 
 
 
microbiota 
 
 
Disease modifier 

Scheihauer/Nieuwdorp,  Mol Metabolism 2016 



Gutmicrobiota	composi#on	and	plasma	markers	of					
										chronic	inflamma#on	in	Caucasian	obese	

Low	 High	

Gene Count	

Le Chatelier, Nature. 2013 Aug 29;500(7464):541-6 

•  Less diversity in fecal 
microbiota: 

-  Insulin Resistance é,   
-  NAFLD/NASH é 
-  Low Grade      
-  Inflammation(CRP)  é 
 

 
 

Gutmicrobiota composition can discriminate  
Insulin resistant from healthy  obese in  
277 Caucasian subjects 



High gut microbiota diversity: 
no clinical improvement  

     Low gut microbiota diversity:  
  clinical improvement   

Reversibility	of	diversity	aKer	introduc#on	of	a	
healthy	diet	in	49	obese	Caucasian	subjects	

Co2llard,	Nature	2013	



Acknowledge	the	pink	elephant	in	the	
room		of	current	microbiota	research		
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Caveats	
•  1. Gutmicrobiota and ethnicity;  does 

gene-environment interaction drive 
differential gutmicrobiota dietary 
processing?  

•  2. Large Sample size (~1700 subjects) 
is probably needed to adequately asses 
the relationship between obesity and 
microbiota composition in a cohort study 
when one corrects for age, gender and 
other variables  eg. (medication and diet) 

•  3. Are (small) intestinal  microbiota and 
their derived metabolites causally 
involved in human obesity and its 
sequelae? 

•  4. If so, can we restore this intestinal 
microbial balance? 

Falony/Raes,	Science	2016	



Fecal	gutmicrobiome:	more	than	just	
bacterial	strains	

•  16S	sequencing	

Bojanova,	Plos	Biology	2016	
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Move	towards:	
Interven2onstudies	and	large	cohort	studies		
Be^er	phenotyping	of	subjects	
Causality	vs	associa2on	
Study	interac2on	bacteria-phages-fungi-host	
	



Holmes E, Cell Metabolism 2012 16, 559-564  

1.	How	about	gutmicrobiota	in	other	ethnici#es	
besides	Caucasians	in	rela#on	to	diet	and	obesity?	

Figure 1  

Cell Metabolism 2012 16, 559-564DOI: (10.1016/j.cmet.2012.10.007)  
Copyright © 2012 Elsevier Inc. Terms and Conditions 



Age-adjusted	means	of	BMI	during	20	years	of	
follow-up	among	78,419	US	women	by	ethnic	

group.	

Iris Shai et al. Dia Care 2006;29:1585-1590 



•  Data collected: 
ü  Questionnaire: sociodemographics, ethnicity, lifestyle, dietary habits, health, physical activity 
ü  Physical examination: anthropometric measurements, clinical measurements, blood draw, medications, 

DNA, urine samples, vaginal and oral swabs for microbiome analyses 
ü  Morning feces samples > 6000 subjects 
ü  Detailed Food Frequency Questionnaires   

Mul#ethnic	HELIUS	cohort	(Healthy	Life	in	an	Urban	
Se\ng)	in	Amsterdam,	the	Netherlands	

(Dekker, BMC Public Health 2011; Stronks, BMC Public Health. 2013) 

•  22,165 participants (18-70 years) 
included between 2011 and 2016 
ü  6 ethnic groups in similar 

proportions: Dutch, Surinamese 
(African and South-Asian descent), 
Turkish, Moroccan and Ghanaian 

ü  Preferably 3 generations from one 
family (grandparents-children-
grantchildren) included 

ü  Otherwise healthy (at baseline visit 
30-50% obese with signs of 
metabolic syndrome) 

01-06-17 22:27NL_SCH_WK_1267_6000pix.jpg 1.500×1.003 pixels
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Holmes E, Cell Metabolism 2012 16, 559-564  

2.	Causality	of	intes#nal	microbiota	composi#on	in	
human	(glucose)	metabolism	and	obesity?	

Figure 1  

Cell Metabolism 2012 16, 559-564DOI: (10.1016/j.cmet.2012.10.007)  
Copyright © 2012 Elsevier Inc. Terms and Conditions 



Hartstra/Backhed/Neuwdorp, Diabetes Care 2015.  
pH dictates bacterial survival and gutmicrobiota composition 

Role of the (small) intestine in metabolism? 



Koch’s postulates 
for causality of bacteria in human 

metabolic disease 

•  The microorganism must be identified/isolated 
from a diseased organ(ism).✔ 

  
•  The microorganism should be associated with 

disease (association/intervention) in people. ✔ 
 
•  The introduced microorganism should reproduce 

fenotype (inoculation). X  
  



De groot/Nieuwdorp, Gut Microbes 2017 

4th Century BC: FMT in Chinese medicine for 
 food poisoning and diarrhea 

	

1958: Eiseman, antibiotics-induced chronic diarrhea 
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Initial Consultation
Price subject to UK VAT at 20%

120+VAT

This can be by Skype or Telephone

consultation and A formal consultation must be

carried out to establish suitability and to discern

which program is more likely to be the most

beneficial, before an FMT program can be

booked.

Please note: Consultation Fee is deductible

against the cost of treatment if you decide to

make a booking

FMT Fees for 10+2 Programme
£4500

10 implant treatments over 2 weeks and 2

additional implants to take away with you

and use at home.

Included in the price of the program above is a pre-

treatment QOL questionnaire call and follow-up

call(s) 3 months after FMT program is completed.

Dependent upon the presenting condition (as

directed by our CMO), you may be asked to take

a stool test and full details of this will be given if

applicable.

FMT Fees and Treatment Costs

Our Recommended Treatment Plan
Initial consultations must be completed before treatment programs can be arranged.

We recommend patients take up our 10 day, in-clinic treatment plan to achieve the best outcome but we

also recognise that there are advantages to home treatment (being in your own environment, eating your

own food etc) and that some patients are better equipped to use the implants at home than others. We

also understand that cost can be an issue for some patients and that some countries will not allow

implants to be taken across their borders. All of these factors will be considered when preparing a

treatment plan.

During the consultation we will discuss your suitability for FMT and if you and your consultant agree that

FMT is a good option for you, they will recommend a treatment plan for you based on a combination of

treatments in clinic and implants to take away with you and use at home once our fully trained nursing staff

have shown you how and you feel ready to continue treatment at home. Permutations on the 10+2

program can include 5+5 or 5+15 etc. We recommend a minimum of 5 days in clinic so that we can monitor

Download our
Brochure

Click the button below to download

our Faecal Microbiota Transplant

brochure and find information and

answers to many common

questions.

Schedule Your
Consultation

Use the online booking facility below

to schedule your initial consultation.

How To Contact Us

The Taymount Clinic

Croft Chambers, 11 Bancroft

Hitchin, Hertfordshire

SG5 1JQ, United Kingdom

Tel: +44 (0)1462 712 500

Email: admin@taymount.com

Clinic Hours

Monday to Friday

9.00 am to 5.30 pm (UK Time)

Gut Health Pioneers

"We are proud to say that we have

developed a processing and

administering protocol which is

highly effective without being

excessively invasive or

uncomfortable and which is the

result of many hours’ research,

study and trials."

Our Elegant FMT
Solution

"A simple elegant solution with no

£

Book Now

Download

Book now

         Home About Us > What is FMT? > News Press > Conditions > Consultations > Fees FAQ Contact
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Urge	to	educate	(with	proper	studies)	public	about	therapeu2c	or	non	therapeu2c	effects	of	FMT	

INSIGHTS   |   POLICY FORUM
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By Diane Hoffmann,1 Francis Palumbo,1 

Jacques Ravel,1 Mary-Claire Roghmann,1,2 

Virginia Rowthorn,1 Erik von Rosenvinge1,2

T
he Human Microbiome Project and 

similar research has generated great 

interest in potential health benefits 

of microbiota transplantations (MTs). 

The use of fecal microbiota transplan-

tation (FMT), the transfer of stool 

from a human donor to a human recipient, 

for recurrent Clostridium difficile infection 

(CDI) is considered by many to be standard-

of-care therapy, and data on its safety and 

effectiveness are accumulating (1–3). Yet, 

although some physicians are practicing 

FMT using stool from donors known to the 

physician or patient, stool is inconsistently 

screened for infectious pathogens. 

The use of prescreened stool obtained 

from a stool bank and shipped to the 

physician is increasing, but the stool 

banks are not regulated. Patients who 

self-administer FMT using unscreened 

stool sourced from family or friends is 

also widely described. In consideration 

of these and other particular charac-

teristics and challenges of MT, and the 

nascent regulatory landscape, we con-

vened human microbiome researchers, 

legal experts, and others to explore 

regulatory pathways for MT (4). We be-

lieve our proposed approach is an im-

provement on the U.S. Food and Drug 

Administration’s (FDA) current and 

proposed scheme and could provide a model 

for other countries that are contemplating 

regulatory frameworks for FMT. 

With an estimated 625,000 cases per year 

in the United States and European Union 

(5, 6), CDI is an infection of the large intes-

tine that causes inflammation, diarrhea, and 

sometimes death. Traditional therapy is an-

tibiotics, but recurrence is common. Lack 

of bacterial diversity in the gut, often as a 

result of antibiotic use, promotes CDI but 

is restored through FMT, breaking the CDI 

recurrence cycle (7). Although FMT is receiv-

ing the most attention, other types of MT 

are emerging. “Vaginal seeding,” in which a 

newborn delivered by caesarean section (C-

section) is swabbed over the skin, eyes, nose, 

and mouth by gauze that had been placed in 

the mother’s vagina, is being studied as a way 

to prevent allergies, asthma, obesity, and im-

mune deficiencies more common in children 

delivered by C-section (8). MT involving the 

mouth, nares, and skin may not be far off. 

The advent of these applications for MTs 

poses challenges for regulatory bodies. The 

transplanted material is not a “typical” drug, 

and thus may not be appropriate for the drug 

regulatory pathway. The material consists of 

a community of highly dynamic, metaboli-

cally active organisms (9). Many of the trans-

ferred organisms are challenging to culture 

in vitro, and it is difficult to test their effec-

tiveness in animals (9). Each batch of “prod-

uct” is different, making characterization of 

the transplanted material problematic. 

Over the past 4 years, the FDA has strug-

gled to regulate FMT, shifting its position sev-

eral times. In May 2013, the FDA announced 

that it intended to regulate fecal material as 

a “biological product,” requiring an investi-

gational new drug application (IND) and its 

 attendant protocols for extensive clinical tri-

als. In response to dissatisfaction among pro-

viders and patients, in July 2013, FDA stated 

that it would not enforce IND requirements 

for FMT used to treat CDI unresponsive to 

therapy, allowing physicians and stool banks 

to operate without an IND. 

Most recently, in March 2016, the FDA 

published draft guidance (10) stating that it 

would require stool banks to submit an IND 

to obtain and distribute stool to physicians. 

The IND would not be enforced for physi-

cians collecting and screening donor stool 

and performing the procedure, or for entities 

such as hospital laboratories that collect and 

prepare FMT products “solely under the di-

rection of licensed health care providers” (10) 

for use by the provider’s patients. This would 

allow for a continuing supply of stool for 

patient treatment outside of obtaining stool 

from a known donor or stool bank. 

By requiring stool banks to obtain an 

IND, the guidance appears to call for more 

research in the form of blinded, randomized 

clinical trials, moving away from the current 

FDA position that allows more widespread 

access to patients with CDI. The FDA may 

have also been responding to industry pres-

sure from sponsors of competitor products 

that have obtained INDs and are engaged in 

costly clinical trials (11). Many potential con-

sumers of FMT criticize the FDA guidance 

for creating barriers to access, and urged the 

FDA to continue to allow stool banks to 

provide FMT for treatment of CDI not 

responsive to standard therapies (12).

Many health care providers critical 

of the FDA draft guidance argue that 

stool banks provide a safe, rigorously 

tested product in a timely manner (12). 

They believe that many hospital and 

local laboratories, especially in rural 

areas, do not have facilities or training 

to conduct the same type of screening 

as stool banks, and are often unable to 

screen donors quickly. They point out 

that screening is expensive, not reim-

bursed by all payers, and hardest on 

poor patients (12). Several providers 

assert that fecal microbiota should be 

regulated as a tissue, not as a drug, critiquing 

an FDA decision that fecal matter is not hu-

man tissue (13, 14). 

Our group evaluated alternatives to the 

drug regulatory paradigm, and elements 

of other regulatory frameworks including 

those for blood, human cells and tissues (15, 

16), solid organs, and the “practice of medi-

cine.” In evaluating alternatives, we consid-

ered whether a framework would ensure the 

safety and effectiveness of the transferred 

material, but also whether it would provide 

adequate information to patients about ben-

efits and risks, ensure access for patients who 

need the procedure, encourage research and 

development of microbiota-based therapies, 

and support public health objectives to re-

duce the burden of antibiotic resistance. The 

group also reviewed FMT regulatory frame-

works from other countries, ranging from un-

regulated at the national level (e.g., Ireland, 

BIOMEDICAL REGULATION

Improving regulation of microbiota transplants

1University of Maryland, Baltimore, MD 21201, USA. 2Veterans 
Affairs Maryland Health Care System, Baltimore, MD 21201, 
USA. Email: dhoffmann@law.umaryland.edu 

Policy should balance safety, efficacy, access, and research

Scanning electron micrograph of human feces shows that a large 

proportion of feces is bacteria.
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The use of fecal microbiota transplan-

tation (FMT), the transfer of stool 

from a human donor to a human recipient, 

for recurrent Clostridium difficile infection 

(CDI) is considered by many to be standard-

of-care therapy, and data on its safety and 

effectiveness are accumulating (1–3). Yet, 

although some physicians are practicing 

FMT using stool from donors known to the 

physician or patient, stool is inconsistently 

screened for infectious pathogens. 
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regulatory pathways for MT (4). We be-
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regulated at the national level (e.g., Ireland, 

BIOMEDICAL REGULATION

Improving regulation of microbiota transplants

1University of Maryland, Baltimore, MD 21201, USA. 2Veterans 
Affairs Maryland Health Care System, Baltimore, MD 21201, 
USA. Email: dhoffmann@law.umaryland.edu 

Policy should balance safety, efficacy, access, and research

Scanning electron micrograph of human feces shows that a large 

proportion of feces is bacteria.

1390    15 DECEMBER 2017 • VOL 358 ISSUE 6369

DA_1215PolicyForum.indd   1390 12/13/17   11:04 AM

Published by AAAS

on January 16, 2018
 

http://science.sciencem
ag.org/

Downloaded from
 

INSIGHTS   |   POLICY FORUM

sciencemag.org  SCIENCE

P
H

O
T

O
: 

S
C

IM
A

T
/

S
C

IE
N

C
E

 S
O

U
R

C
E

By Diane Hoffmann,1 Francis Palumbo,1 

Jacques Ravel,1 Mary-Claire Roghmann,1,2 

Virginia Rowthorn,1 Erik von Rosenvinge1,2

T
he Human Microbiome Project and 

similar research has generated great 

interest in potential health benefits 

of microbiota transplantations (MTs). 

The use of fecal microbiota transplan-

tation (FMT), the transfer of stool 

from a human donor to a human recipient, 

for recurrent Clostridium difficile infection 

(CDI) is considered by many to be standard-

of-care therapy, and data on its safety and 

effectiveness are accumulating (1–3). Yet, 

although some physicians are practicing 

FMT using stool from donors known to the 

physician or patient, stool is inconsistently 

screened for infectious pathogens. 

The use of prescreened stool obtained 

from a stool bank and shipped to the 

physician is increasing, but the stool 

banks are not regulated. Patients who 

self-administer FMT using unscreened 

stool sourced from family or friends is 

also widely described. In consideration 

of these and other particular charac-

teristics and challenges of MT, and the 

nascent regulatory landscape, we con-

vened human microbiome researchers, 

legal experts, and others to explore 

regulatory pathways for MT (4). We be-

lieve our proposed approach is an im-

provement on the U.S. Food and Drug 

Administration’s (FDA) current and 

proposed scheme and could provide a model 

for other countries that are contemplating 

regulatory frameworks for FMT. 

With an estimated 625,000 cases per year 

in the United States and European Union 

(5, 6), CDI is an infection of the large intes-

tine that causes inflammation, diarrhea, and 

sometimes death. Traditional therapy is an-

tibiotics, but recurrence is common. Lack 

of bacterial diversity in the gut, often as a 

result of antibiotic use, promotes CDI but 

is restored through FMT, breaking the CDI 

recurrence cycle (7). Although FMT is receiv-

ing the most attention, other types of MT 

are emerging. “Vaginal seeding,” in which a 

newborn delivered by caesarean section (C-

section) is swabbed over the skin, eyes, nose, 

and mouth by gauze that had been placed in 

the mother’s vagina, is being studied as a way 

to prevent allergies, asthma, obesity, and im-

mune deficiencies more common in children 

delivered by C-section (8). MT involving the 

mouth, nares, and skin may not be far off. 

The advent of these applications for MTs 

poses challenges for regulatory bodies. The 

transplanted material is not a “typical” drug, 

and thus may not be appropriate for the drug 

regulatory pathway. The material consists of 

a community of highly dynamic, metaboli-

cally active organisms (9). Many of the trans-

ferred organisms are challenging to culture 

in vitro, and it is difficult to test their effec-

tiveness in animals (9). Each batch of “prod-

uct” is different, making characterization of 

the transplanted material problematic. 

Over the past 4 years, the FDA has strug-

gled to regulate FMT, shifting its position sev-

eral times. In May 2013, the FDA announced 

that it intended to regulate fecal material as 

a “biological product,” requiring an investi-

gational new drug application (IND) and its 

 attendant protocols for extensive clinical tri-

als. In response to dissatisfaction among pro-

viders and patients, in July 2013, FDA stated 

that it would not enforce IND requirements 

for FMT used to treat CDI unresponsive to 

therapy, allowing physicians and stool banks 

to operate without an IND. 

Most recently, in March 2016, the FDA 

published draft guidance (10) stating that it 

would require stool banks to submit an IND 

to obtain and distribute stool to physicians. 

The IND would not be enforced for physi-

cians collecting and screening donor stool 

and performing the procedure, or for entities 

such as hospital laboratories that collect and 

prepare FMT products “solely under the di-

rection of licensed health care providers” (10) 

for use by the provider’s patients. This would 

allow for a continuing supply of stool for 

patient treatment outside of obtaining stool 

from a known donor or stool bank. 

By requiring stool banks to obtain an 

IND, the guidance appears to call for more 

research in the form of blinded, randomized 

clinical trials, moving away from the current 

FDA position that allows more widespread 

access to patients with CDI. The FDA may 

have also been responding to industry pres-

sure from sponsors of competitor products 

that have obtained INDs and are engaged in 

costly clinical trials (11). Many potential con-

sumers of FMT criticize the FDA guidance 

for creating barriers to access, and urged the 

FDA to continue to allow stool banks to 

provide FMT for treatment of CDI not 

responsive to standard therapies (12).

Many health care providers critical 

of the FDA draft guidance argue that 

stool banks provide a safe, rigorously 

tested product in a timely manner (12). 

They believe that many hospital and 

local laboratories, especially in rural 

areas, do not have facilities or training 

to conduct the same type of screening 

as stool banks, and are often unable to 

screen donors quickly. They point out 

that screening is expensive, not reim-

bursed by all payers, and hardest on 

poor patients (12). Several providers 

assert that fecal microbiota should be 

regulated as a tissue, not as a drug, critiquing 

an FDA decision that fecal matter is not hu-

man tissue (13, 14). 

Our group evaluated alternatives to the 

drug regulatory paradigm, and elements 

of other regulatory frameworks including 

those for blood, human cells and tissues (15, 

16), solid organs, and the “practice of medi-

cine.” In evaluating alternatives, we consid-

ered whether a framework would ensure the 

safety and effectiveness of the transferred 

material, but also whether it would provide 

adequate information to patients about ben-

efits and risks, ensure access for patients who 

need the procedure, encourage research and 

development of microbiota-based therapies, 

and support public health objectives to re-

duce the burden of antibiotic resistance. The 

group also reviewed FMT regulatory frame-

works from other countries, ranging from un-

regulated at the national level (e.g., Ireland, 
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proposed scheme and could provide a model 

for other countries that are contemplating 

regulatory frameworks for FMT. 
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sometimes death. Traditional therapy is an-
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result of antibiotic use, promotes CDI but 
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mune deficiencies more common in children 

delivered by C-section (8). MT involving the 
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The advent of these applications for MTs 
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transplanted material is not a “typical” drug, 

and thus may not be appropriate for the drug 

regulatory pathway. The material consists of 

a community of highly dynamic, metaboli-

cally active organisms (9). Many of the trans-

ferred organisms are challenging to culture 

in vitro, and it is difficult to test their effec-

tiveness in animals (9). Each batch of “prod-

uct” is different, making characterization of 

the transplanted material problematic. 

Over the past 4 years, the FDA has strug-

gled to regulate FMT, shifting its position sev-

eral times. In May 2013, the FDA announced 

that it intended to regulate fecal material as 

a “biological product,” requiring an investi-
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that it would not enforce IND requirements 

for FMT used to treat CDI unresponsive to 

therapy, allowing physicians and stool banks 

to operate without an IND. 
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published draft guidance (10) stating that it 

would require stool banks to submit an IND 

to obtain and distribute stool to physicians. 

The IND would not be enforced for physi-
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such as hospital laboratories that collect and 
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for use by the provider’s patients. This would 

allow for a continuing supply of stool for 
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that have obtained INDs and are engaged in 

costly clinical trials (11). Many potential con-

sumers of FMT criticize the FDA guidance 

for creating barriers to access, and urged the 

FDA to continue to allow stool banks to 

provide FMT for treatment of CDI not 

responsive to standard therapies (12).

Many health care providers critical 

of the FDA draft guidance argue that 

stool banks provide a safe, rigorously 

tested product in a timely manner (12). 

They believe that many hospital and 

local laboratories, especially in rural 

areas, do not have facilities or training 

to conduct the same type of screening 

as stool banks, and are often unable to 

screen donors quickly. They point out 

that screening is expensive, not reim-

bursed by all payers, and hardest on 

poor patients (12). Several providers 

assert that fecal microbiota should be 

regulated as a tissue, not as a drug, critiquing 

an FDA decision that fecal matter is not hu-

man tissue (13, 14). 

Our group evaluated alternatives to the 

drug regulatory paradigm, and elements 

of other regulatory frameworks including 

those for blood, human cells and tissues (15, 

16), solid organs, and the “practice of medi-

cine.” In evaluating alternatives, we consid-

ered whether a framework would ensure the 

safety and effectiveness of the transferred 

material, but also whether it would provide 

adequate information to patients about ben-

efits and risks, ensure access for patients who 

need the procedure, encourage research and 
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and support public health objectives to re-

duce the burden of antibiotic resistance. The 

group also reviewed FMT regulatory frame-
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Altering cardiometabolic phenotype in humans 
using fecal microbial transplant (FMT) 

•  at AMC >500 FMT’s since 2006, predominantly 
in RCT due to large placebo effect  

•  Long term side effects  not observed 
•  Large placebo effect 
•  At AMC ongoing/finished RCT’s with single/ 

multiple FMT using hard clinical endpoints  for: 
  

   - C difficile diarrhoea 
 - ESBL (multiresistant bacteria) 

       - atherosclerosis (TMAO and PETCT)  
 - metsyn (stable isotope clamp) 
 - NAFLD/NASH  (liverbiopsy) 

       - type 1 diabetes (T cel autoimmunity) 
 

 - anorexia (fMRI) 
 - cancer cachexia  

       
  

Smits/Nieuwdorp, Gastroenterology 2013 [; van Nood/Nieuwdorp, NEJM 2013 Rossen, Gastro 2015;Singh/Nieuwdorp,  Clin Microbiol Infect. 2014 ; Rossen, Gastro 2015 
Kootte Cell Metabolism 2017 



Intes2nal	microbiota	are	casually	involved	in	
TMAO	driven	cardiometabolic	disease	

Koeth	et	al;	Nature	Med	2013:Gregory	JBC	2015	



Overnight  
fast 

Insulin prime 
0 min Steady state the last 20 min 

[6,6-2H2]glucose bolus   
 

Basal	 Step	1				Clamp							Step	2	

Constant	[6,6-2H2]glucose	infusion	(0.11	µmol	·	kg–1	·	min–1	)	
	 2h	Constant	insulin	

infusion	(20	mU	·	m–2	
·	min–1)		

Variable	10%	glucose	infusion	for	plasma	glucose	
5	mmol/l	
	

Hyperinsulinemic	euglycemic	clamp	needed	to	pick	up	a	difference	
Endogenous (hepatic) glucose production and (peripheral) glucose utilization 
  

12h fast 

2h	Constant	insulin	
infusion	(60	mU	·	m–2	
·	min–1)	

2h  2h  2h  



Effect	lean	microbiota	(FMT)	on	insulin	
sensi#vity	(23%)	in	metsyn	subjects	

Vrieze,	Gastroenterology	2012	

Lean	donor	FMT	increased	SCFA	butyrate	producers	

Anne	Vrieze	



Reproduced that lean donor feces improves insulin sensitivity 
(Rd) by 15% but only at 6 weeks (NOT 18 weeks) in Metsyn 

•  Transient effect (NO 
LONG TERM EFFECT) at 
18 weeks of single or 
multiple lean donor FMT 
on fecal microbiota 
composition and 
(peripheral) insulin 
sensitivity   

 
•  However, significant 

changes in fecal 
microbiota and 
Iimprovement of insulin 
sensitivity at 6 weeks 
upon lean donor FMT 
(n=26) vs own (n=12) 
feces   
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Koo^e/Nieuwdorp,	Cell	Metabolism	2017	

Duodenal																											fecal	

Ruud	Koo^e	



Lean donor FMT variable with studies, but 
similar effect of oral diabetes medication 

on peripheral insulin sensitivity  (Rd) 

Merovci	A,	J	Clin	Invest.	2014;124(2):509-14	

SGLT2 inhibition:  
insulin sensitivity (Rd) 
 increase 22% 

Karlsson,	Diabetes.	2005;54(5):1459-67.	

PPARgamma agonist: 
 insulin sensitivity (Rd) 
 increase 18% 

Lean donor FMT: 
 insulin sensitivity (Rd) 
 increase 23% (FATLOSE1) 

Effect donor faeces on 
periferal  insulin sensitivity 

A.Vrieze, Gastroenterology 2012 

Muscle (periferal) insulin resistance ê 

Vrieze,	Gastroenterology	2012.	Koo^e,	Cell	Metabolism	2017	
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Responders	and	non	responders	

Koo^e/Nieuwdorp,	Cell	Metabolism	2017		



Machine	learning	model	can	predict	
responders	using	baseline	fecal	sample	
characteris#cs	(lower	bacterial	diversity)		

Bacterial diversity
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Biomarker profiles per group
Bifidobacterium thermophilum
butyrate-producing bacterium L2-10
Clostridium hiranonis
butyrate-producing bacterium T2-132
Clostridium bartlettii
Collinsella aerofaciens
human intestinal firmicute CJ7
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AUC = 0.88 (p < 0.05)

Koo^e/Nieuwdorp,	Cell	Metabolism	2017			



Engraftment of donor strains after FMT can be studied 
By studying bacterial SNPs 

Engraftment 

  Intermediate 

No engraftment 

Li/Nieuwdorp/deVos/Bork, Science 2016 



Li/Nieuwdorp/de Vos/Bork, Science 2016 

Donor	FMT	EngraKment	of	new	microbiota	
varies	greatly	between	metsyn	subjects	

Same	lean	donor	



Lean	donor	FMT	affects	fas#ng	
plasma	metabolites	profile	

Cystathione

PGA2
LPA C16:0
Homocitrulline
8,12-iPF2alpha VI
LPA C20:1
LPA 483
Sphingosine-1-phosphate C18:1

Homocysteine
Putrescine
L-Arginine
L-Threonine

Sphingosine C18:1 Low Trans

8-iso-PGF2alpha

L-4-hydroxyproline

L-Phenylalanine
L-Kynurenine
Gamma-L-glutamyl-L-alanine
Platelet-activating factor C16:0

Serotonine

L-alpha-aminobutyric acid

L-Homoserine
3-Methylhistidine
LPA C22:5
cLPA C16:0
O-Acetyl-L-serine
LPA C20:3
L-Tryptophan

LPA C18:1
Gamma-aminobutyric acid

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Metabolite Biomarkers

Model weights/importances

autologous	FMT																																					allogenic	FMT	

LEAN	FMT	increases	plasma	metabolites	involved	in	serotonin/dopamine	
OWN	FMT	increases	oxida2ve	stress	related	metabolites	

to 5 to 10% of total Trp (29). The mode of Trp
degradation and concentration of its end products
is a function of free Trp concentration, which is in
turn readily influenced by nutritional, hormonal,
and pharmacological cues. For example, nones-
terified fatty acids (NEFA) directly affect Trp avail-
ability by displacing it from albumin (30). As a
consequence, increasing NEFA levels by, for ex-
ample, adrenaline or phosphodiesterase inhib-
itors, increases free Trp. Conversely, antilipolytic
agents such as insulin are able to decrease Trp
concentration by the same mechanism (25).
The gut microbiota numbers are estimated to

outnumber cells in our body by a factor of 10 and
tend to increase distally along the intestine (31).
Due to their sheernumber, theyhavenonnegligible
effects on Trp metabolism. Gut microbiota can
directly absorb Trp and thus limit its availability
to the host organism. This can be seen in germ-
free (GF) mice, which have high circulating Trp
levels that normalize postcolonization. Bacterially
produced indoles interactwith pregnaneX recep-
tors (PXRs) and mediate a range of effects, in-
cluding improvedmucosal homeostasis and barrier
function, and as such represent a fascinating ex-
ampleof interkingdomcommunication (32).More-
over, indoles act as hydroxyl radical scavengers,
neuroprotectants, and human AhR selective ago-
nists attenuating inflammation (33). Conversely,
some bacteria are susceptible to selective sero-
tonin reuptake inhibitors (SSRIs) such as sertra-
line, fluoxetine, and paroxetine. Initially, serotonin
was identified as a player in the peristaltic reflex of
the gut and has since been shown to influence co-
lonicmorphology,maintenance of entericmucosa,
pellet formation, and propulsive motility. Cur-
rently, the role of serotonin in the brain-gut axis
through the activity of the microbiota is being
avidly explored (21). Thus, the extent of Trp use by
bacteria, its dietary supply, and local turnover by
the GIT can have far-reaching implications in the
development and proper functioning of both the
enteric nervous system (ENS) and CNS.

The kynurenine pathway of tryptophan
degradation

Decarboxylation of Trp to tryptamine, transam-
ination to indol-3-yl pyruvic acid, and hydroxyl-
ation to serotonin are minor Trp degradation
pathways. Although serotonin is usually associ-
ated with the brain, the majority of its produc-
tion is localized in the gut. Asmuch as 90% of total
serotoninproduction (stored in secretory granules)
comes from enterochromaffin cells and, to a lesser
extent, from serotonergic neurons of the ENS (34).
More than 95%of Trp ismetabolized along the

KP to yield nicotinamide and NAD+ (24) (Fig. 1).
The rate-limiting step of the KP is the conversion
of Trp toN-formylkynurenine, which ismediated
by two spatially segregatedmembers of this path-
way. In the liver, the first step in Trp degradation
is mediated by TDO, which under normal condi-
tions is responsible for the majority of this con-
version (35). TDO is the main determinant of Trp
availability to extrahepatic tissues and is induc-
ible by Trp itself, glucocorticoids, and estrogens
(36, 37). The extrahepatic branch of the KP is

under the control of two IDO enzymes (IDO1 and
themore recently discovered IDO2), whose activity
is negligible under basal conditions but dramat-
ically inducible by several stimuli, such as inflam-
matory signals (e.g., interferon-g). IDOs aremostly
active in the immune system and mucosal tissues
such as gut (38, 39). Conversely, IDO can be inhi-
bited by elevated levels of Trp, which results in
channeling the flux of Trp degradation back to
TDO (40). Interestingly, the TDO and IDO genes
do not share a common ancestor but are an ex-
ample of functional convergence (41).
The KP can yield metabolites with neurotoxic

and neuroprotective properties, depending on
which enzyme tips the conversion scales (5).Under
normal conditions, the majority of Kyn is excreted
in the urine, so its bioavailability only increases
when the flux of Trp down the KP exceeds renal
clearance (42). Kyn is usually hydroxylated to 3-HK
and then further converted to 3-hydroxyanthranilic
acid (3-HAA). 3-HAA is rapidly converted to Quin
by the nonenzymatic reaction of an intermediary
product and proceeds with conversion to NAD+,
a preferred end product of the KP (43). Under
specific conditions, picolinic acid (PA) is formed
instead. The other branch of the pathway, leading
to the production of Kyna and xanthurenic acid
(XA) fromKyn isminor under normal conditions
but increases under Trp orKyn loading (Fig. 1) (44).

These ratios change dramatically under different
Trp loads and are also influenced by vitamin B6
availability (45). Our understanding of how the
proportions of different Kynmetabolites change
with environmental context is incomplete, and
many contradictory results have been reported.
Interestingly, this has prompted the development
of mathematical models to help us understand
metabolite flux through the KP (46).

Conservation of kynurenine metabolism
throughout evolution

In bacteria, fungi, and plants, the biosynthesis of
aromatic amino acids such as Trp is provided by
the shikimate pathway. Whereas bacteria spend
themajority of theirmetabolic energy on protein
synthesis, plants use this pathway to generate a
large variety of secondarymetabolites (47). Regard-
ing the conservation of the KP, the TDO enzyme
can be found in themajority of bacterial species and
in almost all metazoan species but has probably
been lost in fungi during the course of evolution
(Fig. 2) (48). IDO enzymes have been discovered
in vertebrates, and—even though its homologs have
been confirmed in other species, such asmolluscs,
yeasts, or deuterostomian invertebrates—they re-
main poorly characterized. On the other hand,
arthropods and nematodes generally lack IDO
enzymes. The analysis ofmore downstream com-
ponents of KP shows that vertebrates, yeasts, and
some invertebrates can generate NAD+ through
the KP, with TDO serving as a main supplier of
precursors and IDO having a different role. Insects
and invertebrates lack someof the downstreamKP
enzymes, suggesting that alternatemeans ofNAD+

generation have prevailed throughout evolution
(Fig. 2). TDO is regarded as a “high catalytic activity”
enzyme in contrast to IDO; however, this seems
to be different in fungi where IDO assumed the
lost TDO functionality. In vertebrates, IDO1 ac-
quired high affinity for Trp after IDO1/IDO2diver-
gence. The biological importance of “low-catalytic
activity” IDOs remains unclear and controversial,
although they have been well conserved through-
out evolution. KAT enzymes have also been some-
what conservedduring evolution and canbe found
inprokaryotes, insects, nematodes, andvertebrates.
However, some species contain multiple genes
(nematodes, 2; humans, 4),which couldhave arisen
during evolution by means of gene duplication.
Because the individual KAT enzymes display dif-
ferent tissue profiles, it might be that their func-
tions and localizations have become specialized
with time. Plants possess the enzyme tryptophan
aminotransferase–related (TAR1) that plays a role
in the synthesis of auxin but is also able to trans-
aminate Kyn to Kyna (49).

Kynurenic acid

Of all the different by-products of the KP, Kyna
has been studied most. It was originally discov-
ered in canine urine, but higher concentrations
have beenmeasured in the gut (increasing grad-
ually along its length), bile, pancreatic juice of rats
and pigs, and, to a lesser extent, in human saliva
and synovial and amniotic fluid (20). Its presence
inmany food products has also beendetermined.
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Fig. 1. Overview of the kynurenine pathway
of tryptophan degradation. 3HAO,
3-hydroxyanthranilic acid oxygenase; NAPRT1,
nicotinate phosphoribosyltransferase.

RESEARCH | REVIEW

on July 28, 2017
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Cervenka,	Science	2017	

Koo^e/Nieuwdorp,	Cell	Metabolism	2017	(in	press)	



Role	of	gutmicrobiota	on	host	
dopamine	and	serotonin	metabolism	

Article

Indigenous Bacteria from the Gut Microbiota
Regulate Host Serotonin Biosynthesis

Graphical Abstract

Highlights
d Gut microbes regulate levels of 5-HT in the colon and blood

d Spore-forming bacteria modulate metabolites that promote

colon 5-HT biosynthesis

d Microbiota-dependent changes in 5-HT impact GI motility

and hemostasis

d Altering the microbiota could improve 5-HT-related disease

symptoms

Authors
Jessica M. Yano, Kristie Yu, ...,

Sarkis K. Mazmanian, Elaine Y. Hsiao

Correspondence
ehsiao@caltech.edu

In Brief
Indigenous spore-forming microbes from

the gut microbiota produce metabolites

that promote host serotonin biosynthesis

in the gastrointestinal tract and impact

gastrointestinal motility and hemostasis.

Yano et al., 2015, Cell 161, 264–276
April 9, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2015.02.047

Cell Host & Microbe

Article

Discovery and Characterization of
Gut Microbiota Decarboxylases that Can
Produce the Neurotransmitter Tryptamine
Brianna B. Williams,1 Andrew H. Van Benschoten,1 Peter Cimermancic,1 Mohamed S. Donia,1 Michael Zimmermann,2

Mao Taketani,1 Atsushi Ishihara,3 Purna C. Kashyap,4 James S. Fraser,1 and Michael A. Fischbach1,*
1Department of Bioengineering and Therapeutic Sciences and the California Institute for Quantitative Biosciences, University of California,
San Francisco, San Francisco, CA 94158, USA
2ETH Zurich, Institute of Molecular Systems Biology, Zurich 8093, Switzerland
3Faculty of Agriculture, Tottori University, Koyama, Tottori 680-8550, Japan
4Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA
*Correspondence: fischbach@fischbachgroup.org
http://dx.doi.org/10.1016/j.chom.2014.09.001

SUMMARY

Several recent studies describe the influence of the
gut microbiota on host brain and behavior. However,
the mechanisms responsible for microbiota-nervous
system interactions are largely unknown. Using a
combination of genetics, biochemistry, and crystal-
lography, we identify and characterize two phyloge-
netically distinct enzymes found in the human micro-
biome that decarboxylate tryptophan to form the
b-arylamine neurotransmitter tryptamine. Although
this enzymatic activity is exceedingly rare among
bacteria more broadly, analysis of the Human Micro-
biome Project data demonstrate that at least 10% of
the human population harbors at least one bacterium
encoding a tryptophan decarboxylase in their gut
community. Our results uncover a previously unrec-
ognized enzymatic activity that can give rise to
host-modulatory compounds and suggests a poten-
tial direct mechanism by which gut microbiota can
influence host physiology, including behavior.

INTRODUCTION

It is becoming increasingly clear that the gut microbiota are
important for nervous system function. In 1978, excessive levels
of the intestinal hormone VIP (vasoactive intestinal peptide) were
discovered in cerebrospinal fluid (Ebeid et al., 1978), establishing
a connection between the gut and the brain. Over the past three
decades, this relationship has expanded to include pathways in
the autonomic and enteric nervous systems, the neuroendocrine
system, and the immune system. More recently, the ability of the
intestinal microbiota to modulate host neurological activity has
become a focus of investigation. A 2004 study comparing
germ-free and specific-pathogen-free mice demonstrated that
the microbiota are required for the development of the hypotha-
lamic-pituitary-adrenal (HPA) system, which is important for host
stress response (Sudo et al., 2004). Additional studies showed

that the vagus nerve is a major communication pathway used
by gut bacteria to influence neurochemistry and behavior (Bravo
et al., 2011) and established a role for gut microbial colonization
in modulating neuronal circuits involved in motor control and
anxiety behavior (Diaz Heijtz et al., 2011). A recent paper from
Mazmanian and coworkers used thematernal immune activation
model of autism spectrum disorder to demonstrate a role for the
microbiota in the development of autism and implicated amicro-
biota-derived metabolite, 4-ethylphenylsulfate, in its pathology
(Hsiao et al., 2013). While it is now firmly established that the
gut microbiota influence brain and behavior, the molecular
mechanisms responsible for these phenomena have only begun
to be explored.
In the work reported here, we had originally intended to char-

acterize a pathway for the reductive metabolism of aromatic
amino acids by the common gut Firmicute Clostridium sporo-
genes. In the course of carrying out preliminary experiments,
we made the unexpected observation that C. sporogenes
ATCC 15579 is capable of decarboxylating tryptophan (Trp) to
tryptamine (Figure 1A), an activity that is exceedingly rare among
bacteria. Here, we report the discovery and characterization of
the C. sporogenes Trp decarboxylase, along with a phylogeny-
informed screen of additional decarboxylases from the gut mi-
crobiota that led us to a second, unrelated Trp decarboxylase
from another gut Firmicute, Ruminococcus gnavus. We then
explore the structural determinants of Trp selectivity in the
R. gnavus decarboxylase and show that at least 10% of the hu-
man population harbors one of these enzymes, opening the door
to future efforts to explore their potential role in mediating a
microbe-host interaction.

RESULTS

Clostridium sporogenes Decarboxylates Tryptophan
to Tryptamine
We began with an interest in the reductive metabolism of aro-
matic amino acids by gut-associated species of Clostridium. In
an effort to characterize the primary products to which trypto-
phan (Trp) was converted, we cultivated the common gut Firmi-
cute Clostridium sporogenes ATCC 15579 in rich medium and
then transferred the cell material into minimal medium to which
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METABOLISM

Kynurenines: Tryptophan’s metabolites
in exercise, inflammation, and
mental health
Igor Cervenka, Leandro Z. Agudelo, Jorge L. Ruas*

BACKGROUND:Theessential aminoacid tryp-
tophan is a substrate for the generationof several
bioactive compounds with important physiolog-
ical roles. Only a small fraction of ingested tryp-
tophan is used in anabolic processes, whereas
the largemajority is metabolized along the kyn-
urenine pathway of tryptophan degradation.
This pathway generates a range ofmetabolites,
collectively known as kynurenines, involved in
inflammation, immune response, and excitatory
neurotransmission.Kynurenines have been linked
to several psychiatric andmental healthdisorders
such as depression and schizophrenia. In addi-
tion, due to the close relationship between kyn-
ureninemetabolismand inflammatory responses,
kynurenines are emerging as recognized play-
ers in a variety of diseases such as diabetes and
cancer. Because the levels of enzymes of the kyn-
urenine pathway in peripheral tissues tend to be
much higher than in the brain, their contrib-
ution to the kynurenine pathway can have both
local and systemic consequences. Due to their
characteristics, kynurenine and its metabolites
have the right profile to fill the role of media-
tors of interorgan communication.

ADVANCES:Understandinghowthe tryptophan-
kynurenine pathway is regulated in different

tissues, and the diverse biological activities
of its metabolites, has become of interest to
many areas of science. The bioavailability of
tryptophan can be affected by factors that range
from gut microbiome composition to systemic
inflammatory signals. Gut-resident bacteria can
directly absorb tryptophan and thus limit its
availability to the host organism. The resulting
metabolites can have local effects on both mi-
crobiome and host cells and even mediate in-
terspecies communication. In addition, the
biochemical fate of absorbed tryptophan will
be affected by cross-talk with other nutrients
and even by individual fitness, because skele-
tal muscle has recently been shown to contrib-
ute to kynurenine metabolism. With exercise
training, skeletal muscle increases the expres-
sion of kynurenine aminotransferase enzymes
and shifts peripheral kynurenine metabolism
toward the production of kynurenic acid. As a
consequence, alleviating the accumulation of
kynurenine in the central nervous system can
positively affect mental health, such as reduc-
ing stress-induced depressive symptoms.
The kynurenine pathway is highly regulated

in the immune system, where it promotes im-
munosuppression in response to inflammation
or infection. Kynurenine reduces the activity of

natural killer cells, dendritic cells, or proliferat-
ing T cells, whereas kynurenic acid promotes
monocyte extravasation and controls cytokine
release. Perturbations in the kynurenine path-
way have been linked to several diseases. High
kynurenine levels can increase the prolifera-

tion and migratory capac-
ity of cancer cells and help
tumors escape immune
surveillance. Kynurenine
metabolites have been pro-
posed as markers of type
2 diabetes and may inter-

fere at some level with either insulin secretion
or its action on target cells. Kynurenines can
signal through different tissue-specific extra-
and intracellular receptors in a network of events
that integrates nutritional and environmental
cues with individual health and fitness.

OUTLOOK: The modulation of tryptophan-
kynureninemetabolismusing lifestyle andphar-
macological interventions could help prevent
and treat several diseases with underlying in-
flammatorymechanisms, includingmetabolic,
oncologic, andmental health disorders. In this
context, and considering the substantial effect
that the gutmicrobiome can have on preabsorp-
tive tryptophan metabolism, it is tempting to
envision the use of probiotic-based therapies.
The discovery that aerobic exercise training can
reduce kynurenine levels in circulation and in
the central nervous system could have important
implications for the development of future gen-
erationsofantidepressantmedications.This again
stresses the many advantages of remaining phys-
ically active throughout life. Understanding the
multiple levels of control of the kynurenine path-
way could help predict susceptibility to disease
linked to environmental and dietary signals.▪
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The kynurenine pathway generates tryptophan metabolites with
diverse biological activities throughout the body. Although mainly
studied in relation to the brain and mental health, the action of
kynurenine metabolites on peripheral tissues might be even more

profound. They serve as important mediators of interorgan and
interkingdom cross-talk, connecting seemingly diverse processes
such as the effects of exercise training and pathologies such as
inflammatory diseases, cancer, and depression.

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.aaf9794
..................................................

on July 28, 2017
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

to 5 to 10% of total Trp (29). The mode of Trp
degradation and concentration of its end products
is a function of free Trp concentration, which is in
turn readily influenced by nutritional, hormonal,
and pharmacological cues. For example, nones-
terified fatty acids (NEFA) directly affect Trp avail-
ability by displacing it from albumin (30). As a
consequence, increasing NEFA levels by, for ex-
ample, adrenaline or phosphodiesterase inhib-
itors, increases free Trp. Conversely, antilipolytic
agents such as insulin are able to decrease Trp
concentration by the same mechanism (25).
The gut microbiota numbers are estimated to

outnumber cells in our body by a factor of 10 and
tend to increase distally along the intestine (31).
Due to their sheernumber, theyhavenonnegligible
effects on Trp metabolism. Gut microbiota can
directly absorb Trp and thus limit its availability
to the host organism. This can be seen in germ-
free (GF) mice, which have high circulating Trp
levels that normalize postcolonization. Bacterially
produced indoles interactwith pregnaneX recep-
tors (PXRs) and mediate a range of effects, in-
cluding improvedmucosal homeostasis and barrier
function, and as such represent a fascinating ex-
ampleof interkingdomcommunication (32).More-
over, indoles act as hydroxyl radical scavengers,
neuroprotectants, and human AhR selective ago-
nists attenuating inflammation (33). Conversely,
some bacteria are susceptible to selective sero-
tonin reuptake inhibitors (SSRIs) such as sertra-
line, fluoxetine, and paroxetine. Initially, serotonin
was identified as a player in the peristaltic reflex of
the gut and has since been shown to influence co-
lonicmorphology,maintenance of entericmucosa,
pellet formation, and propulsive motility. Cur-
rently, the role of serotonin in the brain-gut axis
through the activity of the microbiota is being
avidly explored (21). Thus, the extent of Trp use by
bacteria, its dietary supply, and local turnover by
the GIT can have far-reaching implications in the
development and proper functioning of both the
enteric nervous system (ENS) and CNS.

The kynurenine pathway of tryptophan
degradation

Decarboxylation of Trp to tryptamine, transam-
ination to indol-3-yl pyruvic acid, and hydroxyl-
ation to serotonin are minor Trp degradation
pathways. Although serotonin is usually associ-
ated with the brain, the majority of its produc-
tion is localized in the gut. Asmuch as 90% of total
serotoninproduction (stored in secretory granules)
comes from enterochromaffin cells and, to a lesser
extent, from serotonergic neurons of the ENS (34).
More than 95%of Trp ismetabolized along the

KP to yield nicotinamide and NAD+ (24) (Fig. 1).
The rate-limiting step of the KP is the conversion
of Trp toN-formylkynurenine, which ismediated
by two spatially segregatedmembers of this path-
way. In the liver, the first step in Trp degradation
is mediated by TDO, which under normal condi-
tions is responsible for the majority of this con-
version (35). TDO is the main determinant of Trp
availability to extrahepatic tissues and is induc-
ible by Trp itself, glucocorticoids, and estrogens
(36, 37). The extrahepatic branch of the KP is

under the control of two IDO enzymes (IDO1 and
themore recently discovered IDO2), whose activity
is negligible under basal conditions but dramat-
ically inducible by several stimuli, such as inflam-
matory signals (e.g., interferon-g). IDOs aremostly
active in the immune system and mucosal tissues
such as gut (38, 39). Conversely, IDO can be inhi-
bited by elevated levels of Trp, which results in
channeling the flux of Trp degradation back to
TDO (40). Interestingly, the TDO and IDO genes
do not share a common ancestor but are an ex-
ample of functional convergence (41).
The KP can yield metabolites with neurotoxic

and neuroprotective properties, depending on
which enzyme tips the conversion scales (5).Under
normal conditions, the majority of Kyn is excreted
in the urine, so its bioavailability only increases
when the flux of Trp down the KP exceeds renal
clearance (42). Kyn is usually hydroxylated to 3-HK
and then further converted to 3-hydroxyanthranilic
acid (3-HAA). 3-HAA is rapidly converted to Quin
by the nonenzymatic reaction of an intermediary
product and proceeds with conversion to NAD+,
a preferred end product of the KP (43). Under
specific conditions, picolinic acid (PA) is formed
instead. The other branch of the pathway, leading
to the production of Kyna and xanthurenic acid
(XA) fromKyn isminor under normal conditions
but increases under Trp orKyn loading (Fig. 1) (44).

These ratios change dramatically under different
Trp loads and are also influenced by vitamin B6
availability (45). Our understanding of how the
proportions of different Kynmetabolites change
with environmental context is incomplete, and
many contradictory results have been reported.
Interestingly, this has prompted the development
of mathematical models to help us understand
metabolite flux through the KP (46).

Conservation of kynurenine metabolism
throughout evolution

In bacteria, fungi, and plants, the biosynthesis of
aromatic amino acids such as Trp is provided by
the shikimate pathway. Whereas bacteria spend
themajority of theirmetabolic energy on protein
synthesis, plants use this pathway to generate a
large variety of secondarymetabolites (47). Regard-
ing the conservation of the KP, the TDO enzyme
can be found in themajority of bacterial species and
in almost all metazoan species but has probably
been lost in fungi during the course of evolution
(Fig. 2) (48). IDO enzymes have been discovered
in vertebrates, and—even though its homologs have
been confirmed in other species, such asmolluscs,
yeasts, or deuterostomian invertebrates—they re-
main poorly characterized. On the other hand,
arthropods and nematodes generally lack IDO
enzymes. The analysis ofmore downstream com-
ponents of KP shows that vertebrates, yeasts, and
some invertebrates can generate NAD+ through
the KP, with TDO serving as a main supplier of
precursors and IDO having a different role. Insects
and invertebrates lack someof the downstreamKP
enzymes, suggesting that alternatemeans ofNAD+

generation have prevailed throughout evolution
(Fig. 2). TDO is regarded as a “high catalytic activity”
enzyme in contrast to IDO; however, this seems
to be different in fungi where IDO assumed the
lost TDO functionality. In vertebrates, IDO1 ac-
quired high affinity for Trp after IDO1/IDO2diver-
gence. The biological importance of “low-catalytic
activity” IDOs remains unclear and controversial,
although they have been well conserved through-
out evolution. KAT enzymes have also been some-
what conservedduring evolution and canbe found
inprokaryotes, insects, nematodes, andvertebrates.
However, some species contain multiple genes
(nematodes, 2; humans, 4),which couldhave arisen
during evolution by means of gene duplication.
Because the individual KAT enzymes display dif-
ferent tissue profiles, it might be that their func-
tions and localizations have become specialized
with time. Plants possess the enzyme tryptophan
aminotransferase–related (TAR1) that plays a role
in the synthesis of auxin but is also able to trans-
aminate Kyn to Kyna (49).

Kynurenic acid

Of all the different by-products of the KP, Kyna
has been studied most. It was originally discov-
ered in canine urine, but higher concentrations
have beenmeasured in the gut (increasing grad-
ually along its length), bile, pancreatic juice of rats
and pigs, and, to a lesser extent, in human saliva
and synovial and amniotic fluid (20). Its presence
inmany food products has also beendetermined.
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Fig. 1. Overview of the kynurenine pathway
of tryptophan degradation. 3HAO,
3-hydroxyanthranilic acid oxygenase; NAPRT1,
nicotinate phosphoribosyltransferase.
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3.	Effect	of	replenishing	missing	intes#nal	microbiota	
on	human	(glucose)	metabolism	and	obesity?	

Figure 1  
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FMT allows to mine for beneficial and adverse 
intestinal bacteria in diabetes/insulin resistance 

Eiseman (Surgery 1958) 

Reverse engineering to achieve (personalized)  
optimal gutmicrobiota composition  

Vrieze/Nieuwdorp,	Gastroenterology	2012;	Nieuwdorp/de	Vos,	Nature	2013	



Nieuwdorp/Groen, Embo 2016   

Replenishing	(missing)	intes#nal	microbiota	or	
metabolites	might	improve	metabolism	in	human	

obesity			

Pitfalls and hurdles 

•  HACCP/GMP production bacteria as 
novel probiotics (culture medium and 
> 80 liter of production) 

•  Single	vs	mul2ple	strains	(GMP)	and	
located	delivery	(small-large	intes2ne)	

•  Large and expensive phase I-IV 
clinical trials  for validity (mouse ≠ 
men) 

 

•   No one size fits all …(personalized 
medicine) 



Khan/Nieuwdorp/Backhed,	Cell	Metab	2014	

Stratification of patients to personalized 
treatments based on gutmicrobiome? 



•  1. Gutmicrobiota composition is driven by several factors 
including ethnicity and diet 

•  2.Interstinal microbiota may indeed play a small but causal 
role in human metabolic disease, but FMT is not a panacea! 

•  3. Donor bacterial ENGRAFTMENT (responders) differs 
between human subjects and can be predicted on baseline 
fecal sample 

•  4. donor FMT mediates beneficial effects on metabolism 
potentially via plasma serotonin/dopamin pathways 

•  5. reconstitution of single/multiple beneficial bacterial 
strain(s) in combination with diet to increase engraftment 
might be solution for (cardio)metabolic disease 

Take home message 
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