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Chapter 1

GENERAL INTRODUCTION
Do you have the guts to be happy?

“It takes guts to undergo a fecal microbiota transplantation, but I have a gut feeling it will all 
turn out well.”

This could have been a quote by any of my research subjects and shows that our language is 
interspersed with expressions referring to the link between our gut and brain. However, the 
exact role of the gut-brain axis in humans remains enigmatic. In recent years, scientific interest 
has exploded concerning the role of the gut microbiota in human metabolism and its disorders 
such as dyslipidemia and insulin resistance. Both are part of the metabolic syndrome, which 
in turn is a major risk factor for type 2 diabetes mellitus (T2DM) and cardiovascular disease1. 
Currently we are dealing with an obesity and diabetes epidemic which is globally reaching 
gigantic proportions2. Economic and lifestyle changes in the last decades have been held 
responsible as the main cause, including the decline in physical activity combined with a change 
in dietary intake with an astounding increase in availability of calorie dense food products. Yet, 
it appears to be extremely difficult for people to voluntarily change their lifestyle in order to 
lose excess weight in our current society. Evidence of a powerful regulatory biological system 
resisting these voluntary efforts to decrease body weight is substantial and growing3. For 
this reason, obesity is now considered a disease rather than a willful choice, which calls for 
further insight into the pathophysiological pathways that drive weight gain, as this could lead 
to desperately needed novel therapeutic targets. In this regard, research into the role of the 
gut-brain axis is developing, since regulation of feeding behavior and energy metabolism is 
partly orchestrated in the brain. Major neurotransmitters involved in these regulations are 
neurotransmitters serotonin and dopamine, since these hormones are known to be involved 
in our feelings of satiety and the rewarding aspects of food respectively4,5. As they also play 
essential roles in regulating our mood and emotional well-being, they have been referred to as 
our ‘happy hormones’, thus the question arises: do you have the guts to be happy?

The microbiome and metabolic disorders
The gut microbiome refers to the trillions of bacteria, viruses and fungi which reside in the 
human intestine, comprising a bulk of genetic material a 100fold larger than the human 
genome6. In the last decade our knowledge of the microbiome in relation to the function 
of the human gastro-intestinal tract has increased drastically due to the development of 
culture-independent approaches7 allowing the use of high-throughput metagenomic and 
16S rRNA amplicon sequencing8. This has yielded a wealth of information generated in cross-
sectional studies, amongst other things linking the pathophysiology of metabolic diseases 
such as obesity and T2DM to an altered gut microbiota composition both in human and 
animal models9,10. The obese microbiome appears to be more efficient at extracting energy 
from the diet11,12, as has been demonstrated by fecal microbiota transplantation (FMT) 
studies where the total body fat of germ-free animals colonized with ‘obese microbiota’ 
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increased significantly compared to those colonized with ‘lean microbiota’11, including an 
increase in insulin resistance13. Likewise in humans, FMT of feces from lean male donors in 
obese insulin resistant metabolic syndrome subjects resulted in a temporary increase in 
insulin sensitivity and altered intestinal microbial diversity14, whereas using FMT from obese 
donors induced an adverse effect on human metabolism15. However, despite the recent 
progress in FMT based studies16, the exact role of the gut bacteria and the mechanism 
mediating its impact on metabolic function remains poorly understood.

The gut-brain axis
A recently discovered potential partaker in the regulatory role of the intestinal microbiome 
is the gut-brain axis, which may serve as a mediator driven by metabolites produced by gut 
microbiota from the diet17,18. Evidence pointing in this direction comes especially from post-
Roux-Y gastric bypass surgery (RYGB) studies. The composition of the intestinal microbiota 
is altered upon RYGB in both mice19 and humans20,21,22, and when post-RYGB donor feces 
was transferred to germ-free mice, it induced weight loss and improvement of glucose 
metabolism19. Of particular interest in this regard is that the difference in gut microbiota 
composition between obese and lean subjects in both mice and humans is accompanied by 
a difference in plasma metabolite profile9,11, including tryptophan and serotonin derivates23,24. 
Furthermore, RYGB affects brain serotonin and dopamine expression in humans25,26, 
corresponding to the link that has been revealed between obesity in humans and a reduction 
in cerebral serotonin transporters (SERT), dopamine transporters (DAT) and dopamine 
receptor expression, essential regulators of serotonergic and dopaminergic transmission27–32. 
Furthermore, gut bacteria seem able to regulate host serotonin metabolism33,34, via routes 
such as the tryptophan-kynurenine pathway35–37. This pathway is also involved in the intestinal 
production of serotonin and dopamine, and has been associated with central regulation of 
food intake in mice as well as intestinal passage time38. 
Another route through which the gut microbiota affect the gut-brain axis may be via the 
short chain fatty acid (SCFA) butyrate, which in humans is produced by the intestinal 
bacteria from dietary fibres39 and absorbed in the colon where it provides energy for 
colonic epithelial cells. It has also been shown to regulate hepatic lipogenesis and 
gluconeogenesis in animal models40,41, and additionally intestinal serotonin prodution42,43, 
increasing serotonin transporters in the hypothalamus44. In FMT studies, post-RYBG donor 
feces, which improved aberrant metabolism in mice, showed a concomitant increase in 
bacteria involved in butyrate production19, likewise observed in obese human subjects 
receiving lean male donor FMT14. This is reflected by results in large metagenome-
wide association human studies, where a decrease in butyrate-producing bacteria 
was associated with T2DM45,46. Metabolites produced by intestinal microbes such as 
butyrate may induce beneficial metabolic effects through enhancement of mitochondrial 
activity47,48, by acting as signaling products49, the prevention of metabolic endotoxemia50 
and activation of intestinal gluconeogenesis51 via different routes of gene expression and 
hormone regulation.
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AIMS
The overall aim of this thesis is to shed more light on the role of the gut-brain axis in 
human glucose and lipid metabolism by linking the gut microbiota via its metabolites to 
the brain. Part I provides an overview of the existing literature on this theme, covering 
current knowledge on the pathophysiology and possible treatment modalities. Part II 
delves deeper into the role of the intestinal microbiota in the pathophysiology of metabolic 
disorders, on the one hand focusing on the role of novel metabolites in human insulin 
resistance, on the other hand thus aiming to answer the question whether a gut-brain 
axis exists in human metabolism. Finally, part III investigates potential new treatment 
targets that revolve around the SCFA metabolite butyrate and the gut bacterial strains that 
produce this metabolite.

OUTLINE OF THE THESIS
Part I: Overview on gut microbiota, its metabolites and fecal transplantation
This part contains two reviews on the relationship between the gut microbiota, its 
metabolites and fecal transplantation in metabolic disorders. Chapter 2 focuses on factors 
that can alter the gut microbiota composition, covering the use of the fecal transplantation 
technique, its effects on metabolism and how metabolites like butyrate or the involved 
intestinal bacterial strains that produce this compound may contribute. In chapter 3 we 
further elaborate on the role of the gut microbiota and its metabolites in the regulation 
of metabolism and satiety and the development of human obesity and TDM2, concluding 
with possible interventions that modulate intestinal entero-endocrine cells action. 

Part II: Pathophysiology
In this part studies are presented investigating the role of novel metabolites and the gut-brain 
axis in the pathophysiology of obesity, insulin resistance and T2DM. Chapter 4 concerns a 
double-blind randomized controlled trial evaluating the long-term effects of FMT on metabolic 
syndrome in humans. Chapter 5 describes the results of a double-blind randomized 
controlled trial comparing the effects of oral butyrate versus post-bariatric allogenic FMT 
on metabolic syndrome in humans, specifically looking at insulin resistance and satiety 
mediated via brain serotonin and dopamine metabolism. Chapter 6 addresses potential 
novel metabolites associated with insulin resistance. Untargeted plasma metabolomics is 
applied in subjects with an extensive range of peripheral insulin sensitivity as determined via 
the gold standard technique of a hyperinsulinemic euglycemic stable isotope clamp.

Part III: Therapy
The studies in this part investigate the possible role of butyrate and the gut bacteria that 
produce it as novel treatment modalities for metabolic disorders. The human pilot study 
in chapter 8 looks at the effects of oral butyrate supplementation on glucose metabolism. 
Finally, in chapter 9 a phase I/II dose-finding and safety study investigates the effect of oral 
intake of the anaerobic butyrate-producing strain Anaerobutyricum soehngenii on glucose 
metabolism in human subjects with metabolic syndrome.
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ABSTRACT
The worldwide prevalence of obesity and type 2 diabetes (T2DM) continues to rise at 
an alarming pace. Recently the potential role of the gut microbiome in these metabolic 
disorders has been identified. Obesity is associated with changes in the composition of the 
intestinal microbiota and the obese microbiome seems to be more efficient in harvesting 
energy from the diet. Lean male donor fecal microbiota transplantation (FMT) in males 
with metabolic syndrome resulted in a significant improvement in insulin sensitivity in 
conjunction with an increased intestinal microbial diversity, including a distinct increase in 
butyrate-producing bacterial strains. Such differences in gut microbiota composition might 
function as early diagnostic markers for the development of T2DM in high risk patients. 
Products of intestinal microbes such as butyrate may induce beneficial metabolic effects 
through enhancement of mitochondrial activity, the prevention of metabolic endotoxemia 
and activation of intestinal gluconeogenesis via different routes of gene expression and 
hormone regulation. Future research should focus on whether bacterial products (like 
butyrate) have the same effects as the intestinal bacteria that produce it, in order to 
ultimately pave the way for more successful interventions for obesity and T2DM. The rapid 
development of the currently available techniques including use of fecal transplantations 
have already shown promising results, so there is hope for novel therapies based on the 
microbiota in the future.
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INTRODUCTION
The rising prevalence of type 2 diabetes mellitus (T2DM) continues to be a growing 
concern worldwide. From 1980 to 2008 the number of people diagnosed with diabetes, 
of which 90% type 2, has increased from 153 (123-182) million to 347 (314-382) million1. 
The proportional increase in prevalence of obesity, between 1980 and 2008 this has 
nearly doubled to more than half a billion people in the world, shows weight gain and 
changes in dietary habits to be the main contributing factors to this alarming trend. The 
resulting metabolic disorders like dyslipidemia and insulin resistance, both part of the 
metabolic syndrome, are a major risk factor for associated diseases such as cardiovascular 
pathology, non-alcoholic fatty liver disease and different types of cancer2,3. The main cause 
for the obesity and diabetes epidemic has been attributed to economic and lifestyle 
changes in the last decades, including the decrease in physical activity combined with a 
growing availability of food high in calories. However, it appears to be extremely difficult for 
people to voluntarily change their lifestyle drastically in order to lose weight. In this respect, 
evidence of a powerful regulating biological system resisting these cognitive signals in 
order to maintain body weight in a relatively strict range is substantial and growing4. For 
this reason obesity is now considered a disease, rather than a wilful choice, which calls for 
further insight into the pathophysiological pathways, as this could lead to sorely needed 
novel therapeutic targets. 
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Figure 1. Differential functions of small and large intestine in relation to microbial density5. In the 
proximal part of the small intestine (where only few intestinal bacterial strains reside) important metabolic 
functions take place such as uptake of dietary glucose, lipids and proteins. More distally in the colon (where 
the majority of intestinal bacterial strains reside) water is absorbed from feces and SCFAs are produced via 
fermentation.

A recently discovered partaker in this process is the intestinal microbiome2. The microbiome 
refers to the more than 10¹⁴ bacteria which reside in the human intestine, comprising 
a bulk of genetic material larger than the human genome6. Recently our knowledge of 
the microbiome in relation to the function of the human (small) intestine (Figure 1)5 has 
increased immensely due to the development of new analytical methods such as high-
throughput metagenomic sequencing7. This has enabled researchers to identify possible 
effects of the microbiome on human metabolism, including its potential role in metabolic 
disorders like obesity and T2DM. In this review we will aim to provide deeper insight of 
relevance to clinicians by discussing several topics in a “bench to bedside” approach within 
this emerging field.
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DIAGNOSTIC VALUE OF INTESTINAL MICROBIOTA IN T2DM
Although bacteria are usually considered as pathogens, an essential symbiotic interaction 
between the human host and intestinal bacteria is the forging and maintenance of the 
immune system in the gut. The first recognition came from findings in germ-free (GF) mice 
of defects in the development and function of their immune system8. Another crucial 
interaction of gut microbiota is their endogenous metabolic function which enables 
the digestion of food components such as plant polysaccharides which are otherwise 
nondegradable9. In this respect it is interesting that studies in mice as well as humans 
have shown that gut microbiota differ in composition between obese and lean subjects10,11. 
In a leptin-deficient ob/ob mouse model Ley et al. found a difference in the ratio of 
Bacteroidetes and Firmicutes, the two dominant intestinal bacterial phyla. Compared to their 
lean counterparts, obese mice showed a decrease in Bacteroidetes and a corresponding 
increase in Firmicutes10. When Ley et al. compared gut microbiota of obese humans to 
lean controls they found similar differences in this ratio12. Other studies in mice have 
corroborated these results13–16. However, other human studies have found contradicting 
data17–19, and it is considered that part of this controversy results from both the variations 
in diet composition around the globe as well as different methods used to determine 
microbiota composition. 
The involvement of the microbiome in energy balance was further demonstrated in a 
study where it was found that GF mice were leaner compared to conventionally raised 
counterparts, despite a higher food intake. Additionally, when transferring intestinal 
bacteria from normal mice to GF counterparts an increase in body fat of 60% was 
observed within 10 to 14 days, even though food consumption was decreased20. These 
results have led to the belief that the obese microbiome is more efficient at yielding 
energy from the diet11,17. This was supported by findings that the total body fat of GF mice 
colonised with ‘obese microbiota’ increased significantly compared to those colonised 
with ‘lean microbiota’11. The technique used in these studies in mice is known as fecal 
microbiota transplantation (FMT). In humans FMT can be regarded as a working tool to 
dissect association from causality for a number of diseases21. The first clinical use was 
the successful treatment of patients with pseudomembraneous colitis, an unremitting 
infection with Clostridium difficile usually following the use of antibiotics22. Since then FMT 
has been found effective in other chronic gastrointestinal infections and inflammatory 
bowel diseases, its therapeutic potential being attributed to a restoring ability of the 
gut microbial balance by replacing pathogens with more beneficial bacterial strains21,23. 
Considering the promising results of the effects of FMT on metabolism in mice, a current 
interest in the clinical use for humans of FMT is focusing on metabolic and cardiovascular 
disorders. We recently performed a double-blind randomised controlled trial in insulin 
resistant males with metabolic syndrome, who received either autologous or allogenic 
feces infusion from lean donors24. Beneficial metabolic effects were observed in the group 
receiving the lean donor transplantation, including a significantly improved peripheral 
(muscle) insulin sensitivity. This was accompanied by a significantly increased intestinal 
microbial diversity, along with a distinct increase in levels of butyrate-producing bacteria, 
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such as Roseburia in the feces and Eubacterium halii in the small intestine. Interestingly, not 
all lean donors exerted the same beneficial effects in the obese host. On the one hand, 
it could indicate that this represents variation around a mean (meaning no clear effect of 
lean donor FMT when larger numbers of individuals are studied) whereas on the other 
hand, these findings might indicate the presence of “super fecal donors”, a concept that is 
currently being studied at our departments. The results from this relatively small cohort of 
patients with metabolic syndrome on the relation between microbial diversity and amount 
of butyrate-producing bacteria are in line with similar findings in two large metagenome-
wide association studies (MGWAS)25,26, a type of study where clinical data is combined with 
metagenomic analysis. Both Karlsson and Qin et al. independently found a decrease of 
butyrate-producing bacteria, namely Roseburia and Faecalibacterium prauznitzii, in the gut 
microbiota of patients with T2DM compared to healthy subjects. Moreover, we showed 
that increases in fecal concentrations of Lactobacillus gasseri and Streptococcus mutans 
(both inhabitants of the proximal intestine) as well as E. Coli were found to be predictive 
of the development of insulin resistance in postmenopausal obese Caucasian females in 
Sweden (see table 1). It should be noted however that these correlations are not very 
strong and have not been reproduced in other cohorts; moreover, it is not known at this 
time whether these found changes in intestinal microbiota composition are secondary 
to altered gastrointestinal motility and small intestinal bacterial overgrowth often seen 
in T2DM. Nevertheless, such intestinal bacterial strains might function as early diagnostic 
markers in the clinic for better identification of those obese subjects that are prone to 
develop T2DM26. To strengthen the predictive potential of particular patterns of microbial 
diversity and composition as well as pathogenic alterations of the microbiota composition, 
further research both in prospective cohorts and therapeutic phase I/II intervention trials 
with specific bacterial strains are urgently needed. In this respect it is promising that an 
increasing number of companies are starting to appear focusing on the development of 
intestinal microbiome diagnostics and therapeutics28.

Table 1. Intestinal bacterial species associated with and/or predictive of insulin resistance/T2DM 
development as future potential clinical diagnostic markers of T2DM

Increase in T2DM Decrease in T2DM
Intestinal bacterial phyla
Firmicutes x
Bacteroidetes x

Increase in T2DM Decrease in T2DM
Intestinal bacterial species
Roseburia x
Eubacterium halii x
Faecalibacterium prauznitzii x
Lactobacillus gasseri x
Streptococcus mutans x
E. Coli x
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PRODUCTS OF INTESTINAL BACTERIA IN T2DM PATHOPHYSIOLOGY
Butyrate, together with acetate and propionate, are short chain fatty acids (SCFA) 
fermented by the intestinal bacteria from dietary fibre which play an important role 
in energy metabolism (figure 2)29. These SCFAs are absorbed in the intestine, where 
particularly butyrate provides energy for the colonic epithelial cells, whereas the remaining 
SCFAs enter the (portal) venous system. Data from animal studies have suggested that 
propionate affects hepatic lipogenesis and gluconeogenesis, whereas peripherally 
acetate functions as substrate for cholesterol synthesis17. The colonic mucosa primarily 
relies on the luminal presence of butyrate as energy source and a lack of these SCFAs 
has been proposed to play an important part in the pathogenesis of intestinal disease 
and inflammatory bowel diseases30. More specific, low concentrations of SCFAs have been 
found in ulcerative colitis (UC) patients31 and treatment with SCFA enemas, especially 
butyrate, has been shown to reduce inflammation in this patient group32. Interestingly, 
oral administration of sodiumbutyrate was found to be safe and well tolerated in humans 
with Crohn’s disease and UC33,34; these studies showed a systemic anti-inflammatory effect 
and improved clinical improvement. In mice, oral butyrate has been demonstrated to 
improve insulin sensitivity and increase energy expenditure by enhancing mitochondrial 
function35. Whether these beneficial effects apply to humans as well is currently being 
studied in our department. The underlying mechanisms of the potential positive influence 
of butyrate on metabolism are not clear. However, there is data on inhibiting effects of 
butyrate on histone deacetylases (HDAC) in mammalian cultured cells, which regulate 
gene expression by deacetylating histone proteins and transcription factors36. This may 
contribute to increased expression of PGC-1a, a transcription co-activator associated 
with increased fatty acid oxidation and mitochondrial activity35. Butyrate, being a short 
chain fatty acid, is oxidised in the mitochondria of colonocytes into acetyl-CoA and via the 
tricarboxylic acid (TCA) cycle contributes to ATP production. Important catalysing enzymes 
in this process have been shown to be downregulated in GF mice resulting in a significantly 
decreased level of ATP in GF colonocytes. This indicates a potential stimulating role of the 
intestinal microbiota, particularly butyrate-producing microbes, in the expression of these 
enzymes and consequently mitochondrial function and energy metabolism37. Other ways 
in which SCFAs might influence the host’s energy balance is by acting as specific signalling 
products. SCFAs bind to G-protein-coupled receptors (GPCRs), namely GPR41 and GPR43, 
which are expressed in enteroendocrine cells in the intestinal epithelium3,38. This leads 
to secretion of certain peptide hormones, like PYY which are basolaterally released into 
the systemic circulation, enabling a form of communication between gut milieu and host. 
Conventional Gpr41 -/- mice and GF Gpr41 -/- mice colonised with members of the human 
gut microbiota stayed significantly leaner than their wild-type (WT) counterparts, while no 
differences were seen between WT and GF Gpr41 -/- mice. The latter indicates a regulating 
role of GPR41 in energy homeostasis in relation to the intestinal microbiota and their 
metabolic products. Furthermore, Gpr41 -/- deficiency was associated with a decrease in 
the gut-derived hormone Pyy, resulting in a decreased extraction of energy from the diet 
associated with an increase in intestinal transit time39.
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Another function of butyrate which may contribute to its possible beneficial role on the 
host’s metabolism, is maintaining intestinal integrity. This contributes to the prevention 
of endotoxemia, a process resulting from translocation of endotoxic compounds, 
lipopolysaccharides (LPS), of gram negative intestinal bacteria. In the last decade it 
has become evident that insulin resistance and T2DM are characterised by low grade 
inflammation40. In this respect, LPS trigger a low-grade inflammatory response and the 
process of endotoxemia can therefore result in the development of insulin resistance 
and other metabolic disorders41,42. Butyrate also seems to play a part in the recent 
discovery of the intestine’s ability to produce glucose itself. Glucose released by intestinal 
gluconeogenesis (IGN) is detected by a portal vein glucose sensor that signals to the brain 
through the peripheral nervous system, thus positively influencing glucose metabolism 
and intake of food43. De Vadder et al. confirmed in rats the beneficial effects of SCFAs 
and IGN on glucose metabolism and subsequently showed that butyrate is involved by 
activating gene expression of IGN in mice44. However, these findings still need validation 
in humans and we are currently executing a study in which we have treated subjects with 
metabolic syndrome for 4 weeks with oral butyrate to study its effects on insulin sensitivity 
and microbiota composition.
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Figure 2. Role of gut microbiota produced SCFAs in human glucose metabolism in obese subjects. 
Fermentation of dietary fibers by intestinal bacteria generates SCFAs, including butyrate, that have both 
metabolic and epigenetic effects. Obese insulin resistance subjects are characterized by altered SCFA 
production compared to lean subjects. We hypothesize that in these subjects, this adversely affects satiety, 
hepatic glucose and lipid production as well as inflammatory tone.
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INNOVATIVE STRATEGIES FOR NOVEL THERAPEUTICS IN T2DM
Interestingly, in animal models butyrate has also been shown to affect both intestinal 
serotonin levels45 and increase serotonin transporters in the hypothalamus46. Furthermore, 
butyrate directly affects sympathetic tone and intestinal transit times47 as well as physical 
activity48. In line, it is known that serotonin itself can regulate intestinal permeability49 besides 
being an important signalling neurotransmitter in the gut and brain involved in regulation 
of body weight and food intake by enhancing satiety50. A reduction in cerebral serotonin 
transporters (SERT), essential regulators of serotonergic transmission, is associated with 
obesity51. In a human study, when healthy lean subjects received a hypercaloric snacking 
diet for 6 weeks, a significant 30% decrease of hypothalamic SERT binding was seen52. 
In this respect, it is interesting to note that studies have suggested a regulating influence of 
intestinal bacteria on serotonin53,54. For example, bariatric surgery (RYGB) has been shown 
to significantly affect serotonin metabolism in both animals51,55 and humans56. Moreover, 
RYGB is regarded as a last resort but very successful treatment for morbidly obese patients, 
because next to inducing weight loss up to 50% of the original weight, it also decreases the 
risk of T2DM and cardiovascular pathology57,58. RYBG has even been shown to resolve insulin 
resistance faster than the actual weight loss, underscoring a potential weight independent 
effect on metabolism41,58. As RYBG can alter the composition of the gut microbiota in both 
mice59 and humans60,61, this might be one of the contributing factors. When diabetic mice 
were colonised with feces of post-RYBG mice they lost weight and showed improvement in 
glucose and lipid metabolism with specific changes in butyrate-producing bacteria59. These 
findings suggest that the change in butyrate-producing microbiota after RYBG may play an 
important role in satiety as well as regulation of glucose and lipid metabolism. 
It is thus becoming increasingly evident that the composition of gut microbiota plays a 
role in the regulation of glucose and lipid metabolism. Specifically, there seems to be an 
association between butyrate-producing bacteria and beneficial effects on metabolism 
in both mice and humans24,35. Furthermore, an alteration in the composition of the gut 
microbiota may be involved in the development of obesity and T2DM. Further studies are 
however needed to establish the causality of this and as to whether increasing intestinal 
SCFAs, including butyrate, has the same metabolic influence as SCFA-producing bacteria 
on human metabolism, including insulin sensitivity and inflammatory tone. Thus, in order to 
validate the hypothesis of butyrate-producing bacteria as role-players and their products as 
signalling molecules in human glucose and lipid metabolism, double blinded randomised 
controlled trials using either SCFA supplementation (given either orally or rectally) or FMT 
derived from different donors (e.g. on different diets) are needed. Priorities for further 
studies also include therapeutic intervention trials with specific types of single bacterial 
strains in order to elucidate particular beneficial patterns in gut microbiota composition.
Other areas of therapeutic interest in this respect are non-digestible but fermentable 
fibres, such as inulin, fructo-oligosaccharides, galacto-oligosaccharides and lactulose. Food 
artificially enriched with these fibres has been termed a prebiotic when it is able to shift the 
composition of gut microbiota by stimulating the growth or activity of beneficial species23. 
In this respect carbohydrate-fermenting bacteria such as Bifidobacteria and Lactobacilli 
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increase upon prebiotic treatment in different age groups62. The effects of prebiotics 
have been ascribed to an immune-mediated mechanism. As previously mentioned, high-
fat dietary feeding is associated with endotoxemia which in turn is linked to a reduced 
abundance of Bifidobacteria with a concomitant increase in gram negative (LPS containing) 
bacteria. In line, when prebiotic containing oligosaccharides (OFS) were fed to mice on 
a high-fat diet, this restored levels of their Bifidobacteria and consequently reduced 
endotoxemia and improved glucose tolerance63. 
Another line of therapeutic approach are probiotics, which encompass food supplements 
enriched with strains of live bacteria, including species of Bifidobacteria and Lactobacilli, that 
are able to alter the gut microbiota beneficially for the host28,64. In mice antidiabetic effects 
have been shown following administration of probiotics containing certain Lactobacillus 
strains65 with a concomitant reduction in endotoxemia66. Due to the placebo effect of 
these products, proper double blinded randomised controlled trials with accepted hard 
endpoints are needed in humans to address the potentially beneficial metabolic effects of 
probiotic strains in relation to the composition of the intestinal microbiota.
Although public health has benefited substantially from the discovery of antibiotics, its 
rapid increase in use is starting to raise health concerns. Next to the obvious issue of 
antibiotic resistance, its worldwide use might potentially be associated with the obesity 
epidemic67. Although oral antibiotic treatment effectively eradicates pathogenic bacteria, 
the beneficial intestinal microbial community is also affected with possible dire metabolic 
consequences. Long-term intravenous vancomycin (aimed at gram positive bacteria) in 
adult patients was linked to an increased risk of developing obesity68 whereas amoxicillin 
(aimed at gram negative and anaerobic bacteria) had only minor effects. In line, short-term 
oral administration of vancomycin (but not amoxicillin) significantly impaired peripheral 
insulin sensitivity via altered bile acid dehydroxylation in males with metabolic syndrome, 
which was associated with a changed gut microbiota composition69. Moreover, even short 
term courses of oral antibiotics were shown to have profound (irreversible) effects on 
intestinal microbial diversity and composition70. The recent data linking use of antibiotics 
in early infancy to distinct long-term effects on intestinal microbiota diversity and the risk 
of childhood overweight71 are even more alarming but not surprising. In the last 50 years 
the use of subtherapeutic antibiotic therapy in farm animals has become widely used as it 
increases growth and therefore food production. In mice, treatment with subtherapeutic 
doses of antibiotics alters the composition of the intestinal microbiota and therefore 
affects metabolic pathways, particularly concerning SCFA metabolism72. These findings 
emphasise the causal relationship between metabolism and the gut microbiome and a 
more cautionary use of antibiotics seems to be more justified than ever.
However, the simplest solution to restoring pathological disturbances in the composition 
of the gut microbiota may be a change in dietary habits. Diet has been shown to strongly 
affect the composition of the microbiome73. When obese humans were put either on a 
fat-restricted or carbohydrate-restricted low-calorie diet an increase in the abundance of 
Bacteroidetes and a decrease in Firmicutes was reported12. In another study diet-induced 
weight-loss vs weight-stabilisation interventions in obese humans increased intestinal 
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microbial gene richness and was associated with a reduced systemic inflammation74. These 
data corroborate with another controlled diet intervention study in 98 human subjects 
showing that certain dominant gut microbial communities, or ‘enterotypes’, correlated with 
specific kinds of diets73. For example, Bacteroides was associated with a protein-rich diet, 
while Prevotella correlated with a fibre-rich diet; moreover, gut microbiota composition 
could be altered within 24 hours whereas enterotype remained stable during the 10 
days of the study. Based on this rapid and dramatic plasticity of intestinal microbiota 
composition, there is a specific need to determine intestinal microbiota composition in a 
standardised way (e.g., sequencing several fecal samples per person over a specific time 
point while taking dietary intake and medication use into account). 

CONCLUSIONS
The determination of the intestinal microbiome in obesity and T2DM has led to an 
exponential increase of scientific research in this area. In this review we tried to cover 
several topics in order to provide clinically relevant insight. A multitude of studies has 
revealed various potential mechanisms, ranging from endocrine and metabolic pathways 
to mechanisms on a cellular and genetic level. Our understanding of environmental factors 
affecting the microbiome, such as our diet, repetitive infections and the use of antibiotics, 
is improving and will hopefully contribute to finding a solution for the global obesity 
epidemic.
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ABSTRACT

Background: Alterations in gut microbiota composition and bacterial metabolites have 
been increasingly recognized to affect host metabolism and are at the basis of metabolic 
diseases such as obesity and type 2 diabetes (DM2). Intestinal enteroendocrine cells (EEC’s) 
sense gut luminal content and accordingly secrete hormones that modulate glucose 
and lipid metabolism and affect satiety. It has become evident that microbial metabolic 
products significantly affect EEC function.

Scope and approach: In this review, we will discuss current insights in the role of the 
gut microbiota and its metabolites in development of obesity and DM2 and elaborate on 
interventions that modulate EEC action.

Key findings and conclusions: Studies including fecal transplantation and Roux-en-Y 
gastric bypass (RYGB) in humans and animal models suggest that the gut microbiota 
and its metabolites causally contribute to development of obesity and DM2. Emerging 
evidence suggests that the gut microbiota and its metabolites can modulate secretion 
of EEC hormones that regulate appetite and insulin secretion. Dispersed intestinal 
expression and low abundance make EEC’s difficult to study. Since current intestinal 
sampling methods in humans are mostly limited to the colon, this leaves a large part of 
EEC function understudied. It would therefore be relevant to develop means to extend 
sampling methods throughout to entire GI tract.
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Gut microbiota and development of obesity and DM2
Both the industrialized and developing world have experienced an obesogenic shift in 
caloric intake, nutritional composition and lack of exercise1,2. Obesity is a predisposing 
factor for development of chronic disorders such as cardiovascular disease (CVD) and 
type 2 diabetes (DM2). These pathologies are major causes of morbidity and mortality and 
carry significant economic burden. The growing obesity pandemic is therefore a major 
threat to human health and strategies to improve this condition are greatly needed. It 
has been proven difficult to achieve long-term life style changes to maintain a healthy 
body weight3 and the current relatively unsuccessful pharmaceutical treatment strategies 
imply that there are no simple solutions to this problem. Although obesity can be defined 
as an imbalance between intake and output of energy, the development of obesity and 
obesity–related disorders entails very complex and multifactorial mechanisms. In the 
past decade, it became evident that dysbiosis between the intestinal microbiota and host 
contributes to development of pathologies such as obesity and DM24,5. Animal studies 
have opened up crucial clues in the quest to mechanistically unravel microbiota impact 
on host metabolism. The human translatability of these studies, however, remains a 
challenging aspect of this undertaking6,7. In this review, we will illuminate the contribution 
of the microbiota and microbiota-derived metabolites to regulation of metabolism and 
satiety. We will highlight insights obtained from fecal transplantation and gastric bypass 
studies and focus specifically on the role of intestinal enteroendocrine cells (EEC’s) as 
enhancers of microbiota-mediated regulation of metabolism (summarized in Figure 1).
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Figure 1. Alterations in gut microbiota composition and dysbiosis between microbiota and host contribute to 
development of pathologies including obesity and DM2. Bacterial translocation and subsequent development 
of metabolic endotoxemia and initiation of inflammatory events are hypothesized to be secondary to 
microbiota-mediated alterations in intestinal integrity. EEC’s are highly responsive to nutrients and bacterial 
metabolites and accordingly convey signals to the periphery in an endocrine and neuronal fashion through 
secretion of hormones. Altered gut microbiota composition has been associated with compromised 
EEC function and development of metabolic disease. Interventions that aim to modulate gut microbiota 
composition and metabolite production provide important means to reestablish intestinal integrity and EEC 
signaling events. Please see text for further details. DM2, type 2 diabetes; EEC, enteroendocrine cells; CNS, 
central nervous system 
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Cause or consequence?
Research on the role of the gut microbiota in health and disease is booming and we have 
long passed the thought that the trillions of microbial cells8 in and on our body are inert 
passengers. Instead, they are deeply integrated in the regulation of host metabolism (e.g., 
digestion, immune response and feeding behavior) and a large number of metabolites 
present in our circulation is derived from the microbiota9. It has been shown that microbiota 
composition changes rapidly in response to (extreme) diets and newly established gut 
microbial composition following diet interventions can remain stable for the long-term10,11. 
Interestingly, adaptation to diet is similar across mammalian lineages12, which implicates 
evolutionary importance for diet-microbiota-host interaction. Although extrinsic factors 
such as diet13 and xenobiotics14 are considered dominating factors in shaping the gut 
microbiota, it has been shown that host genetic makeup is an important determinant of 
microbiota composition as well15. These findings are of relevance when thinking about 
development of microbiota-targeted treatment options for metabolic disease. 
Although there is no archetypical microbiome, the human microbiome is composed 
primarily of bacteria from either phylum Bacteroidetes (mostly Bacteroides or Prevotella 
species) or Firmicutes (mostly Clostridium and Lactobacillus species)16. A microbiome profile 
that more closely resembles an ‘ancestral state’ of human biology and more diversity was 
published recently17 and might help understand microbiota response to western type 
diets and their role in development of obesity and –related disorders. Compared to lean 
subjects, the microbiota of obese subjects is relatively depleted in Bacteroidetes18. The 
subsequent increased ratio of Firmicutes to Bacteroidetes has been suggested to extract 
more energy from food compared to the lean microbiota18-21. The role of the microbiota 
in energy balance has also been demonstrated in studies in GF mice that, despite higher 
food intake, were shown to be leaner than conventionally-raised mice. Moreover, when 
intestinal bacteria from conventionally-raised mice were transferred to GF mice, an 
increase in body fat of 60% was observed in the latter, even though food consumption 
was decreased22. In similar studies performed in GF mice colonised with microbiota from 
obese mice, body fat was shown to increase compared to GF mice that had received 
microbiota from lean mice18. Although the increased ratio of Firmicutes to Bacteroidetes 
reduces with weight loss in humans18, it remains debatable if the reduced Firmicutes to 
Bacteroidetes ratio is due to a reduction in body weight or secondary to changes in feeding 
behavior. In line with this, an elegant study in genetically and high-fat diet (HFD)-induced 
obese mice showed that increased energy extraction from nutrients fades over time 
and is not correlated with Firmicutes and Bacteroidetes number23. Some studies, however, 
have failed to find increased Firmicutes to Bacteroidetes in obesity24,25 or even reported the 
inverse26. Additionally, technical inconsistencies have been suggested to underestimate 
Bacteroides in several studies27. Lactobacillus and Clostridium species have been associated 
with obesity-related development of insulin resistance, a condition preceding DM2. 
Fasting glucose and HbA1c (glycosylated hemoglobin) levels are important markers of 
insulin resistance and have been shown to positively correlate with Lactobacillus species 
whereas a negative correlation with Clostridium species was found for these parameters28. 
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In the same study, Clostridium correlated positively with the insulin-sensitizing hormone 
adiponectin and high-density lipoprotein cholesterol (HDL-C), two parameters that are 
generally reduced in DM2 patients. 
In addition to specific changes in bacteria species, adiposity and markers of insulin resistance 
have been associated with reduced number of gut microbial genes, defined as bacterial 
gene richness, in humans. Additionally, obese individuals with the lowest bacterial richness 
had gained more weight over a 9-year time course compared to their obese counterparts 
with higher bacterial richness29. The classification method presented in this work has been 
suggested to be of use to predict individual risk to develop adiposity-associated disease. 
Simultaneously, it was shown that gene richness has predictive potential for efficacy of 
diet-mediated obesity interventions30. Although gene richness and bioclinical parameters 
improved with dietary intervention, obese subjects with low gene richness prior to weight-
loss and weight-stabilization interventions showed less improvement in inflammatory 
markers, a hallmark of DM2, compared to obese subjects with higher gene richness. In 
C57Bl/6J mice, diabetes-sensitive and diabetes-resistant animals can be characterized by 
different caecal microbiota profiles31. In line with these findings, obesity-prone rats had 
increased Firmicutes/Bacteroidetes ratio compared to obesity-resistant rats fed a HFD. 
Furthermore, the obesity-resistant and -prone phenotypes could be transferred by fecal 
microbiota transplantation to GF mice32 underscoring potential causality. 
It remains debatable if differences in obese vs lean microbiota are causal or secondary to 
(aspects of) the obese phenotype (e.g., mediated by an obesogenic diet). Evidence for a 
causal role of the microbiota in development of obesity and –related disorders is in part 
derived from studies in germ-free (GF) mice, that lack microbiota. GF mice develop less 
adiposity and insulin resistance when fed a high-fat diet (HFD) compared to conventional 
mice33,34. Additionally, colonization of GF mice with microbiota from obese murine or human 
donors increases weight gain to a higher extent compared to colonization with microbiota 
from a lean donor18,35. Although GF mice provide valuable insight into diet-microbiota-host 
interactions, metabolism of GF mice differs vastly from conventionally raised mice33,36. 
Furthermore, there is no human counterpart for GF mice and results obtained from these 
mice should therefore be interpreted with caution. 
Interestingly, fecal transplantation of microbiota from lean donors to recipients with the 
metabolic syndrome significantly improved insulin sensitivity37. Although it would be ethically 
unjust to transfer microbiota from obese donors to lean recipients, there is evidence that 
the obese phenotype can be transferred between humans. A case study was presented 
in which a subject with recurrent Clostridium difficile infection, which can be safely treated 
with fecal microbiota transplantation38, suffered from significant weight gain after receiving 
a fecal microbiota transplant from an obese donor39. These data implicate that the obese 
phenotype can be transferred to lean recipients (and vice versa) by modulating microbiota 
composition. It is therefore tempting to speculate that the microbiota is to certain extent 
causally involved in the development of obesity and DM2. 
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Mechanistic insight in microbiota contribution to development of obesity and 
development of DM2
Mechanistic insight into aspects of microbiota-mediated regulation of host metabolism is 
crucial for development of strategies to treat obesity and –related disease at the intestinal 
level. Short chain fatty acids (SCFA’s) are produced from bacterial fermentation of non-
digestible fibers in the colon. Their suggested beneficial health effects made them one of 
the currently most studied bacterial products. DM2 patients are relatively depleted in SCFA-
producing bacterial species28,40. In HFD-fed mice, the SCFA acetate, when administered 
through intravenous and colonic routes, was reported to reduce food intake and weight 
gain by activating anorectic signaling pathways in the hypothalamic region of the brain41. 
In addition to preventing weight gain, dietary supplementation of butyrate, another SCFA, 
has been shown to improve insulin sensitivity by increasing energy expenditure in HFD-fed 
mice42. In line with this finding, the three major SCFA’s acetate, propionate and butyrate 
were all found to prevent HFD-induced obesity and insulin resistance by inducing a shift 
from lipogenesis to fatty acid oxidation in liver and adipose tissue43. 
SCFA’s have been suggested to mediate beneficial effects on glycaemia and food intake 
through interaction with G-protein coupled receptors (GPR) 41 and 43. These receptors 
are expressed on a variety of cell types (e.g., enteroendocrine cells, adipocytes and immune 
cells) thereby allowing SCFA’s to modulate a vast variety of metabolic processes44. Butyrate 
and propionate have been shown to induce intestinal gluconeogenesis, which, through a 
gut-brain neural circuit, improves peripheral glucose production and insulin sensitivity45. A 
diet rich in non-digestible fibers has been associated with reduced risk to develop obesity46 
potentially through modulation of the microbiota towards SCFA-producing species. 
Interestingly, transplantation of lean donor feces to recipients with the metabolic syndrome 
improved insulin sensitivity with a corresponding increase in butyrate-producing bacteria37. 
Nevertheless, direct (and indirect) roles of SCFA in metabolic health are still unknown 
although studies with both oral and rectal supplementation of SCFA are currently ongoing. 
Obesity and DM2 are characterized by chronic, low-grade inflammation especially in the 
visceral adipose tissue compartment47. Alterations in gut microbiota composition have been 
increasingly recognized to activate inflammatory cytokine production and macrophage 
infiltration48,49. Interestingly, individuals with low bacterial richness were characterized by a 
strong inflammatory profile compared to individuals with higher bacterial richness29. The 
concept of metabolic endotoxemia, a process resulting from translocation of endotoxic 
compounds (e.g., LPS) of gram-negative intestinal bacteria, was first described based 
on the association between alterations in gut microbiota, levels of the bacterial cell wall 
component LPS and onset of DM250,51. In addition to increased circulating levels of LPS, 
levels of bacterial DNA have been found to increase in blood, mesenteric adipose tissue 
and mesenteric lymph nodes of HFD-fed mice52. Circulating levels of the broadly specific 
bacterial marker 16s rDNA were increased in humans predisposed to develop DM253. 
Even though there were no differences in obesity, subjects with higher circulating levels 
of 16s rDNA had increased abdominal adiposity, an additional tenacity for diabetes risk. 
This study showed that circulating levels of bacterial DNA are related with onset of DM2 in 
humans and has potential to be used as a diagnostic marker. 
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Paneth cells and Goblet cells: intestinal gatekeepers
Paneth cells are highly specialized epithelial cells located in the crypts of Lieberkuhn in the 
small intestine. Paneth cells secrete granules containing antimicrobial peptides in response 
to bacterial cell wall products (but not of fungi and protozoa)54 and TLR agonists55. These 
antimicrobial peptides contribute to the mucosal microbial barrier function and prevent 
microbial invasion of the crypt thereby protecting the host from pathogenic infections. 
Vice versa, it has been shown that Paneth cells play a crucial role in homeostatic control 
of resident microbiota. Host genetic make-up has important impact on Paneth cell 
function and subsequently influences microbiota composition in mice56. Additionally, mice 
expressing the human Paneth cell α-defensin 5 (DEFA5) and mice that lack alpha-defensins 
have significantly altered microbiota composition compared to controls57. These findings 
provided a basis to study the contribution of Paneth cells to gut microbial composition in 
both health and disease. 
Altered Paneth cell function has been associated with metabolic disorders and increased 
bacterial translocation58. Nod2 deficient mice, which are susceptible to oral bacterial 
challenges, inoculated with Helicobacter hepaticus developed inflammation of the ileum, 
which could be rescued by overexpression of alpha-defensin in Paneth cells59. This 
indicates the importance of Paneth cell function and improved intestinal barrier function 
in prevention of infection, even in mice with high susceptibility to bacterial challenges. 
Interestingly, jejunal Paneth cells of obese humans have particularly high levels of 
endoplasmic reticulum (ER) stress, which is particularly damaging for cells with high 
secretory capacity and activity. Increased ER stress in these cells indeed correlated with 
reduced antimicrobial peptide production60. It has yet to be determined if compromised 
Paneth cell function in obesity is mediated by altered bacterial composition. Based on 
scarcely available data, it is tempting to speculate that an altered microbiota composition 
indeed modulates Paneth cell function and subsequently decreases antimicrobial peptide 
production. This will reduce intestinal barrier function and enhance translocation of 
bacteria or bacterial metabolites from the intestine into the circulation and induce low 
grade inflammation, a precursor of DM2 development.
Goblet cells are found throughout the small and large intestine and secrete mucins: major 
components of the mucosal barrier overlying the gut epithelium. This layer promotes the 
elimination of gut luminal contents, protects against physical and chemical injury caused 
by bacteria and bacterial products while allowing transport of nutrients61. The inner mucus 
layer is devoid of bacteria whereas the loose outer layer of the mucosa provides a feeding 
ground for bacteria and is an important site of host-microbiota interaction62. The inner 
mucus layer is not equally distributed throughout the intestinal tract: the stomach, ileum 
and colon are covered with a thick, continuous layer whereas the jejunum has a thin, 
patchy layer63. It is tempting to speculate that the less-covered parts of the intestine are 
more susceptible to changes in gut luminal content and bacterial products. Microbiota 
dysbiosis and altered mucosal barrier function are indeed involved in the pathogenesis  
of IBD64. Whether this process plays a role in development of obesity and DM2 is  
currently unknown. 
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A crucial role for the immune system in maintaining healthy host-microbiota homeostasis
The immune system carries major responsibility for correct coordination of host-microbial 
interaction. On the one hand, it has to accept the presence of (dynamic composition of) 
microbiota whereas on the other hand, it has to fight microbiota when they form a threat 
to the host. The role of the host in regulation of microbiota composition is conserved 
in mice65,66, Drosophila melanogaster67 and zebrafish68, pointing out the evolutionary 
importance of this mutualism. Pattern recognition receptors (PRRs) such as the toll-like 
receptors (TLRs) interact with bacterial cell wall components and can subsequently induce 
an inflammatory response. Intestinal specific (not whole body)69 deletion of MyD88, a 
downstream target of TLR, protects against HFD-induced inflammation and development 
of DM2 in a microbiota-dependent manner70. 
HFD-fed TLR5-/- mice are hyperphagic and develop metabolic syndrome, which correlate with 
changes in microbiota composition. Furthermore, transplantation of microbiota of TLR5-

/- mice to WT GF mice could handover several features of the metabolic syndrome71. This 
stresses the important crosstalk between host immune system and composition of host 
microbiota. In analogy with development of insulin resistance in TLR5-/- mice, a TLR5 nonsense 
mutation in humans has been identified as a risk factor for development of DM2 humans. 
In contrast to TLR5 deficient mice, however, loss of TLR5 function in humans protects from 
weight gain72. It remains to be determined if the effects of loss of function of TLR5 in humans 
are mediated by TLR5-mediated changes in microbiota composition. In line with findings in 
TLR5-/- mice, loss of TLR2 also affected gut microbiota composition, enhanced inflammation 
and promoted development of metabolic syndrome73. Conversely, TLR4-/- mice are protected 
against diet-induced obesity and insulin resistance74. TLR4 has been identified as the LPS 
receptor75. This leaves TLR4-/- mice non-responsive to LPS, which potentially attenuates 
activation of inflammation and subsequent development of insulin resistance. Interestingly, 
TLR4-/- mice have improved intestinal integrity compared to wild type mice when fed a HFD 
suggestive of a regulatory role of TLR4 in intestinal barrier function76. This is in line with the 
hypothesis that increased intestinal permeability underlies enhanced circulating levels of 
LPS and subsequent activation of inflammatory signaling in insulin resistance and obesity50,51. 
HFD-sensitive TLR2-/- mice have reduced intestinal barrier function due to TLR2-mediated 
loss of intestinal integrity by dysregulation of the tight-junction (TJ) protein zona occludens 1 
(ZO-1)77. Additionally, TLR2-/- mice have a compensatory increase in TLR4 expression, which 
could further contribute to the insulin resistant phenotype of these mice73.   
Mice lacking nucleotide oligomerization domain (NOD) 1, a sensor of bacterial cell wall 
peptidoglycan (PGN), are protected from HFD induced parameters of metabolic syndrome52. 
NOD2-/- mice were initially reported to respond to HFD feeding in a similar fashion as wild 
type mice52. Conversely, however, NOD2 deletion has been recently shown to mediate 
dysbiosis and promote bacterial adhesion to intestinal mucosal lining with a concomitant 
development of insulin resistance 78. HFD feeding has recently been shown to affect the 
gut immune system by mediating a pro-inflammatory shift in the lamina propria immune 
cells79. In line, targeted intestinal treatment of HFD-fed mice with anti-inflammatory agents 
reduced gut permeability, endotoxemia and visceral adipose tissue inflammation.   
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Intervening in microbiota composition: lessons from RYGB
Roux-en-Y gastric bypass (RYGB) surgery is currently the most efficient and durable 
intervention to achieve glycemic and body weight control in obese, DM2 subjects80. The 
magnitude of effect of RYGB surgery on diabetes remission is a remarkable aspect of 
this treatment. Interestingly, glucose homeostasis improves almost immediately after 
RYGB surgery, which is independent of weight loss81,82. Duodenal exclusion seems to be 
sufficient to reduce blood glucose levels in obese and non-obese DM2 patients83,84. RYGB 
markedly changes gut anatomy and physiology and has considerable effects on microbiota 
composition in humans and rats25,85,86. Microbiota changes in response to RYGB are distinct 
from the changes seen in weight loss without RYGB87 and have been suggested to mediate 
part of the post-RYGB improvements in metabolism. Microbial sequencing analyses after 
RYGB revealed that Firmicutes abundance, which is generally high in obesity, decreased 
and that Proteobacteria represented an overabundance in the distal gut microbiota25. 
Importantly, colonization of GF mice with microbiota of post-RYGB mice reduced body 
weight compared to colonization of GF mice with microbiota from sham-operated mice88. 
This indicates that post-RYGB microbiota can transfer (part) of the post-RYGB phenotype 
and that the microbiota therefore plays an important contributing role in restoring 
metabolic homeostasis after gastric bypass surgery. 
One of the consequences of post-RYGB gut anatomy is that bile acids and nutrients 
do not meet until the distal jejunum whereas in pre-RYGB, this meet-up occurs in the 
duodenum. As such, postprandial bile acids have been inversely related to body fat mass 
in humans89. Observations that postprandial bile acid-mediated signaling events are 
increased after RYGB, stimulated the hypothesis that bile acids regulate part of the post-
RYGB improvements in glucose homeostasis90-92. In line with this, mice deficient for the bile 
acid receptor Farnesoid-X receptor (FXR) have a blunted response to bariatric surgery93. 
Interestingly, post-RYGB subjects usually do not feel hungry despite negative energy 
balance94. Changes in gut physiology and subsequent changes in microbiota composition 
potentially affect satiety through direct gut to brain signaling. In line with a role for 
microbiota composition in regulating gut-brain signaling, mice and humans with affected 
gut microbiota homeostasis have increased prevalence of neurologic disorders. In some 
cases, these disorders can be improved with interventions targeting the microbiota95. 
Nevertheless, it remains largely unknown whether in patients with gut-brain disorders, this 
is due to bottom up (gut to brain) or top down effects (brain to gut)96. Like eukaryotic cells, 
bacteria communicate with each other through hormones and hormone-like chemicals 
in a process called quorum sensing97. Although mechanistic insight into activation of 
host signaling pathways in response to prokaryotic analogs is scarce, eukaryotic cells are 
responsive to signaling molecules derived from bacteria and vice versa98. 

Gut microbiota-mediated regulation of metabolism: a role for enteroendocrine cells
One percent of gut epithelial cells comprises enteroendocrine cells (EEC’s), such as L cells, 
K cells and I cells. EEC’s are highly specialized cells that sense gut luminal contents and 



45

Interplay between gut microbiota, its metabolites and human metabolism

3

accordingly secrete gastrointestinal hormones and peptides to regulate, amongst others, 
insulin secretion and satiety. EEC’s are highly responsive to nutrients and can convey 
signals in a neuronal and endocrine fashion99. It goes beyond the scope of this review 
to discuss nutrient-mediated control and peripheral signaling effects of enteroendocrine 
hormones. This has been excellently reviewed elsewhere100-104.
There is upcoming evidence that the microbiota and microbiota metabolic products such 
as secondary bile acids, indole derivatives and bioactive lipids can regulate EEC activity102,103. 
Low abundance and dispersed expression of EEC’s throughout the GI tract have made 
EEC’s notoriously difficult to study. Although this has changed with the advent of transgenic 
mice, there still are a lot of unknowns in EEC regulatory mechanisms and subsequent 
metabolic effects. In contrast with the previous dogma that EEC’s are specialized in 
secretion of one hormone, EEC’s can produce a broad range of hormones depending on 
their physical location in the GI tract105,106. 
L cells primarily inhabit the ileum and large intestine and can be found in the duodenum 
and jejunum as well107. In response to nutrient intake, L cells secrete a vast variety of 
peptides including glucagon-like-protein (GLP) 1 and GLP2 and the anorectic peptides 
oxyntomodulin (OXM) and peptide YY (PYY). GLP1 is the most studied EEC hormone 
because of its insulinotropic actions and relevance for DM2 treatment104. The main effects 
of GLP1 on glucose metabolism are considered to be mediated through a gut-brain-
periphery axis108. GLP2 might have beneficial effects for DM2 as well by preventing bacterial 
translocation through maintenance of gut-barrier function in HFD feeding109. OXM is a dual 
agonist for the GLP1 receptor and the glucagon receptor110,111 and reduces food intake in 
humans and rodents112,113. PYY reduces food intake through its action on hypothalamic 
and gastric vagal afferent neuropeptide Y Y2 receptors (Y2-R)114. The recently identified 
insulin-like peptide 5 (Insl5) is secreted from colonic L cells and promotes appetite during 
energy deprivation115. Insl5 action on satiety is rather surprising considering the fact that 
fluctuations in nutrient exposure is minor in colonic cells. Hormonal or neuronal feedback 
loops potentially convey a starvation signal to colonic L cells. K cells are mainly located 
in the proximal intestine and are the main source of glucose-dependent insulinotropic 
polypeptide (GIP). GIP enhances pancreatic insulin secretion following oral glucose and 
lipid intake116 and plays an important role in regulation of body weight by regulating lipid 
metabolism117,118. Cholecystokinin (CCK) is produced by duodenal I cells and mediates 
release of digestive enzymes and bile119,120. CCK acts on vagal afferent fibers121 in concert 
with leptin to regulate short-term satiety122.
Enterochromaffin cells (EC’s) belong to the enteroendocrine family of cells and are 
expressed throughout the GI tract. EC’s are responsible for production of the majority 
(~90%) of peripheral serotonin (5-hydroxytryptamine (5-HT)), a tryptophan-derived 
neurotransmitter. Circulating platelets have been shown to sequester 5-HT from the GI 
tract and to subsequently distribute it to various sites in the body123. The remaining 10% 
of serotonin present in the body is synthesized in the brain and by neuronal tissue124. 
Indeed, mice lacking Tph1, which converts tryptophan to serotonin in the non-neuronal 
tissues, show >99% reduction in serotonin levels in jejunal and colonic tissue compared to 
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control mice125. Blood serotonin levels, however, are decreased by 93% in Tph1-/- mice. This 
indicates that the remaining 7% of peripheral serotonin in Tph1-/- mice is produced in a 
Tph2-dependent manner in neuronal tissue. Although the Tph1/2 double knockout mouse 
was reported to have lowest intestinal serotonin levels, circulating serotonin levels did not 
differ from circulating levels in Tph1 KO mice. This potentially indicates that a small part of 
circulating serotonin is derived directly from microbial synthesis. 
Serotonin has a plethora of functions including central inhibition of food intake and 
promotion of satiety through interaction with serotonin 5-HT1B and 5-HT2C receptors. 
Serotonin acts locally on intestinal motility and endotoxin translocation126 and, as stated 
previously, a remaining part is taken up in the circulation by platelets123. Intestinal serotonin 
is secreted upon stimuli that include interaction with bile salts and amines127. A direct 
relation between gut microbiota and regulation of serotonin levels can be appreciated 
from studies in GF mice that lack microbiota and have substantially reduced serotonin 
levels9. Moreover, EC cells isolated from GF mice have different morphological appearance 
compared to conventionally-raised mice128. Additionally, bacterial metabolites such as 
α-tocopherol, tyramine and p-aminobenzoate (PABA) have been shown to co-vary with 
5-HT levels and to induce 5-HT in both in vitro and in vivo settings129. Serotonin does not 
cross the blood-brain-barrier (BBB) but instead acts on vagal afferent 5-HT3 receptors 
that convey information to the brainstem130. This makes modulation of EC-secretion of 
serotonin an interesting target for gut-mediated modulation of food intake and satiety.

Modulation of microbiota and EEC function to improve obesity and DM2 
Postprandial GLP1, PYY and OXM levels rise about ten-fold in post-bariatric surgery 
patients131-133. Additionally, numbers of GLP1, PYY and CCK immunoreactive cells significantly 
increased in the Roux and common limbs, but not the biliopancreatic limb of post RYGB 
rats compared with sham-operated HFD-fed obese rats134. In line with observations that 
GLP1 levels rise and are correlated with beneficial effects on glucose homeostasis in post-
RYGB subjects, inhibition of the GLP1 receptor prevented the beneficial effects on glucose 
metabolism post-RYGB in mice135. Similarly, PYY deficient mice do not lose weight after a 
gastric bypass procedure135. GLP1 receptor knockout mice, on the other hand, respond 
normally to bariatric surgery136,137. This indicates that GLP1 receptor activity is not required 
for mediating the post-RYGB effects and/or that GLP1 does not act through its classical 
GLP1 receptor.  
There seems to be redundancy of GLP1 regulatory mechanisms and the role of the rise in 
GLP1 post bariatric surgery therefore remains somewhat controversial. Postprandial GIP 
secretion has been reported to be reduced after RYGB but not after gastric banding138. 
This would fit with the fact that GIP-secreting K cells mainly reside in the proximal intestine, 
which is diverted after RYGB surgery but not VSG. Nevertheless, there are contradicting 
results on GIP secretion post-RYGB, which might have been attributed to differences in 
intestinal length139.
Exact signaling mechanisms mediating the post-surgery ‘EEC secretome’ are barely 
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available. Since EEC’s are highly regulated by nutrients, nutrient exclusion of the proximal 
intestine (foregut theory) and expedited nutrient delivery to the hindgut (hindgut theory) 
could be dominant triggers in post RYGB activation of EEC’s140. Postprandial bile acids, 
bile acid composition and bile acid-mediated signaling events significantly increase after 
RYGB90-92 and correspond with GLP1 and PYY secretion141. Production of specific bile acid 
species have been shown to augment G-protein coupled bile acid receptor-1 (GPBAR1 
or TGR5)-mediated L cell secretion of GLP1142,143 and rectal taurocholate administration 
dose dependently increased GLP1 and PYY secretion with corresponding reductions in 
blood glucose levels and food intake in obese DM2 humans144. Interventions that enhance 
delivery of bile acids to more distal regions of the ileum increase bile acid availability for the 
microbiota and might provide interesting means to activate incretin secretion. 

Pre- and Probiotics
Dietary fibers (prebiotics) have been reported to have beneficial effects on inflammation 
and insulin resistance in obesity only in presence of the GLP2 receptor145.  
Oligofructose (OFS) is a fermentable dietary fiber that increases GLP1 and PYY production 
thereby promoting satiety146. Additionally, OFS improves glucose homeostasis in a GLP1 
receptor-dependent way147. Indole is a product of bacterial-degradation of dietary 
tryptophan. Interestingly, indole levels increased post-RYGB surgery148 potentially due 
to RYGB-mediated changes in microbiota composition. Indole-mediated GLP1 release 
could partly explain the inhibition of appetite often observed in high protein diets that are 
rich in tryptophan. Nevertheless, only short-term exposure of L cells to indole increased 
GLP1 release whereas prolonged exposure reduced GLP1 secretion149. Although, the dual 
effects of indole on GLP1 secretion were hypothesized as communicative means between 
microbiota and host, the effects of indole on GLP1-mediated effects on host metabolism 
remain to be investigated. Additionally, indole was shown to improve endothelial 
tight junctions and reduce inflammation150. Treatment with probiotic strains such as 
Akkermansia muciniphila151 and Lactobacillus planetarium152 have been reported to have 
beneficial effects on HFD-induced weight gain, metabolic endotoxemia and adipose tissue 
inflammation. Metabolites of spore forming bacteria have been shown to regulate 64% 
of colonic and 49% of serum serotonin secreted by EC’s129. This regulation is potentially 
mediated by bile acids. The secondary bile acid deoxycholate increases intestinal motility 
by activating EC’s in a TGR5 dependent manner153. Deoxycholate is produced from 
cholate by microbial modification, specifically by the spore forming Clostridium species, 
in the colon154,155. Since colonization with Clostridium increased intestinal motility and EC 
serotonin concentration, it was postulated that this could be mediated by deoxycholate129.

Metformin
The biguanide derived antidiabetic drug metformin is most effective when administered orally 
and a gut-based mechanism for metformin’s actions has gained recent attention. Metformin 
has been shown to increase GLP1 secretion156 and impair distal ileal bile acid reabsorption 
thereby increasing bile acid availability in the colon157. Increased bile acid availability potentially 
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affects colonic microbiota composition and leads to production of agonists of TGR5 which 
is expressed on EEC’s. Metformin affects microbiota composition in Caenorhabditis elegans158 
and mice159 but data on metformin’s effects on microbiota composition in humans are 
scarce. Metformin withdrawal in humans was shown to reduce GLP1 and PYY levels with a 
concomitant reduction in glucose tolerance and affected microbiota composition160. Changes 
in microbiota composition did not reach significance, however, likely because of the small 
number of subjects used in this study. Fermentable functional fibers have been reported to 
enhance the metformin effect in humans161 and rats162. Although this could be confirmative of 
the important role of metformin interaction with the microbiota, it is known that administration 
of fermentable fibers alone also improves GLP1 secretion and reduces hyperglycemia. 

Short chain fatty acids
Increased SCFA production has been associated with increased PYY production through 
GPR41-mediated signaling in L cells163. GPR41 and GPR43 deficient mice have reduced 
GLP1 and PYY secretion and reduced glucose tolerance in response to SCFA164,165. 
Although duodenal I cells express GPR41 and GPR43 RNA, it is currently unknown if this 
has functional relevance in the context of SCFA signaling166. EC cells appear to lack the 
SCFA receptors GPR41 and GPR43. Nevertheless, EC cells have been reported to respond 
to SCFA’s, potentially through an inducible zinc finger transcription factor ZBP89167. In an in 
vitro model of EC cells, SCFA’s increased Thp1 expression in a dose dependent manner168, 
which suggests that EC cells are indeed responsive to SCFA’s and that SCFA’s have a 
regulatory role in serotonin homeostasis. In line with this, supplementation with the SCFA 
butyrate increased expression of the serotonin transporter (SERT) in vitro potentially by 
butyrate-mediated inhibition of histone deacetylase (HDAC)169. 
There is contradicting evidence on the role of SCFA, GPR41 and GPR43 in control of 
body weight and glucose homeostasis. GPR41 deficient mice cannot be phenotypically 
distinguished from WT mice when (both are) raised under GF conditions. However, 
following conventionalization with fermentative Bacteroides thetaiotaomicron and  
Methanobrevibacter smithii, GPR41 deficient mice do not gain weight and have reduced 
adiposity compared to conventionalized WT mice163. Other groups reported no effect of 
GPR41 on body weight and adiposity170,171. In a similar fashion, GPR43 deficient mice have 
been reported to be resistant to HFD feeding172 whereas other groups reported opposite 
results165,173. Recently, it was shown that whole body knockout of GPR41 and 43 increased 
insulin secretion and improved glucose tolerance in HFD-fed mice compared to wild type 
controls. Intestinal deletion of GPR41 and GPR43, however, did not improve the phenotype 
following HFD feeding. GPRs likely act in a cell-autonomous and SCFA-specific manner in 
control of glucose homeostasis and SNS activity174,175.  

Concluding remarks
It is increasingly appreciated that the intestinal microbiota and bacterial metabolites play 
an important role in maintenance of host health (summarized in Figure 1). It remains 
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challenging though, to unravel beneficial and detrimental effects of changes in microbiota 
composition and bacterial metabolites and distinguish primary versus secondary signaling 
events. Nevertheless, this will be of critical importance for development of therapeutics 
targeting the gut microbiota. Depending on the physical location in the GI tract, EEC’s 
encounter a large variety of luminal contents. It is therefore likely that EEC’s residing in the 
proximal intestine will convey different signals to the periphery compared to EEC’s residing 
in more proximal areas of the GI tract. In line, intestinal microbiota concentration and 
microbiota diversity increase from the proximal to distal GI tract. Since current sampling 
methods in humans are generally limited to feces and colon, this leaves a large part of the 
GI tract understudied. It would be relevant to extend sampling methods throughout to 
entire GI tract and development of means to reach this goal would be of great importance. 
In this regard, the use of fecal transplantation via upper duodenal route that allows 
intestinal biopsy collection can provide more information about the metabolic role of this 
part of the GI tract.
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ABSTRACT
The intestinal microbiota has been implicated in insulin resistance, although evidence 
regarding causality in humans is scarce. We therefore studied the effect of lean donor 
(allogenic) versus own (autologous) fecal microbiota transplantation (FMT) to male 
recipients with the metabolic syndrome. Whereas we did not observe metabolic changes 
at 18 weeks after FMT, insulin sensitivity at six weeks after allogenic FMT was significantly 
improved, accompanied by altered microbiota composition. We also observed changes in 
plasma metabolites such as γ-aminobutyric acid and show that metabolic response upon 
allogenic FMT (defined as improved insulin sensitivity 6 weeks after FMT) is dependent on 
decreased fecal microbial diversity at baseline. In conclusion, the beneficial effects of lean 
donor FMT on glucose metabolism are associated with changes in intestinal microbiota and 
plasma metabolites and can be predicted based on baseline fecal microbiota composition.
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INTRODUCTION
The world-wide burden of obesity and related illnesses such as diabetes mellitus warrants 
new therapeutical modalities, as current therapies such as lifestyle changes and antidiabetic 
agents are insufficiently capable of reducing morbidity and mortality rates1. During the 
last decade, changing the composition of intestinal microbiota has gained attention as a 
novel therapeutic modality to improve insulin sensitivity2. Several lines of evidence have 
indicated that the bacterial composition differs between lean and obese animals3, but 
also that gut microbial composition may reflect an aberrant metabolic function including 
altered digestion of dietary products4. Finally, these animal studies have suggested a causal 
relation since the adverse phenotype is transferable via fecal transplantation4,5. Although 
many observational studies have suggested correlations between altered microbiota 
composition and metabolism in humans, causality has been difficult to prove6. In this 
respect, we have previously shown in a small pilot study that transplantation of lean donor 
fecal microbiota into obese males with metabolic syndrome resulted in improved glucose 
metabolism, which was associated with alterations in intestinal microbiota composition in 
both fecal and duodenal samples7. These findings prompted us to study the short- and 
long-term effect of lean donor fecal microbiota transplantation (FMT) on gut microbiota 
composition in a larger group of male metabolic syndrome subjects and dissect the 
underlying pathophysiology of insulin resistance by relating intestinal microbiota changes 
to various markers of metabolism. Moreover, we tried to unravel whether specific 
characteristics of fecal microbiota composition at baseline can explain why some metabolic 
syndrome subjects improve in insulin sensitivity upon lean donor FMT treatment (so called 
metabolic responders), whereas others do not (non-responders).

RESULTS AND DISCUSSION
In line with several recent observational studies that have supported a role for the intestinal 
microbiota in metabolic processes8,9, and in accordance with our previous pilot study7, we 
report that altering intestinal microbiota composition by infusion of healthy lean donor 
feces has a (short-term) beneficial impact on peripheral insulin sensitivity in metabolic 
syndrome patients. In contrast to animal studies, this effect on insulin-mediated glucose 
uptake was not associated with changes in (post-prandial) incretins or bile acids10,11. Other 
observations point towards a regulatory role of plasma metabolites that are derived from 
diet and converted by intestinal microbiota in insulin resistant obese males12. Although the 
overall metabolic effects of lean donor FMT are modest and show a wide variety between 
patients, our data do suggest that changes in plasma metabolites (predominantly amino 
acids), as a consequence of the altered intestinal microbiota composition, might be one 
explanation for the beneficial effects of lean donor FMT on peripheral insulin sensitivity. 

Inclusion
We included 44 male metabolic syndrome subjects, of whom 6 were excluded (three 
due to pathology of the proximal gastro-intestinal tract for which immediate treatment 
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was warranted, found during the first gastroduodenoscopy (two ulcus ventriculi and one 
Barrett esophagus with dysplasia). One subject withdrew from the study after the first 
treatment week and two subjects were excluded due to technical difficulties with several 
clinical measurements). Therefore, thirty-eight subjects were enrolled in this study and 
were randomly distributed over all treatment groups (Table 1, Table S1). We found no 
differences in baseline characteristics between recipients of autologous and allogenic 
FMT. We included 11 healthy lean donors, who provided their fresh feces for the metabolic 
syndrome subjects randomized for allogenic FMT (n=26). Seven lean donors provided 
feces for multiple metabolic syndrome subjects with range of single lean donor used 
in 2 to maximum of 5 recipients, while 4 lean donors provided feces for one allogenic 
FMT. Throughout the follow-up period, there were no serious adverse events or adverse 
changes in plasma biochemistry.   

Table 1. Baseline characteristics

Autologous FMT  
(n=12)

Allogenic FMT  
(n=26)

P

Male gender, % 100 100 1.000
Age, yrs. 54 [49 – 58] 54 [49 – 60] 0.914
BMI, kg/m2 35.8 [33.1 – 40.4] 33.8 [32.5 – 35.7] 0.093
Waist-circumference, cm 121 [115 – 130] 120 [111 – 127] 0.297
Blood pressure
Systolic, mmHg
Diastolic, mmHg

148 [134 – 162]
94 [83 – 105]

141 [132 – 154]
90 [78 – 97]

0.243
0.218

Fasting glucose, mmol/l 5.9 [5.5 – 6.4] 5.5 [5.3 – 6.1] 0.187
HbA1c, mmol/mol 43 [36 – 46] 40 [36 – 42] 0.218
Insulin, pmol/l 107 [80 – 159] 121 [93 – 143] 0.722
HOMA-IR 4.8 [3.5 – 6.9] 4.8 [3.7 – 6.0] 0.963
Cholesterol
Total, mmol/l
LDL, mmol/l
HDL, mmol/l
Triglycerides, mmol/l

5.5 [4.8 – 6.6]
3.7 [3.0 – 4.8]
1.0 [0.9 – 1.1]
1.3 [1.1 – 1.8]

5.5 [4.8 – 6.6]
3.9 [3.2 – 4.5]
1.1 [0.9 – 1.4]
1.2 [0.9 – 1.7]

0.865
0.914
0.297
0.485

Baseline characteristics for patients randomized for autologous and allogenic (both one and two) treatment(s), 
expressed as medians and interquartile ranges in brackets. A p-value < 0.05 was considered significant. See 
also Table S1. Abbreviations: BMI = body mass index; FMT = fecal microbiota transplantation; HbA1c = glycated 
hemoglobin; HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment – insulin resistance; 
LDL = low-density lipoprotein

Long-term effects of lean donor FMT
We found that duodenal and fecal microbiota composition at 18 weeks after allogenic FMT 
were similar to baseline (Figure 1 A-B). In line, neither single nor repeated allogenic FMT had 
significant effects on hepatic (expressed as insulin-mediated suppression of endogenous 
glucose production (EGP)) or peripheral insulin sensitivity (expressed as rate of glucose 
disappearance (Rd)) at 18 weeks (Figure S1). Weight, (plasma and fecal) SCFA and fasting 
plasma metabolites (Figure S2) were not affected. The lack of long-term clinical effects 
(both on insulin sensitivity and plasma metabolites) at 18 weeks after allogenic FMT in our 
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study is in line with previous findings on transient donor bacterial strain engraftment and 
the presence of a personal fecal core microbiome13. In this regard, it is likely that the host 
immune system develops resilience, which in combination with the adherence of one’s 
own lifestyle including diet14, could explain the return of intestinal microbiota composition 
to the baseline situation and the magnitude of metabolic response both at short- and 
long-term15.

Short-term effects of lean donor FMT: insulin sensitivity and post-prandial metabolism
As we did not observe long-term changes in these major outcome parameters, we 
focused on changes between week 0 and 6 and found that allogenic FMT did result in 
altered duodenal and fecal microbiota composition at 6 weeks (Figure 1 A-B). This was 
associated with improved peripheral insulin sensitivity at week 6 (from 25.8 [19.3 – 34.7] 
to 28.8 [21.4 – 36.9] μmol kg-1 min-1, p<0.05), whereas autologous FMT had no effect (from 
22.5 [16.9 – 30.2] to 20.8 [17.6 – 29.5] μmol kg-1 min-1, n.s.) (Figure 2, Table S2A-B). The 
change in peripheral insulin sensitivity in the allogenic FMT group was accompanied by 
a small but significant decrease in glycated hemoglobin (HbA1c) at 6 weeks (39.5 [36.0 – 
41.0] to 38.0 [34.0 – 41.0] mmol/mol, p<0.01). Other metabolic parameters (e.g. weight, 
caloric intake and REE) were not affected (Tables S2A, S2B, S3). Although the results were 
more variable than in our previous smaller study, we were able to reproduce this previous 
finding of short-term beneficial changes on peripheral insulin sensitivity upon allogenic 
FMT7. These data concur with our previous data that insulin resistance in obese subjects 
is characterized by a more pronounced decrease in peripheral insulin sensitivity, whereas 
hepatic insulin sensitivity is affected to a lesser and more variable extent16. Moreover, upon 
insulin sensitizing medication peripheral insulin sensitivity improved significantly more 
than hepatic insulin sensitivity17. In line, we could discern that approximately half of all 
subjects treated by allogenic FMT showed a clinically relevant improvement at 6 weeks. This 
modest therapeutic effect and large variability on whole body glucose metabolism upon 
targeted intestinal microbiota intervention is less pronounced than in mice5, but aligns 
with our previous publications on the metabolic effects of oral antibiotics to specifically 
alter intestinal microbiota composition18,19. With regards to post-prandial metabolism, 
the allogenic FMT group showed an increased post-prandial rise in plasma triglycerides 
(iAUC = 91 [52 – 129] to 115 [77 – 146] mM/min, p<0.05) between week 0 and 6. Other 
markers such as glucose and enteroendocrine hormones (e.g. GLP-1, GIP and PYY) were 
not influenced by allogenic FMT (data not shown). As was described in previous reports, 
we found (minor) changes in fecal bile acids (predominantly cholate) upon allogenic FMT20. 
Although allogenic FMT did not affect fasting and post-prandial total plasma bile acid 
concentrations, allogenic FMT significantly increased fecal cholate excretion (both for fecal 
concentration and fecal excretion, p<0.05) (Figure S3). 
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Figure 1. Changes in duodenal and fecal microbiota composition after autologous and allogenic FMT. 
On the left (A), a biplot of Redundancy Analysis (RDA axis 1 vs. axis 2) of duodenal microbiota data, constrained 
by autologous and allogenic treatment variables in time (0, 6 and 18 weeks). On the right (B), biplot of Redundancy 
Analysis (RDA axis 1 vs. axis 2) of fecal microbiota data, constrained by autologous and allogenic treatment variables 
in time (0, 6 and 18 weeks). Also, baseline fecal microbiota composition in lean FMT donors (n=11) is depicted. 
Abbreviations: FMT = fecal microbiota transplantation
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Figure 2. Changes in hepatic and peripheral insulin sensitivity between week 0 and 6. This figure shows 
changes in insulin sensitivity between week 0 and 6 for both the autologous and allogenic treatment group. 
Insulin sensitivity is described as percentage suppression of EGP as a marker of hepatic insulin sensitivity 
(A-C), as well as Rd as a marker of peripheral insulin sensitivity (D-F). Grouped data are expressed as box-and-
whisker plots, whereas the spaghetti plots show individual data. A p-value < 0.05 was considered significant. 
See also Table S2A and S2B. Abbreviations: EGP = endogenous glucose production; FMT = fecal microbiota 
transplantation
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Short-term effects of lean donor FMT: SCFA, intestinal microbiota and plasma metabolites
Fasting plasma SCFA-levels did not change upon allogenic FMT and in contrast to our 
previous study7, we did not observe significant changes in fecal butyrate levels (butyrate 
from 13 [6 – 27] to 20 [13 – 27] µmol/g feces, p=0.096) (Table S3). Fecal acetate levels 
however were significantly increased from 62 [43 – 89] to 85 [61 – 105] µmol/g feces 
(p<0.05) after allogenic FMT, whereas fecal proprionate was borderline significantly altered 
(from 23 [16 – 35] to 28 [22 – 60] µmol/g feces, p=0.062). Subsequent microbiota analyses 
showed that allogenic treatment resulted in significantly altered duodenal bacterial species 
including Bifidobacterium pseudolongum, previously mentioned as a potential probiotic 
that produces acetate from dietary carbohydrates (Figure 3A)21. In line with our findings 
of increased fecal acetate upon allogenic FMT, fecal acetate levels are inversely related to 
insulin resistance in humans22. Several fecal bacterial species that were different between 
autologous and allogenic FMT have been linked to human metabolism (Figure 3B). These 
include the lactate-producing Lactobacillus salivarius23 and butyrate-producing Butyrivibrio24, 
Clostridium symbiosum25 and Eubacterium species7,26. There were no differences in fecal 
microbial diversity (Shannon index) between baseline and 6 weeks (allogenic FMT group 
from 5.9 [5.8 – 6.0] to 6.0 [5.8 – 6.1], p=0.493; autologous FMT group from 5.9 [5.8 – 6.1] to 
6.0 [5.8 – 6.1], p=0.239). Since both our smaller pilot study7 and the current study showed 
a significant clinical effect of lean donor FMT on peripheral insulin sensitivity, we conclude 
that the differential presence of either acetate or butyrate producers in donor feces as well 
as sample size may both account for the observed differences. Although the driving factors 
of donor bacterial strain engraftment are currently unknown, we speculate that the level of 
metabolic response might be due to donor-host interactions. Whether and to what extent 
adding a standard dietary intervention, together with better matching of donors with hosts, 
could work synergistically on beneficial gut microbiota changes and metabolic response 
requires further study.
With respect to other fasting plasma metabolites, intestinal microbiota have recently been 
linked to altered (branched chain) amino acid production in relation to dietary composition27,28. 
We observed significant changes in 30 metabolites associated with either allogenic FMT 
(positive weight, n=17) or autologous FMT (negative weight, n=13) (Figure 3C). Whereas 
allogenic FMT was mostly associated with changes in amino acid concentrations, autologous 
FMT was mostly associated with changes in oxidative stress and lipid-related metabolites. 
Amongst others, allogenic FMT resulted in changes in amino acids such as γ-aminobutyric 
acid (GABA), tryptophan and kynurenine (involved in serotonin metabolism) as well as 
phenylalanine. In particular, we found that GABA levels showed the strongest relation with 
allogenic FMT at 6 weeks. Indeed, GABA has been associated with control of metabolism 
in murine models29. In this regard, the observed change in Lactobacillus brevis might be of 
specific interest, since this bacterial species has been linked to GABA production30 and its 
suppletion in insulin resistant rats improved glucose homeostasis31. Also, GABA-suppletion 
can positively affect insulin sensitivity in rodents32, which may relate to the beneficial effects 
on Rd. Based on the small sample size we however refrained from associating changes in 
plasma metabolites with Rd in our study.
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C.   

Figure 3. Changes in microbiota species and plasma metabolites after autologous and allogenic FMT. 
The spider plot depicts a panel of bacterial species that significantly differentiate between autologous and 
allogenic treatment group, based on the changes in duodenal (A) and fecal (B) microbial composition 6 weeks 
after FMT. The axis of the spider plot reflects the amount of change (L2 norm) of the bacterial species upon 
autologous (red) or allogenic (green) FMT. Finally, figure C depicts an importance plot showing significant 
associations between changes in fasting plasma metabolites between week 0 and 6 and either autologous or 
allogenic FMT. Plasma metabolites are depicted on the y-axis. Weights per metabolite are expressed on the 
x-axis: a positive weight (n=17) represents an association with allogenic lean donor feces treatment, whereas 
a negative weight (n=13) represents an association with autologous feces treatment. The higher the weight, 
the stronger the association. Abbreviations: FMT = fecal microbiota transplantation; iPF = isoprostane F; LPA = 
lysophosphatidic acid; PGA = prostaglandin A2; PGF = prostaglandin F
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Short-term effects of lean donor FMT: responders versus non-responders
Although at 6 weeks an overall significant improvement in peripheral insulin sensitivity 
was observed in the whole allogenic FMT group, a large variation in treatment efficacy was 
seen (Figure 2E and F) in line with earlier results reporting an intersession coefficient of 
variance (CV) of 10% in Rd7,19. We therefore split the allogenic FMT treated subjects into 
a group with an Rd-increase ≥ 10% (responders, n =13) and a group with an Rd-increase 
< 10% (non-responders, n=13) between week 0 and 6. Within the responder group, both 
peripheral (median Rd from 29.9 [17.9 – 36.4] to 36.4 [25.3 – 41.3] µmol·kg-1·min-1, p<0.01) 
and hepatic insulin sensitivity (median insulin-mediated EGP-suppression from 54.9% 
[44.7 – 64.4] to 63.5% [48.5 – 68.8], p<0.05) increased significantly, whereas in the non-
responder group no effect was seen. Weight did not change in either of the two groups. 
Within the responders we observed a significant change in fecal abundance of Akkermansia 
muciniphila (Figure 4A-B), which has been linked to beneficial metabolic effects in targeted 
intervention studies in both rodents and humans33,34. Moreover, our findings of alterations 
in SCFA-producing bacteria from the genus Eubacterium in relation to changes in insulin 
sensitivity, are in line with findings in large cohorts of insulin resistant subjects33,35. In 
contrast, the genus Roseburia was previously shown to be negatively correlated with 
an insulin resistant state35, which is in contrast to our observation of overall decreased 
presence of this bacterial strain despite improved glucose regulation upon allogenic FMT. 
No significant changes were observed in Shannon’s diversity index after allogenic FMT 
(responders from 5.8 [5.8 – 5.9] to 6.0 [5.8 – 6.1] versus non-responders from 6.0 [6.0 – 
6.2] to 6.0 [5.9 – 6.1], n.s.) (Figure 5A). 
Finally, we determined if fecal microbiota composition at baseline would be able to 
predict the responder or non-responder status upon lean donor allogenic FMT. With a 
good prediction (ROC AUC 0.88, Figure 5B) we found that metabolic responders were 
characterized by lower initial fecal microbiota diversity (Figure 5A). This was combined 
with higher abundance of Subdoligranulum variabile and Dorea longicatena in comparison 
to non-responders, whereas abundance of Eubacterium ventriosum and Ruminococcus 
torques was lower in baseline fecal samples of responders (Figure 5C). Our findings 
thus confirm that lower fecal microbial diversity at baseline is predictive of metabolic 
improvement upon treatment36,37. We also identified that the majority of the predictive 
fecal microbiota comprised abundance of 4 different species. In line with previous reports 
on metabolic response upon dietary intervention, our responders were characterized 
by increased pre-treatment abundance of Subdoligranulum variabile38. In contrast, the 
increased abundance of the species Ruminococcus torques in the baseline fecal samples 
of non-responders has been previously linked to adverse intestinal health39 and aberrant 
production of (fatty acid chain-containing) metabolites40. Based on these findings we 
conclude that for future interventions, determining baseline fecal microbiota composition 
might aid in predicting efficacy of treatment. 
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A.

B.

Figure 4. Changes in fecal microbiota composition between responders and non-responders. Left panel (A) 
depicts a biplot of Redundancy Analysis (RDA axis 1 vs. axis 2) of fecal microbiota data, constrained by response 
and non-response variables in time (0 and 6 weeks). Response is defined by the Rd-change 6 weeks after allogenic 
FMT, either ≥ 10% increase (responders) or < 10% increase (non-responders). The right panel (B) depicts a spider 
plot of bacterial species that significantly differentiate between responders and non-responders, based on the 
changes in fecal microbial composition 6 weeks after allogenic FMT. The axis of the spider plot reflects the amount 
of change (L2 norm) of the bacterial species in the responder (red) and non-responder (green) group. Response is 
defined by the Rd-change 6 weeks after allogenic FMT, either ≥ 10% increase (responders) or < 10% increase (non-
responders). Abbreviations: FMT = fecal microbiota transplantation; Rd = rate of (glucose) disappearance
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A.              B.
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Figure 5. Fecal bacterial diversity and bacterial strains in baseline fecal samples related to metabolic 
response. On the left panel (A) Shannon diversity index at week 0 and 6 for both Rd responders and non-
responders is shown. Data are expressed as box-and-whisker plots. Significant differences (p<0.05) are 
depicted. On the middle panel (B), ROC of the model trained to predict response (Rd-increase ≥ 10% at 6 
weeks after allogenic FMT) based on baseline fecal microbiota composition is depicted. Finally, on the right 
panel (C), bacterial species in baseline fecal samples that predict metabolic response are shown. The bar 
plot each depict a panel of 11 bacterial species in the baseline fecal sample of metabolic syndrome subjects 
that significantly can predict metabolic response upon allogenic FMT at 6 weeks. On the x-axis metabolic 
response at 6 weeks is shown. On the y-axis baseline relative abundance of each identified fecal bacterial 
species (L2 norm) is shown. Abbreviations: FMT = fecal microbiota transplantation; Rd = rate of (glucose) 
disappearance trained to predict responders (Rd-increase ≥ 10% at 6 weeks after allogenic FMT) or < 10% Rd 
increase (non-responders) based on baseline fecal microbiota composition. AUC = area under the curve; FMT 
= fecal microbiota transplantation; ROC = receiver operating characteristic
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Limitations 
Our study has some limitations. First, we chose to closely monitor caloric intake while 
keeping regular diet of each study subject, as the introduction of a standardized diet 
influences gut microbiota composition14. This could have influenced the impact of the FMT 
success. Second, our study was performed in male obese Caucasian subjects, possibly 
precluding generalization of our findings to other patient groups. Third, we used multiple 
fecal donors, which might explain the transient and variable effects seen in Rd upon 
allogenic FMT at 6 and 18 weeks. However, using one fecal donor was logistically not 
possible as we used fresh feces and no existing data were available, when our study was 
designed, regarding matching criteria that would justify fecal donor stratification. Moreover, 
due to ethical constraints we were only allowed to determine Rd on three occasions, 
whereas in hindsight having a 12-week time point would have been a valuable addition. 
Nevertheless, our intervention study provides further evidence on the involvement of gut 
microbiota in human insulin resistance as single allogenic FMT (without previous antibiotic 
intestinal decontamination) resulted in a significant, short-term, beneficial therapeutic 
effect. Moreover, we were able to show that the overall lack of long-term clinical effect 
(e.g. improvements in insulin sensitivity) was associated with return-to-baseline of both 
intestinal microbiota and plasma metabolites. 

Conclusion
In conclusion, our data underscore the potential role of intestinally produced metabolites as 
(signalling) molecules and drivers of insulin sensitivity and underscore previous suggestions 
that pre-treatment fecal microbiota signatures might regulate engraftment of (lean-donor-
derived) bacterial species and thus predict treatment success13,36. Disentangling such a 
specific signature of intestinal microbiota involved in beneficial functional (metabolic) shifts 
might help to apply approaches aiming to better predict development of insulin resistance 
and design targeted microbiota-based interventions in obese humans.

STAR METHODS
Experimental model and subject details
Study subjects
Male, omnivorous, Caucasian, obese subjects were recruited by newspaper advertisement 
and screened for characteristics of the metabolic syndrome. We included adult (age 21-69 
yrs.) Caucasian males, who had obesity (body mass index (BMI) ≥ 30 kg/m2), fulfilled the 
National Cholesterol Education Program (NCEP)-criteria for metabolic syndrome (≥ 3/5: 
fasting plasma glucose ≥ 5.6 mmol/l, triglycerides ≥ 1.7 mmol/l, waist-circumference > 102 
cm, high-density lipoprotein (HDL-)cholesterol < 1.03 mmol/l, blood pressure ≥ 130/85 
mmHg), were treatment naive and who where otherwise healthy. Exclusion criteria were 
a history of recent weight loss, cardiovascular event, cholecystectomy and the use of 
any medication known to influence gut microbial composition in the last three months 
(including proton pump inhibitors, antibiotics and pre-/pro-/synbiotics) or targeting 
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metabolic diseases (e.g. lipid-lowering, anti-diabetic and/or anti-hypertensive drugs). 
Lean (BMI < 25 kg/m2), omnivorous, healthy Caucasian males were also recruited by 
newspaper advertisements to serve as fecal donors. They completed questionnaires 
regarding dietary and bowel habits, travel history, comorbidity including (family history of) 
diabetes mellitus and medication use. Donors were screened for the presence of infectious 
diseases as previously published41. Blood was screened for presence of (antibodies 
to) human immunodeficiency virus; human T-lymphotropic virus; Hepatitis A, B, and C; 
cytomegalovirus (CMV); Epstein–Barr virus (EBV); strongyloides; amoebiasis and lues. 
Presence of infection resulted in exclusion, although previous, non-active infections with 
EBV and CMV were allowed. Donors were also excluded if screening of their feces revealed 
the presence of pathogenic parasites (e.g. blastocystis hominis, dientamoeba fragilis, 
giardia lamblia), bacteria (Shigella, Campylobacter, Yersinia, Salmonella, enteropathogenic 
E. coli and Clostridium difficile) or viruses (noro-, rota-, astro-, adeno (40/41/52)-, entero-, 
parecho- and sapovirus) at AMC department of Clinical Microbiology and Virology.  
Written informed consent was obtained from all subjects. The study was approved by the 
local Institutional Review Board of the Academic Medical Center (AMC) in Amsterdam, The 
Netherlands, and conducted at the AMC in accordance with the Declaration of Helsinki. 
The study was registered at the Dutch Trial Register (number 2705).

Method details
We performed a double-blind randomized controlled trial (using computerized 
randomization) with male obese metabolic syndrome subjects. We studied the effect 
of allogenic (lean donor) gut microbiota infusion on metabolism in relation to intestinal 
microbiota composition 6 and 18 weeks after treatment, using autologous infusion as the 
control (placebo) treatment. Donors and recipients were randomly matched. In case a 
metabolic syndrome subject was randomized for 2 allogenic FMTs, the same selected lean 
donor provided the fecal sample for both FMTs.  

Study design
Participants were allowed to keep their own diet, but were asked to keep an online 
nutritional diary (www.eetmeter.nl) to monitor daily caloric intake for seven days before 
each study week. During the 48 hours before the visits in weeks 0, 6 and 18, subjects 
collected 24h feces twice and stored this at home. In each study week, three successive 
study days were preceded by an overnight fast (Figure S4). 

Study day 1: Mixed meal test
The mixed meal test (MMT) started with insertion of an intravenous catheter in a distal arm 
vein, after which a baseline blood sample was drawn. After the baseline blood withdrawal, 
including fasting glucose, HbA1c, lipids and metabolites, subjects immediately ingested a 
standardized meal within 5 minutes. This meal contained 616 kCal (2.6 MJ), of which the 
energy content consisted out of 66% fat, 33% carbohydrates and 6% proteins19. Start of 
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ingestion was considered T=0h and the following 4 hours, a blood sample was withdrawn 
for post-prandial metabolism (e.g. glucose, triglycerides, bile acids, enteroendocrine 
hormones) every 30 minutes. The blood samples were stored at 80°C.  

Study day 2: two-step hyperinsulinemic euglycemic clamp test and REE
Insulin sensitivity was measured during two-step hyperinsulinemic euglycemic clamp 
studies. We used [6,6-2H2]glucose (>99% enriched; Cambridge Isotopes, Andover, MA, 
USA) as tracer. After an overnight fast, catheters were inserted into a distal vein of both 
arms. One catheter was used for infusion of the glucose tracer, glucose and insulin, whilst 
the other was used for sampling of arterialized venous blood using a heated-hand box 
(60 °C), respectively. At T=−2h a blood sample was withdrawn for background enrichment, 
after which a continuous infusion of [6,6-2H2]glucose (bolus 11 μmol kg−1; continuous 
0.11 μmol kg−1 min−1) was started and continued until the end of the experiment. After 
2 hours of equilibration (T=0h) blood samples (n=3, every 5 minutes) were drawn for 
isotope enrichments, glucoregulatory hormones and free fatty acid concentration. 
Directly thereafter, infusion of insulin (Actrapid; Novo Nordisk Farma, Alphen aan de 
Rijn, The Netherlands) was started at a rate of 20 mU m−2 min−1, meaning the start of 
step 1. Plasma glucose was measured every 10 minutes and 20% glucose enriched with 
1% [6,6-2H2] glucose (to approximate plasma enrichment) was infused at a variable rate 
to maintain plasma glucose at 5.0 mmol l −1. After 2 hours of insulin infusion (T=2h), 5 
repetitive blood samples were withdrawn every 5 minutes for glucose enrichments, gluco-
regulatory hormones and free fatty acid concentrations. Hereafter, insulin infusion rate 
was increased to 60 mU m−2 min−1 for the second step. At T=4h another 5 blood samples 
were withdrawn as describe. Blood samples were stored at -80°C for later analyses. 
Resting energy expenditure (REE), carbohydrate- and fat oxidation were measured using 
indirect calorimetry during the basal and hyperinsulinemic state. Subjects also provided a 
fecal sample for gut microbiota and short chain fatty acid (SCFA) analysis on either day 1 or 
2, and the sample was immediately frozen and stored at -80°C.

Study day 3: duodenal biopsies with/without FMT
At the third study day, subjects reported to the gastroenterology ward in a fasting state for 
a gastroduodenoscopy followed by FMT according to a previously described procedure7,41. 
During the endoscopy procedure, we obtained duodenal biopsies, immediately collected 
in sterile tubes, snap-frozen in liquid nitrogen and afterwards stored at -80°C, followed by 
positioning of a nasoduodenal tube. The position of the tube was assured by an abdominal 
X-ray immediately after the procedure. After ascertaining just placement of the tube, bowel 
lavage started with infusion of dissolved macrogol/elektrolytes (Klean-Prep) via the tube 
at a rate of one liter/hour, until the gastro-intestinal tract was cleaned of fecal content. A 
maximum of 4 liters of Klean-Prep was used. Prior to the duodenoscopy, every subject as 
well as the assigned lean donor provided fresh morning feces. At that moment subjects 
were randomized in a double-blind fashion to either allogenic (from lean male donors) or 
autologous (from own collected feces) FMT7,41. Based on the randomization procedure, the 
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designated fecal sample was used within 6 hours after production for further processing 
by homogenizing the fecal sample with 500cc 0.9% sterile saline and filtering this solution 
through a metal sieve. The solution was stored in a sterile glass 500cc bottle. After the 
laxation procedure was completed, a total of 500ml of dissolved fecal content was inserted 
via the nasoduodenal tube.
All procedures were repeated after 6 weeks to study short-term effects of allogenic FMT. 
Thereafter, a randomized subgroup of patients received a second allogenic FMT (from the 
same lean donor) whereas the other subjects did not receive additional FMT. All subjects 
were studied for long-term effects of (either single or double) FMT at 18 weeks, repeating 
all aforementioned study procedures.

Sample analyses
Fasting plasma lipids, including total cholesterol, low-density lipoprotein (LDL-) 
cholesterol, high-density lipoprotein (HDL-) cholesterol and triglycerides, were analysed 
using commercially available assays (Diasys, Waterbury, Connecticut, USA) on a Selektra 
autoanalyser system (Sopachem, Ochten, The Netherlands). Plasma glucose and 
triglycerides were measured both pre- and during four hours post-prandially, in samples 
from the MMTs. Fasting plasma metabolites were determined by liquid chromatography-
mass spectrometry (LC-MS) for a panel of 96 metabolites containing amino acids, oxidative 
stress markers and lipids as previously described42–44. 

Enteroendocrine hormones
Plasma concentrations of the enteroendocrine hormones glucose-dependent insulinotropic 
polypeptide (GIP), glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) were determined 
as previously described45, using pre- and post-prandial plasma samples from the MMTs. 
In short, plasma was treated with 70% ethanol (final concentrations) before analysis by 
RIA. PYY was measured using a mid-region specific antibody, code no. HYB 347-07 (Statens 
Serum Institut, Copenhagen, Denmark). Total GLP-1 was assayed using antiserum 89390, 
which has an absolute requirement for the intact amidated C-terminus of the molecule. 
Intact GIP was measured using N-terminally directed antisera code nos 98171. Sensitivities 
were below 2  pmol/l and intra-assay coefficients of variation better than 6%46,47.

Bile acids 
Plasma bile acid concentrations as well as bile acid levels in 24h feces were determined 
by mass spectrometry (respectively liquid chromatography-tandem mass spectrometry 
(LC-MS/MS)) or gas chromatography (GC)-MS). Plasma bile acid concentrations were 
determined in 25 µl homogenized plasma, using pre- and post-prandial plasma 
samples from the MMTs. For sample preparation, 250 µl internal standard solution 
containing D4-cholate, D4-chenodeoxycholate, D4-glycocholate, D4-taurocholate, D4-
glycochenodeoxycholate and D4-taurochenodeoxycholate was added to the plasma. After 
mixing and centrifugation at 15.900 g the supernatant was transferred into a new vial. The 
supernatant was evaporated under nitrogen at 40°C. Bile acids were reconstituted in 100 
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µl 50% methanol and filtered with a 0.2 µm centrifugal filter at 3000 g. After this step, 10 µl 
sample was injected into the LC-MS/MS system. 
Fecal bile salt composition was analysed in 24h. feces, for which subjects provided 24h. 
feces twice and we used the average results of both days. In short, 50 mg of dried feces 
was boiled in 1ml of alkaline methanol (1M NaOH-methanol, 1:3 vol/vol) at 80°C for 2h 
after addition of 50nmol 5-cholestane and 14nmol 7,12-dihydroxy-5-cholanic acid as 
internal standard for neutral sterols and bile salts, respectively. After cooling down to room 
temperature, neutral sterols were extracted by using 3 x 3 ml of petroleum ether, boiling 
range 60 – 80°C. The residual sample was diluted 1:9 with distilled water. A sample (100 ul) 
of the solution was subjected to an enzymatic total bile salt measurement48. The remaining 
solution was used for bile salt isolation by reversed-phase solid-phase (C18) extraction48. 
The eluate was evaporated to dryness, and bile salts were derivatized to the methyl ester-
trimethylsilyl derivatives for gas chromatography analysis. The extracted neutral sterols 
were derivatized to the trimethylsilyl derivatives by applying the same procedure that was 
used for bile salts. Bile salt composition of prepared fecal samples were determined by 
capillary gas chromatography on an Agilent gas chromatograph (HP 6890), equipped with 
a 25 m 0.25 mm CP-Sil-19-fused silica column (Varian, Middelburg, The Netherlands) and 
a flame ionization detector. The conditions were as follows: injector temperature 280°C; 
pressure 16.0 psi; column flow constant at 0.8 ml/min; oven temperature program: 240°C 
(4 min), 10°C/min to 280°C (27 min); detector temperature 300°C.

SCFAs
Fasting plasma levels of acetate, propionate and butyrate were determined in plasma 
samples, obtained at the MMT, using LC-MS, with minor modifications of the original 
method49.
High-performance liquid chromatograpy (HPLC) analysis on fresh frozen stool samples 
for fecal SCFA determination was carried out according to the method from De Baere et 
al.50 with some modifications. Sets of 20 patient samples and 8 external calibration points 
including succinic acid as the internal standard (IS) were measured. All SCFA calibrator points 
and internal standard were prepared in milli-Q water. A 50 mM stock solution of the SCFA’s 
containing acetic acid (AA), propionic acid (PA) and butyric acid (BA) was made, aliquoted and 
stored at -20°C until analysis. For the calibration curve double dilute series ranging from 25 
– 0.39 mm were prepared and to each calibration point 50 ul of IS (0.4 M) was added. The 
SCFA’s from the patient samples were extracted from a 200-300 mg fecal sample. In brief, 1 
ml Milli-Q Water was added, together with 50µl of IS, after which the samples were vortexed. 
100 µl of 12M HCl was added to all samples and calibration steps, after which they were 
vortexed for 15s. Subsequently all samples were extracted twice with 7.5 mL di-ethylether for 
20 minutes, centrifuged at 2000g for 5 minutes and finally the supernatant was transferred 
into a clean 30 mL tube and 500µl of 1M NaOH was added. The aqueous phase (bottom) was 
then transferred to a new tube and 100 µl of 37% HCl (12M) was added and vortexed. A 300 
µl sample was pipetted into a vial insert applicable for the HPLC autosampler. Of each sample 
5 µl was injected for HPLC analysis. The SCFA content was calculated by referring the SCFA/
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IS peak ratio to the standard curve. The SCFA concentration was expressed in μmol/g feces. 
Separation of the SCFA was carried out on a Hypersil Gold aQ column (150 mm × 4.6 mm, dp: 
3 µm) using a Jasco quaternary pump (PU4285, Jasco Benelux, De Meern, The Netherlands) 
at 30°C. Variable flow conditions were applied for the phosphate/acetonitrile gradient. UV 
detection was done at 210 nm using a Jasco UV detector (UV4075, Jasco Benelux, De Meern, 
The Netherlands). All samples were stored in a Jasco autosampler (AS4285, Jasco Benelux, 
De Meern, The Netherlands) at 4°C until analysis.

Insulin sensitivity and REE
Plasma enrichment of [6,6-2H2]glucose (tracer-to-tracee ratio), in samples obtained 
during the 2-step hyperinsulinemic euglycemic clamp tests, was determined by gas 
chromatography-mass spectrometry as previously described51. Rate of appearance and 
rate of disappearance (Rd) of glucose were calculated using the modified version of the 
Steele equations for both steady-state (basal) and non–steady-state (during insulin infusion) 
measurements52. EGP was calculated as the difference between the rate of appearance of 
glucose and the glucose infusion rate and expressed as μmol kg-1 min-1. Hepatic insulin 
sensitivity was determined by calculating the percentage suppression of basal EGP during 
the first step of hyperinsulinemia. Peripheral insulin sensitivity, expressed as Rd, was 
determined during the second step of hyperinsulinemia. 
Resting energy expenditure (REE) was measured using indirect calorimetry. Oxygen (O2) 
consumption (VO2) and carbon dioxide (CO2) production (VCO2) were measured in the 
supine position during the basal and second step of hyperinsulinemia for 20 minutes 
using a ventilated hood system (Vmax Encore 29; SensorMedics, Anaheim, CA, USA). REE 
including carbohydrate and fatty acid oxidation were calculated as described previously53. 
The abbreviated Weir equation was used to calculate 24-hour energy expenditure54.
 
Intestinal microbiota
DNA from fecal samples was isolated using a combination of Repeated-Bead-Beating (RBB) 
and column purification, described in detail elsewhere55. Concentration and purity were 
assessed with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, 
North Carolina, USA). The microbial compositon was determined using a previously 
described and benchmarked custom made, phylogenetic microarray, the Human Intestinal 
Tract Chip (HITChip)56. This is a custom-made Agilent microarray (Agilent Technologies, Palo 
Alto, CA, USA) containing approximately 5,500 specific oligonucleotide probes. In short, the 
full-length 16S rRNA gene was amplified, transcribed into RNA, labelled with the fluorescent 
dyes, Cy3 and Cy5 and hybridized to the array. Each sample was hybridized twice with a 
Pearson correlation of >0.98 between replicates to ensure reproducibility and raw signal 
intensities were normalised as previously described 57. With some small adjustments, e.g. 
use of a more suitable reverse primer (Prok-1369-rev instead of Uni-1492-rev) and use of 
an accustart polymerase7, a similar method was used to determine microbiota abundance 
in duodenal biopsies. 
The HITChip microarray can detect 1,033 species-like bacterial phylotypes (level 3, >98% 
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16S rRNA gene sequence similarity) that represent the majority of the microbial diversity 
in the human intestine. These were summarized to 130 genus-like phylogenetic groups 
(level 2, >90% 16S rRNA gene sequence similarity) referred to as species and relatives (‘et 
rel.’). The level 3 analysis may suffer from cross-hybridization issues, but has been used 
in several other studies to provide insight at the deepest possible level, as the analysis 
depth is comparable to approximately 200,000 16S rRNA reads with next generation 
sequencing58,59. 
Diversity of the microbiota was quantified based on non-logarithmized HITChip oligo-level 
signals by inverse Simpson’s and Shannon’s index using the Vegan package (Oksanen, 
Package ‘vegan’. Community ecology package, version 2013). Probes were counted in each 
sample to measure richness by using an 80% quantile threshold for detection.

Quantification and statistical analysis
Our (hierarchical) hypothesis was that at 6 weeks  after allogenic (lean donor) FMT, the 
peripheral insulin sensitivity (Rd) would improve by 5 μmol kg-1 min-1 (with a standard 
deviation of 4 μmol kg-1 min-1). Moreover, we also aimed to study whether a second lean 
donor FMT at 6 weeks, on top of the first treatment, would maintain this 5 μmol kg-1 min-1 

increase in Rd at 18 weeks. We expected that no extra treatment at 6 weeks (thus only 
single allogenic FMT at baseline) would result in Rd-levels at 18 weeks similar to baseline 
Rd-levels (exploratory analyses). With a randomization ratio of 2:1, the sample size should 
be 24 metabolic syndrome subjects treated with allogenic FMT, whereas we would need 12 
metabolic syndrome subjects treated with autologous (own) FMT. Taking a dropout of 20% 
in each treatment arm into account, we aimed to include 45 metabolic syndrome subjects 
in total. With this sample size, the study has >80% power in a 2-sided test with α = 0.05. 
Primary endpoint of the trial was the change in intestinal microbiota composition upon 
FMT in relation to insulin sensitivity. Other endpoints were changes in post-prandial lipid 
and glucose excursions, as well as plasma metabolites. A non-Gaussian distribution for all 
clinical data was assumed, and thus results are presented as medians and interquartile 
ranges. Post-prandial results (e.g. for plasma glucose, triglycerides, bile acids and 
enteroendocrine hormones) are described as (incremental) area under the curves (iAUC) 
for the 4 hour post-prandial follow-up, calculated by using the trapezoidal method. 
Statistical testing was carried out using non-parametric tests. For between-group 
comparisons, either the Mann-Whitney U test or Kruskal-Wallis test was used. Friedman 
or Wilcoxon signed rank test was used for within-group comparisons of repeated 
measurements. A false discovery rate corrected p-value below 0.05 was considered 
significant, corrected for multiple testing in case of microbiota and metabolite data, as 
described underneath. 

Multivariate Machine Learning Analysis 
To study dynamics of biomarkers, e.g. species-level microbiota (level 3) and fasting 
metabolites, we computed the relative change for each individual subject over time. The 
relative change is, for example, the difference in microbial abundance between baseline 
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and 6 weeks, divided by the microbial abundance at baseline, computed for each bacterial 
species per subject. In case of the microbiota analysis, this resulted into three datasets: 
1) relative change in duodenal microbial composition of the allogenic and autologous 
treatment groups; 2) relative change in fecal microbial composition of the allogenic and 
autologous treatment groups; 3) relative change in fecal microbial composition of the 
responder and non-responder subjects. To assess the amount of change in intestinal 
microbial composition for each subject, we computed the magnitude of change by using 
L2 norm (Meyer, 2000). Informally, L2 (or Euclidian) norm is a measure of the vector length 
that is computed via calculating the sum of squared values of the relative differences of all 
species (between baseline and 6 weeks) per subject. The final result is calculated by taking 
the square root of the obtained value. 
Biomarkers that allowed accurate discrimination among groups of subjects (allogenic vs. 
autologous, responders vs. non-responders) were selected by means of the elastic net 
algorithm60. Elastic net method is particularly applicable for the analysis of structured 
and high-dimensional data. It is a regularized method that combines the advantages of 
two techniques: LASSO61 (with variable selection property of reducing coefficients to zero 
values) and ridge regression (with shrinking coefficients to values for ‘correlated trending’ 
towards each other). This combination allows for the selection of the most important 
biomarkers, while taking the correlation (so called ‘grouping effect’) among them into 
account. Furthermore, by imposing an L1-penalty on the coefficients we obtained an 
interpretable model and viewed non-zero coefficients as the predictors that have the 
strongest predictive power. We used an adapted version of the elastic net algorithm (with 
Hinge loss function), which is specifically tailored for identification of the most important 
biomarkers (e.g. microbial species and metabolites) in the collected dataset, that jointly 
have an effect on differentiating between allogenic and autologous subjects as well as 
responders and non-responders. We trained the model by taking the gradient of the 
loss that is estimated at each sample at a time (stochastic gradient descent learning). 
Our statistic learning approach also includes stability selection62. While the biomarkers 
identified by elastic net algorithm usually lead to statistically significant results, they can 
frequently be unstable. In our approach, we address this problem via stability selection 
procedure62 coupled with the model selection. Biomarker stability is reflected in the 
frequency that a particular biomarker was identified in multiple simulations on a re-
randomized dataset. This procedure is especially relevant for small- to medium-sized data 
collections as recently published by our group63.
To avoid over-fitting, we used a 10-fold stratified cross-validation procedure over the 
training partition of the data (80%) while the remaining 20% was used as the testing 
dataset. Parameters to be selected are ratio between L1, L2 norms, and regularization 
threshold. Stability selection was performed by randomly subsampling 80% of the data 100 
times. During stability selection procedure, all features having non-zero weight coefficient 
were counted. These counts were normalized and converted to stability coefficients having 
value between 1.0 for the feature that was always selected and 0.0 for feature which was 
never selected. We used Python (version 2.7.8, packages Numpy, Scipy) for implementing 
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elastic net model and R (version 3.1.2) for visualization.
A randomization test was conducted to evaluate the statistical validity of the results obtained 
via elastic net algorithm. We followed the procedure where the outcome variable (e.g. 
allogenic versus autologous or responder versus non-responder) was randomly reshuffled 
while the corresponding microbial profiles were kept intact. This was repeated up to 100 
times and Receiver-Operating-Characteristics Area-Under-Curve (ROC AUC) scores were 
computed each time. The performance measure used for a binary classification task is a 
ROC AUC. The ROC can be understood as a plot of the probability of correctly classifying 
allogenic vs. autologous treated subjects or responders vs. non-responders. Cross-
validation within the dataset was accomplished by randomly hiding 20% of the subjects 
from the model and evaluating the prediction quality on that group. The ROC AUC score 
measures the predictive accuracy of the classification model with 0.5 AUC corresponding 
to a random result. A critical value of 0.05 was defined and the true AUC of the original 
dataset was compared with this value.
To visualize and study correlations among the subjects at different time points we used 
Redundancy analysis (RDA)64. RDA can be considered as a constrained version of principal 
components analysis (PCA), where the canonical axes are built from linear combinations 
of the response variables. RDA extends multiple linear regression by allowing regression 
of the response variables on multiple explanatory variables. Furthermore, to analyze the 
biomarkers of the subjects an unsupervised co-regularized spectral clustering algorithm 
was applied to the dataset65,66. In short, this multi-view clustering algorithm allows 
identification of clusters with similar microbial and metabolite profiles in an unbiased and 
robust manner. The method stems from a recently proposed class of multi-view clustering 
algorithms67 that have been reported to notably outperform standard techniques (e.g. 
k-means, hierarchical clustering, etc.) in accuracy and stability. Multi-view algorithms 
(closely related to cluster ensembles and consensus techniques) aim to combine multiple 
clustering hypotheses for increased accuracy and are not limited to a single similarity 
measure, thus leading to robust and reliable results.
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SUPPLEMENTARY TABLES AND FIGURES

Figure S1. Insulin sensitivity changes between week 0 and 18. 
Related to figure 2 in Results section.
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Shown are insulin sensitivity changes between week 0, 6 and 18 for metabolic syndrome subjects treated 
with autologous FMT, 1 allogenic FMT at week 0 (Allogenic 1) or two allogenic FMTs at week 0 and 6 (Allogenic 
2). Data are expressed as box-and-whisker plots. A p-value < 0.05 was considered significant. No significant 
differences were found. Abbreviations: EGP = endogenous glucose production; FMT = fecal microbiota 
transplantation 

Figure S2. Changes in fasting plasma metabolites between week 0 and 18. 
Related to figure 3C in Results section.

Biplot of Redundancy Analysis (RDA axis 1 vs. axis 2) of fasting plasma metabolite data, constrained by autologous and 
allogenic treatment variables in time (0,6 and 18 weeks). Also, plasma metabolites measured in a subset of lean FMT 
donors (n=5) are depicted. Abbreviations: FMT=fecal microbiota transplantation 
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Figure S3. Post-prandial bile acids in plasma and 24h fecal excretion in week 0 and 6 after FMT. Related 
to figure 3c in Results section.
Upper two panels depict post-prandial plasma bile acids are shown as iAUCs (incremental area under 
the curves), derived from 4 hour mixed meal tests. Data are expressed as box-and-whisker plots. 
Significant differences (p<0.05) are depicted. Middle two panels show primary bile acids (cholic acid and 
chenodeoxycholic acid) whereas lower two panels depict secondary bile acids (deoxycholic acid, lithocholic 
acid and iso-lithocholic acid) for both absolute fecal excretion per 24 hours and as concentration/gram feces. 
Data are expressed as box-and-whisker plots. Significant differences (p<0.05) are depicted. Abbreviations: CA 
= cholic acid; CDCA = chenodeoxycholic acid; DCA = deoxycholic acid; (iso-)LC = (iso-)litocholic acid; FMT = fecal 
microbiota transplantation
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Figure S4. Study scheme. Related to STAR Method paragraph Study design.

Abbreviations: FMT = fecal microbiota transplantation; SCFA = short-chain fatty acid 

Table S1. Baseline characteristics for three treatment groups. Related to Figure 2 Results section.

Autologous FMT
(n=12)

One Allogenic FMT 
(n=13)

Two Allogenic FMT 
(n=13)

P

Male gender, % 100 100 100 1.00
Age, yrs. 54 [49 – 58] 55 [50 – 58] 53 [49 – 64] 0.988
BMI, kg/m2 35.8 [33.1 – 40.4] 33.4 [31.9 – 36.0] 34.5 [33.2 – 36.3] 0.143
Waist-circumference, cm 121 [115 – 130] 120 [111 – 127] 120 [116 – 124] 0.551
Blood pressure

Systolic, mmHg
Diastolic, mmHg

148 [134 – 162]
94 [83 – 105]

141 [127 – 158]
91 [78 – 99]

141 [132 – 152]
89 [80 – 96]

0.491
0.448

Fasting glucose, mmol/l 5.9 [5.5 – 6.4] 5.5 [5.4 – 6.0] 5.6 [5.3 – 6.1] 0.419
HbA1c, mmol/mol 43 [36 – 46] 40 [36 – 42] 39 [37 – 41] 0.440
Insulin, pmol/l 107 [80 – 159] 115 [93 – 131] 131 [82 – 152] 0.833
HOMA-IR 4.8 [3.5 – 6.9] 4.8 [3.7 – 6.0] 5.7 [3.4 – 6.9] 0.825
Cholesterol

Total, mmol/l
LDL, mmol/l
HDL, mmol/l
Triglycerides, mmol/l

5.5 [4.8 – 6.6]
3.7 [3.0 – 4.8]
1.0 [0.9 – 1.1]
1.3 [1.1 – 1.8]

5.4 [4.8 – 6.3]
3.5 [3.3 – 4.4]
1.3 [0.9 – 1.4]
1.1 [0.9 – 1.4]

6.2 [4.9 – 6.6]
4.4 [3.1 – 4.5]
1.1 [0.9 – 1.3]
1.4 [1.0 – 2.2]

0.714
0.682
0.374
0.284

Depicted are baseline characteristics as medians and interquartile ranges in brackets. P-values represent 
differences between the three treatment groups. A p-value < 0.05 was considered significant. Abbreviations: 
BMI = body mass index; FMT = fecal microbiota transplantation; HbA1c = glycated hemoglobin; HDL = high-
density lipoprotein; HOMA-IR = homeostatic model assessment – insulin resistance; LDL = low-density 
lipoprotein
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Table S3. Metabolic parameters. Related to Figure 2 in Results section

Autologous FMT 
week 0

Autologous FMT 
week 6

P Allogenic FMT 
week 0

Allogenic FMT 
week 6

P

Body weight, kg 123 [114 – 130] 121 [113 – 131] 0.610 113 [105 – 122] 114 [104 – 122] 0.968
BMI, kg/m2 35.8 [33.1–40.4] 36.1 [32.5 – 41.5] 0.695 33.8 [32.5 – 35.7] 33.6 [32.5 – 35.8] 0.968
Caloric intake, kCal/day

Carbohydrate, g
Fat, g
Protein, g
Fiber, g

2206 [1965–2574]
215 [204 – 297]
80 [68 – 100]
96 [90 – 103]
21 [17 – 23]

2410 [1901 – 2494]
232 [183 – 290]
84 [77 – 93]
97 [85 – 100]
18 [16 – 25]

0.308
0.136
0.583
0.308
0.754

2069 [1692–2356]
211 [167 – 283]
74 [60 – 90]
85 [76 – 105]
19 [16 – 22]

2068 [1608–2611]
204 [162 – 256]
66 [54 – 90]
92 [77 – 104]
17 [14 – 21]

0.840
0.093
0.427
0.397
0.058

Fasting glucose, mmol/l 5.9 [5.5 – 6.4] 5.9 [5.7 – 6.7]a 0.224 5.5 [5.3 – 6.1] 5.6 [5.4 – 6.9]a 0.667
Insulin, pmol/l 107 [80 – 159] 126 [97 – 171] 0.099 121 [93 – 143] 103 [81 – 126] 0.066
HOMA-IR 4.2 [3.0 – 5.9] 4.8 [4.4 – 6.4]a 0.117 4.6 [3.2 – 5.2] 3.6 [2.9 – 5.7]a 0.091
HbA1c, mmol/mol 43 [36 – 46] 42 [35 -46] 0.200 40 [36 – 41] 38 [34 – 41] 0.003
Cholesterol

Total, mmol/l
LDL, mmol/l
HDL, mmol/l
Triglycerides, mmol/l

5.5 [4.8 – 6.6]
3.7 [3.0 – 4.8]
1.0 [0.9 – 1.1]
1.3 [1.1 – 1.8]

5.3 [5.1 – 5.7]
3.5 [3.2 – 4.1]
1.0 [0.9 – 1.2]
1.7 [1.2 – 2.0]

0.784
0.447
0.689
0.638

5.5 [4.8 – 6.6]
3.9 [3.2 – 4.5]
1.1 [0.9 – 1.4]
1.2 [0.9 – 1.7]

5.4 [4.8 – 6.3]
3.8 [3.1 – 4.5]
1.1 [1.0 – 1.3]
1.3 [0.9 – 1.6]

0.381
0.461
0.939
0.402

Plasma SCFA
Acetic acid, μmol/l
Butyric acid, μmol/l
Proprionic acid, 
μmol/l

43 [18 – 100]
0.65 [0.35 – 0.74]
0.79 [0.60 – 1.16]

72 [21 – 114]
0.68 [0.42 – 1.09]
0.96 [0.47 – 1.49]

0.695
0.906
0.308

54 [35 – 123]
0.72 [0.55 – 1.00]
1.09 [0.59 – 1.91]

52 [36 – 92]
0.70 [0.41 – 0.90]
0.58 [0.41 – 1.85]

0.600
0.454
0.286

Fecal SCFA
Acetic acid, μmol/g
Butyric acid, μmol/g
Proprionic acid, 
μmol/g

63.6 [48.63–70.6]
16.1 [11.6 – 23.7]
22.4 [19.4 – 32.4]

72.0 [40.4 – 82.5]
19.9 [5.9 – 25.0]
31.0 [13.7 – 41.2]

0.583
1.000
0.308

62.0 [42.6 – 89.5]
13.1 [5.9 – 27.1]
23.3 [15.5 – 34.8]

84.7 [60.6–104.7]
19.7 [12.9 – 27.2]
28.4 [21.5 – 60.3]

0.034
0.096
0.062

Shown are metabolic parameters at week 0 and 6 expressed as medians and interquartile ranges for both the 
autologous and allogenic treatment group expressed. P-values represent within group changes between week 0 
and 6 and a p-value < 0.05 was considered significant. Abbreviations: BMI = body mass index; HbA1c = glycated 
hemoglobin; HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment of insulin resistance; 
LDL = low-density lipoprotein; SCFA = short-chain fatty acid. Footnotes: asignificant difference (p<0.05) between 
autologous and allogenic treatment group



ChapterChapter



CHAPTER

Annick V. Hartstra, Valentina Schüppel, Sultan Imangaliyev,  
Anouk Schrantee, Andrei Prodan, Didier Collard,  

Evgeni Levin, Geesje Dallinga-Thie, Mariëtte T. Ackermans,  
Maaike Winkelmeijer, Stefan R. Havik, Amira Metwaly,  

Ilias Lagkouvardos, Anika Nier, Ina Bergheim,  
Mathias Heikenwalder, Andreas Dunkel, Aart J. Nederveen, 

Gerhard Liebisch, Giulia Mancano, Sandrine P. Claus,  
Alfonso Benítez-Páez, Jacques J. Bergman, Victor Gerdes,  

Yolanda Sanz, Jan Booij, Elles M. Kemper, Albert K. Groen,  
Mireille J. Serlie, Dirk Haller and Max Nieuwdorp

Molecular Metabolism 2020 Sep;42:101076..
.

5Infusion of donor feces affects 
the gut-brain axis in humans 

with metabolic syndrome



94

Chapter 5

ABSTRACT

Objectives: There is increasing evidence that intestinal microbiota play a role in diverse 
metabolic processes via intestinal butyrate production. Based on bariatric surgery data 
in humans it has been suggested that the gut-brain axis is also involved in this process, 
however the underlying mechanisms are still unknown.

Design: We therefore compared the effect of fecal microbiota transfer (FMT) from post-
Roux-en-Y gastric bypass (RYGB) donors versus oral butyrate supplementation on (123I-FP-
CIT determined) brain dopamine transporter (DAT) and serotonin transporter (SERT) 
binding as well as stable isotope determined insulin sensitivity at baseline and after 4 
weeks in 24 male and female treatment-naïve metabolic syndrome subjects. Also, plasma 
metabolites and fecal microbiota were determined at these timepoints.

Results: We observed an increase in brain DAT upon donor FMT compared to oral butyrate 
that reduced this binding. However, no effect on body weight and insulin sensitivity was 
seen upon post-RYGB donor feces transfer in either humans with metabolic syndrome. 
In line, increases in fecal levels of Bacteroides uniformis were significantly associated with 
an increase in DAT whereas increases in Prevotella spp. showed an inverse association. 
Furthermore, changes in the plasma metabolites glycine, betaine, methionine and lysine 
(associated with the S-adenosylmethionine cycle) were also associated with altered striatal 
DAT expression.

Conclusion: Although more and larger studies are needed, our data suggest a potential 
gut microbiota-driven modulation of brain dopamine and serotonin transporters in human 
obese metabolic syndrome subjects. Moreover, these data suggest the presence of a gut-
brain axis in humans, that can be modulated.
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INTRODUCTION
The worldwide rising prevalence of obesity, and of associated metabolic disorders like type 
2 diabetes mellitus (T2DM) and cardiovascular disease, is of growing concern1. Weight loss 
strategies based on life style interventions have little success in the long term2. Given the 
fact that regulation of feeding behavior and energy metabolism is partly orchestrated in the 
brain, it is not surprising that the role of the brain in obesity and metabolic disturbances 
has been a topic of research for the last 2 decades. Many studies have shown a functional 
gut-brain axis where gut derived peptides, microbiota, metabolites and neuronal feedback 
inform the brain about energy status3. These signals then elicit an appropriate feeding and 
metabolic response. Major neurotransmitters involved in these regulations are dopamine 
and serotonin. Serotonin is involved in the homeostatic regulation of body weight and 
food intake4, while striatal dopamine regulates the non-homeostatic or rewarding aspects 
of food5. Recent studies link a reduction in the cerebral serotonin transporters (SERT), 
dopamine transporters (DAT) and dopamine D2/3 receptor binding to BMI in humans6–14. In 
addition, the brain serotonergic as well as the dopaminergic system have been linked to 
glucose regulation15,16. 
Part of these effects may be mediated by the gut-brain axis17 driven via production of 
metabolites by intestinal microbiota derived from the diet18,19. The most compelling 
evidence for a role of the gut-brain axis in human metabolism comes from post-Roux-en-Y 
gastric bypass bariatric surgery (RYGB) studies. RYGB can alter the composition of the gut 
microbiota in both mice20 and humans21–23, and post-RYGB fecal microbiota transfer (FMT) in 
germ-free mice induced weight loss and improvement of glucose metabolism20. Interesting 
in this regard is that the difference in gut microbiota composition between obese and lean 
subjects in both mice and humans is accompanied by a difference in plasma metabolite 
profile24,25, including serotonin26,27. Likewise, weight loss induced by RYGB significantly 
increased central SERT in both animals and humans28–30 and striatal dopamine D2/3 receptor 
availability in humans31. Recently it has become apparent that intestinal bacteria can regulate 
host serotonin metabolism32–34, especially via the kynurenine pathway35–37. This pathway is 
also involved in the intestinal production of serotonin and dopamine, and has been linked 
to central regulation of food intake in mice as well as intestinal passage time38. Another 
route of the gut-brain axis to modulate central control of food intake and metabolism 
may be via production of the short chain fatty acid (SCFA) butyrate, which in humans 
is produced by intestinal bacteria from dietary fibres39 and absorbed in the colon where 
it provides energy for colonic epithelial cells. It has also been shown to regulate hepatic 
lipogenesis and gluconeogenesis in mice on high fat diet40,41, and additionally intestinal 
serotonin production42,43, increasing SERT in the hypothalamus44. Furthermore, oral butyrate 
supplementation affected sympathetic tone and intestinal transit times as well as physical 
activity and reduced liver fat in mice45,46.  
Studies with FMT, a technique applied in humans for an increasing number of diseases47, 
have contributed to dissect causality from association with respect to intestinal microbiota 
and metabolism. Indeed, animal studies showed that infusion of donor feces derived 
from post-RYGB mice induced weight loss and improved glucose metabolism with specific 
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increases in bacteria involved in butyrate production20. Accordingly, we previously showed 
that infusion of feces from lean male donors in obese insulin resistant metabolic syndrome 
subjects resulted in a temporary increase of insulin sensitivity and altered intestinal microbial 
diversity although weight loss was not observed48,49, whereas using feces from obese donors 
induced an adverse effect on recipient insulin sensitivity50. With regard to the former, a 
distinct increase in bacteria involved in butyrate production was seen, similar to results in 
large metagenome-wide association human studies, where a decrease in butyrate-producing 
bacteria was associated with T2DM51,52. However, we recently showed that in contrast to 
animal studies53 orally administered butyrate has no effect on both insulin sensitivity and 
energy expenditure in human metabolic syndrome subjects50,54. Also, causality for a role of 
gut microbiota composition in human metabolism, probably involving the gut brain axis, has 
yet to be demonstrated.
We therefore studied in a double-blind randomized controlled pilot trial whether (orally 
administered capsules of) butyrate as compared to a single infusion of donor feces derived 
from post-RYGB patients affects brain SERT and DAT binding, whole body serotonin 
metabolism and small intestinal tryptophan hydroxylase 1 (TPH1) gene expression as well as 
insulin sensitivity in subjects with metabolic syndrome. As secondary endpoints, we correlated 
these outcomes with changes in gut microbiota composition and plasma metabolites. 
Moreover, we studied changes in MRI intrahepatic triglycerides (IHTG), sympathetic activity 
and intestinal transit time in these subjects. 

METHODS
Study subjects
Treatment-naïve omnivorous Caucasian male or postmenopausal female subjects (n=24) aged 
50-70 years with metabolic syndrome, were recruited via local advertisements. Subjects were 
included when they fulfilled the National Cholesterol Education Program (NCEP) criteria for 
metabolic syndrome (≥ 3/5: fasting plasma glucose (FPG) ≥ 5.6 mmol/l and/or homeostatic 
model assessment of insulin resistance (HOMA-IR) ≥ 2.5, triglycerides ≥ 1.7 mmol/l, waist-
circumference > 102 cm (males) / > 88 cm (females), HDL-cholesterol ≤ 1.04 mmol/l (m) / ≤ 1.30 
mmol/l (f) and blood pressure ≥ 130/85 mmHg). HOMA-IR, was calculated from fasting plasma 
insulin (FPI) and glucose: FPG*(FPI*6.945)/22.5. Subjects were excluded when they used 
any medication or proton pump inhibitors (PPI)’s and antibiotics in the last 3 months. Other 
exclusion criteria were pre- or probiotic supplementation, substance abuse (nicotine or drugs, 
alcohol > 2 units/day), eGFR < 60 ml/min, contraindication for MRI, unstable weight or history of 
a cardiovascular event or psychiatric disorder. As fecal donors, 6 otherwise healthy Caucasian 
males and postmenopausal females aged 50-70 years who lost > 30% of their body weight 1 
year after RYGB and did not use any medication (barring vitamins) were selected and recruited 
by their treating physician at the Bariatric Surgery Clinic of the former Slotervaart Hospital 
in Amsterdam. They completed questionnaires regarding dietary and bowel habits, travel 
history, comorbidity including (family history of) diabetes mellitus and medication use. They 
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were screened for the presence of infectious diseases as previously published55. Male donors 
donated to males and female donors to females and donors could donate to multiple recipients. 
The study was conducted at the Amsterdam University Medical Centers (UMC), location 
AMC, in accordance with the Declaration of Helsinki (updated version 2013) and CONSORT 
guidelines. All participants provided written informed consent and all study procedures were 
approved by the IRB (ethics committee) of the Amsterdam UMC (location AMC). The study was 
prospectively registered at the Dutch Trial registry (https://www.trialregister.nl/trial/4488). This 
research was done without patient involvement.  Patients were not invited to comment on the 
study design and were not consulted to develop patient relevant outcomes or interpret the 
results. Patients were not invited to contribute to the writing or editing of this document for 
readability or accuracy. Data quality and patient safety were monitored by the Clinical Research 
Unit staff at the AMC. 

Study design
In this double-blind randomized controlled intervention trial, metabolic syndrome subjects 
were randomized (using computerized randomization) to receive either a single autologous 
fecal transplantation, serving as placebo, followed by 4 grams of oral sodium butyrate 
tablets (Sensilab, Poland) once daily for 4 weeks, which was the maximum daily dose 
allowed by IRB based on a previous human intervention study56 (butyrate group, n=12) 
or a single post-RYGB donor fecal transplantation followed with similar daily amounts 
of placebo tablets (similar tablet composition except for butyrate content, produced by 
Sensilab, Poland) for 4 weeks (post-RYGB FMT group, n=12) (Supplementary figure 1). 
Compliance was evaluated by counting the number of capsules returned after 4 weeks 
of treatment. At baseline and after 4 weeks, all measurements were performed, including 
a hyperinsulinemic euglycemic clamp (HIEC), brain Magnetic Resonance Imaging (MRI) 
and Single Photon Emission Computed Tomography (SPECT) imaging, 1H-liver magnetic 
resonance spectroscopy (MRS), sympathetic activity using a plethysmography-based 
blood pressure measurement device and small intestinal biopsies (for TPH1 expression). 
Also, fasting plasma, 24h urine (for 5-hydroxyindoleacetic acid (5-HIAA) levels) as well as 
morning feces were collected at these timepoints. All participants filled out an online 
nutritional diary (https://mijn.voedingscentrum.nl/nl/eetmeter) to monitor caloric intake of 
carbohydrates, fat, protein and fibers while physical activity energy expenditure (PAEE) 
was measured via an accelerometer (ActiHeart; CamNTech Ltd., Cambridge) and intestinal 
transit time using Sitzmark capsules as previously described50. For a detailed description 
of the study design see the online supplementary methods.
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Measurements
Fecal Transplant Procedure
The FMT was performed as described earlier50. Each subject received a single FMT at 
baseline, either autologous or allogenic as determined via a double-blinded randomization 
procedure. On the day of treatment, the donor delivered fresh morning stools to the 
hospital. The study subject received a duodenal tube via gastroscopy and underwent colon 
lavage with 3-4L of Klean-Prep (macrogol) by duodenal tube. Meanwhile donor feces was 
diluted in 500 mL of 0.9% saline solution and filtered through cotton gauzes. This resulted 
in a 500 ml filtrate used for the FMT, which the subject received 2 hours following bowel 
lavage through the duodenal tube via a 50 cc syringe.

2-step HIEC and resting energy expenditure (REE)
REE was measured in all subjects during the final 20 minutes of both the basal state 
and the HIEC by indirect calorimetry. During 20 minutes oxygen consumption and 
carbon dioxide production were measured continuously using a ventilated hood system 
(Vmax Encore 29; SensorMedics, Anaheim, CA). REE was then calculated from oxygen 
consumption and carbon dioxide production57. To measure insulin sensitivity, a 2-step 
HIEC clamp was performed58. After an overnight fast, subjects visited the clinical trial unit, 
where they received 2 catheters in the peripheral veins of both arms. 1 catheter was used 
to infuse tracers [6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol (99% enriched; Cambridge 
Isotopes, Andover, MA, USA), glucose 20% enriched with [6,6-2H2]glucose to approximate 
plasma enrichment and insulin (Actrapid; Novo Nordisk Farma, Alphen aan de Rijn, The 
Netherlands). The other catheter was used for sampling blood, which was arterialized by 
heating the arm with a heated-hand box at 57°C. At 2 h before starting the clamp (t=−2 h), a 
primed continuous infusion of both [6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol was started 
and continued until the end of the experiment. After 2 h (t=0), 3 samples for glucose, 
glucose and glycerol enrichments, free fatty acids (FFA) and glucoregulatory hormones 
were sampled and thereafter the first step of the clamp was started by infusing insulin at 
a rate of 20 mU·m−2(body surface area)·min−1. Plasma glucose was measured every 10 min 
using a glucose analyzer (YSI 2300 Stat Plus Glucose Lactate Analyzer, YSI Life Sciences, 
Yellow Springs, Ohio). In order to maintain plasma glucose at 5 mmol·l-1, 20% glucose 
enriched with [6,6-2H2]glucose was infused at a variable rate. Insulin infusion was increased 
after 2 h of insulin infusion (t=2 h) to 60 mU·m-2·min-1 for the second step of the clamp. At 
t=2 and 4 h, 5 blood samples were taken to assess glucose and glycerol enrichments, 
free fatty acids (FFA) and glucoregulatory hormones. [6,6-2H2] glucose and [1,1,2,3,3-2H5]
glycerol enrichments were measured as previously described59,60. Rates of appearance (Ra) 
of glucose and glycerol and rates of disposal (Rd) of glucose were subsequently calculated 
using the modified forms of the Steele equations for (non-)steady state measurements 
as described previously50,58,61. Hepatic insulin sensitivity was calculated as the percentage 
suppression of basal endogenous glucose production (EGP) by insulin during the first step 
of the clamp.



99

Infusion of donor feces affects the gut-brain axis 

5

Systemic hemodynamics
Blood pressure and central hemodynamics were assessed via the Nexfin device (Edwards 
Lifesciences, Irvine, CA) which utilizes the volume-clamp method to measure blood 
pressure and heart rate, while cardiac output is estimated using the CO-trek algorithm62. 
Heart rate variability, a marker of sympatho-vagal balance, was determined by calculating 
the standard deviation of the normal-to-normal intervals (SDNN, interbeat intervals derived 
from continuous blood pressure recordings after filtering)63. Non-invasive continuous 
finger arterial blood recordings were obtained in the supine position for 10 minutes after 
10 minutes of rest. All analyses were done in a blinded fashion.

MRI for anatomical mapping of the brain and 1H MRS for determining IHTG content
A T1-weighted MRI scan of the brain was performed on each individual (for anatomical 
reference to determine diencephalic SERT and striatal DAT) on a 3.0T Philips Ingenia 
scanner (Philips Healthcare, Best, The Netherlands) with a 16-channel head coil.
IHTG was measured by using 1H-MRS performed on the same scanner using a 26-channel 
torso coil. First, T1-weighted coronal and axial localizer images of the abdomen were 
obtained which were then used to position a voxel of 20 x 20 x 20 mm. Because the 
diaphragm, edges of the liver or other vascular and biliary structures must be avoided, the 
voxel was placed in the right hepatic lobe. For all subjects, time of acquisition and voxel 
size were standardized. Spectra were obtained by using first-order iterative shimming, 
a Point RESolved Spectroscopy (PRESS) sequence with repetition time/echo time (TR/
TE) = 2000/35 ms and 64 signal averages during free breathing. The liver 1H-MR spectra 
were evaluated using jMRUI software. To quantify the lipid signal resonances, water non-
suppressed spectra were used. Relative fat content was expressed as a ratio of the fat 
peak area over the cumulative water and fat peak areas (1.3 ppm / ((1.3 ppm + 4.65 ppm)). 
Calculated peak areas of water and fat were corrected for T2 relaxation. The percentage 
IHTG was determined as described earlier64. All analyses were done in a blinded fashion.

Brain SPECT imaging
Each subject underwent SPECT imaging of the brain 2 and 3 hours after intravenous 
administration of the well-validated radioligand 123I-FP-CIT in a total dose of 115 MBq (range 
110-120 MBq; specific activity > 750 MBq/nmol; radiochemical purity > 98%, produced 
according to the GMP criteria at GE Healthcare, Eindhoven, The Netherlands)65. This 
tracer binds to DAT in the striatum and extra-striatal SERT, which is optimally visualized 
and quantified in the SERT-rich (hypo)thalamic region of the brain 2 hours after injection 
and in the DAT-rich striatum 3 hours after injection66,67. An example is shown in figure 1A. 
Subjects were scanned after an overnight fast and pretreatment with potassium iodide 
for thyroid blockade of free radioactive iodide. For scanning, the Inspira HD system was 
used, a brain-dedicated tomographic SPECT scanner (Neurologica, Boston, USA) and an 
acquisition protocol as described before (slice thickness 4 mm; acquisition time 180 s/
slice)68. Scans were all reconstructed in 3D mode and corrected for attenuation. One 
SPECT scan could not be performed in 1 subject in the butyrate group after treatment 
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due to technical problems with the scanner. Finally, on the day of the SPECT scan subjects 
scored their hunger and appetite on a visual analog scale (VAS) as previously described69.

ROI analysis
To determine SERT binding in the thalamus and hypothalamus and DAT binding in the 
striatum, a region of interest (ROI) analysis was performed as previously described68 (Figure 
1A). Using Freesurfer (version 5.3.0.70,71) striatal and thalamic masks were obtained from 
individual T1-weighted MRI scans. Subsequently, on these MRI scans hypothalamic masks 
were manually drawn, shown to be a reliable method72, via ITK-SNAP (version 3.4.0, PICSL, 
University of Pennsylvania) using anatomical landmarks as described earlier73. Activity in 
the cerebellum was assumed to represent non-displaceable binding (nonspecific binding 
and free radioactivity). Individual cerebellar masks were obtained in T1-weighted space 
by warping the cerebellum (without vermis) from the Harvard-Oxford subcortical atlas  
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) to the individual T1w MRI using FSL (FMRIB 
Software Library, version 5.0.6, Oxford, UK). All analyses were done in a blinded fashion. 
All ROIs were then registered and resliced to the SPECT scan using statistical parametric 
mapping. A specific to nonspecific binding ratio (SNS-BR) was calculated as (mean ROI-
binding – mean non-specific cerebellar binding) / mean non-specific cerebellar binding), 
which was used as the outcome measure (binding potential; BPND).

Laboratory analysis
Plasma biochemistry measurements were performed as described earlier54. Plasma bile 
acid concentrations were determined using LC-MS/MS system as described before74. 
Fecal short-chain fatty acids (SCFA) (butyrate, propionate and acetate) were determined in 
fresh morning fecal samples by HPLC as previously described75. 24h urine was collected at 
baseline and after 4 weeks to assess the concentration of the main metabolite of serotonin 
5-HIAA as a measurement of levels of whole body serotonin as reported earlier76.

Fecal Intestinal microbiota analysis
The DNA was extracted at CISC using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions with a prior step of bead beating 
in 2 mL micro centrifuge tubes containing 0.1 mm diameter glass beads, ~200 mg faces, 
and 1 mL InhibitEX buffer. Bead beating was carried out in a Mini-Bead Beater apparatus 
(BioSpec Products, Bartlesville, USA) with two cycles of shaking during 1 min and incubation 
on ice between cycles. The fecal DNA was measured by UV methods (Nanodrop, Thermo 
Scientific, Wilmington, USA) and an aliquot of every sample was prepared at 20 ng/µL with 
nuclease-free water for polymerase chain reaction (PCR). The V3-V4 hypervariable regions 
of the 16S ribosomal ribonucleic acid (rRNA) gene were amplified using 20 ng DNA (1 uL 
diluted aliquot) and 25 PCR cycles consisting of the following steps: 95ºC for 20 sec., 55ºC 
for 20 sec., and 72ºC for 20 sec. Phusion High-Fidelity Taq Polymerase (Thermo Scientific, 
Wilmington, USA) and primers, S-D-Bact-0341-b-S-17 (CCTACGGGNGGCWGCAG) and S-D-
Bact-0785-a-A-21 (GACTACHVGGGTATCTAATCC) which target a wide range of bacterial 
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16S rRNA genes (Klindworth et al, 2013), were used during PCR. The primers were 6-mer 
barcoded. Dual barcoded PCR products, consisting of ~480bp, were purified from triplicate 
reactions with the Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Little 
Chalfont, UK) and quantified through Qubit 3.0 and the Qubit dsDNA HS Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Samples were multiplexed by combining equimolar 
quantities of amplicon DNA (100 ng per sample) and sequenced in an Illumina MiSeq 
platform with 2x300 PE configuration (Centro Nacional de Análisis Genómico - CNAG, Spain). 
Sample de-multiplexing was carried out using sequence information from the respective 
DNA barcodes using “je” software suite (v.2.0) allowing no errors in the indexes. Primers 
were removed from the sequences using “cutadapt” (v.2.8). The resulting reads were then 
processed using USEARCH (v.11.0.667)77. Forward and reverse reads were merged allowing 
for max. 30 mismatches in the overlapping region. Merged reads were discarded if they had 
a length shorter than 350 bp or longer than 500bp. Remaining contigs were filtered using 
an expected error-based quality filter as described in Edgar et al78. Filtered contigs were 
dereplicated and unique sequences were denoised using the UNOISE3 algorithm to infer 
Amplicon Sequence Variants (ASVs). All merged reads were subsequently mapped against 
the resulting ASVs to produce a count table. Taxonomy was assigned to the ASVs using the 
USEARCH “sintax” algorithm79 using the SILVA (v.123) database. Sample counts were rarefied 
to 17 391 counts per sample. For downstream machine learning models, ASVs were further 
filtered by abundance, keeping only ASVs that had on average at least 3 counts per sample 
(372 ASVs). The raw amplicon sequencing microbiome data from this study will be deposited 
in the European Nucleotide Archive repository.

Plasma Metabolomics
Plasma samples (350 μL) were mixed with D2O in a 1:1 volume ratio. All homogenized 
samples were centrifuged (10 min, 4°C, 13 000 rpm) and transferred to 5 mm NMR tubes 
for analysis by NMR spectroscopy. The NMR experiments were carried out in the Chemical 
Analysis Facility (CAF, University of Reading) using a Bruker AV700 NMR instrument 
working at 700.19 MHz, and equipped with a 5mm inverse TCI CryoProbeTM, for increased 
sensitivity (Bruker BioSpin, Rheinstetten, Germany). A standard 1-dimensional NOESY-PR-
1D experiment was performed on all samples followed by a Carr-Purcell-Meiboom-Gill 
(CPMG) experiment. Both methods applied a sequence to presaturate the water peak. 
The CPMG experiment was used to reduce the signal contribution from albumin and 
lipoproteins present in plasma and improve detection of signals from smaller molecules. 
All samples were analyzed at 300 K, A 65k data point spectrum (spectral width 14705 
Hz) was obtained by recording 128 scans following 8 dummy scans. Spectral phase and 
baseline corrections were performed using MestreNova software (version 10.0 MestreLab 
Research, Spain). NMR spectra were referenced to glucose at 5.23 ppm.

Duodenal biopsy analysis
Duodenal biopsies were taken at baseline and after 4 weeks for gut microbiota analyses 
as well as TPH1 expression80. Low bacterial load present in duodenal biopsies made it 
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difficult retrieving enough bacterial DNA for standardized PCR procedures and 16S 
amplicon sequencing. Therefore, duodenal microbiota could not be analyzed. mRNA 
was isolated using an RNA isolation protocol optimized for (very small) biopsies. In short, 
biopsies were mixed with 300 µl TriPure (Roche, Basel, Switzerland) and homogenized on 
ice using a sterile, RNAse free pestle. After short centrifugation, 60 µl of chloroform was 
added. Samples were then added to a Heavy Phase Lock gel tube (Quanta Bio, Beverly, 
USA) and centrifuged (15 min, 12.000 x g, 4°C). The aqueous phase was transferred and 
mixed with 1 volume of 70% ethanol. The mixture was added to an RNeasy MinElute spin 
column (QIAgen, Tegelen, the Netherlands). RNA was washed according to manufacturer’s 
protocol and eluted in 14 µl RNAse free water. RNA concentration was measured using the 
NanoDrop 1000 (Thermo Scientific, Landsmeer, The Netherlands). From the RNA, cDNA 
was made according to manufacturer’s protocol using the SensiFAST cDNA Synthesis Kit 
(Bioline, London, UK). Expression of hTPH1 and h36B4 genes was measured using qPCR 
(CFX 384, BioRad, California, USA). Per reaction 1 µl of 10 µM primermix (hTPH1 forward: 
CCCGCTTTTGGCTGAACCTA and hTPH1 reverse: AGTAGCACGTTGCCAGTTTTT or h36B4 
forward: ACGGGTACAAACGAGTCCTG and h36B4 reverse: GCCTTGACCTTTTCAGCAAG), 1 
µl RNAse free water, 5 µl of SensiFAST SYBR No-ROX (Bioline, Londen, UK) and 3 µl cDNA 
(5 ng/µl) was used. hTPH1 gene expression was normalized using 36B4 as housekeeping 
gene. For histology, enterochromaffin cells were stained for serotonin. In short, 10x 
Images were taken with a Leica DM microscope. In the pictures a ROI was set by a trained 
pathologist. Image J was used to quantify the amount of positive serotonin cells per 100 
µM2 as previously described81. 

Power calculation and statistical analysis
The primary endpoints were changes in hypothalamic SERT and striatal DAT binding, small 
intestinal TPH1 expression and serotonin staining and urinary 5-HIAA levels in relation 
to (peripheral and hepatic) insulin sensitivity and VAS appetite and hunger scores upon 
treatment. Secondary endpoints were changes in fecal short chain fatty acids and plasma 
bile acids, changes in dietary intake, REE and physical activity energy expenditure in relation 
to changes in gut microbiota composition and plasma metabolites. Also, changes in 
intestinal passage time (Sitzmark capsules), sympathetic tone and IHTG were determined 
before and after the intervention. The sample size was based on previous studies in which 
we found a 30% change in the binding ratio of 123I-FP-CIT to striatal DAT and SERT in the 
diencephalon upon intervention (0.65 to 0.46 with SD 0.15)82. Based on this, a sample size 
calculation was performed with a two-sided significant level of 0.05, power of 80% showing 
that 10 subjects per arm were needed. Taking a 10-20 % dropout into account, we thus 
included 12 subjects in each arm with a total of 24 subjects.
Depending on the distribution, data is presented as mean ± standard deviation or median 
[interquartile range] and tested when paired (within group change) with either paired Student’s 
t-test or the Wilcoxon signed-rank test, when unpaired (between 2 groups) with the unpaired 
Student’s t-test or the Mann-Whitney U test. A p-value < 0.05 was considered statistically 
significant. For correlation analysis the Spearman’s rank correlation coefficient was used. 
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Machine learning models
To identify which intestinal bacterial species were most discriminative between both groups 
we applied Extreme Gradient Boosting classification algorithm in combination with stability 
selection procedure83. We applied the Extreme Gradient Boosting (XGBoost) machine 
learning classification algorithm84, in combination with a stability selection procedure 
to identify which variables have the best discriminative power in predicting treatment 
groups. This technique was used on microbial composition data (i.e. ASVs) as well as on 
plasma metabolite levels (i.e. NMR peak values). To predict treatment groups, we used the 
relative change (delta) of each variable between baseline and end time point in separate 
models, one per each dataset. Each analysis produced a ranked list of the most important 
variables. Variable importance was calculated using permutation feature importance 
of the model. The permutation feature importance is defined to be the decrease in a 
model score when a single feature value is randomly shuffled85. This procedure breaks 
the relationship between the feature and the target, thus the drop in the model score is 
indicative of how much the model depends on the feature. While the variables identified 
by classification model frequently lead to statistically significant results, they can also be 
unstable. In our approach, we address this problem via the stability selection procedure 
coupled with the model selection83. Variable stability is reflected in the frequency that 
a particular variable was identified in multiple simulations on a re-randomized dataset. 
Stability selection was performed by randomly subsampling 80% and the model was then 
tested on the remaining 20% of the data not used in the training. This was repeated 100 
times and Receiver-Operating-Characteristics Area-Under-Curve (ROC AUC) scores were 
computed each time and averaged for the final test ROC AUC. We used Python v3.7  
(www.python.org), with packages Numpy, Scipy and Scikit-learn86 for implementing machine 
learning model and 10-fold cross validation to estimate optimal hyperparameters.
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RESULTS
Participant baseline characteristics
Between 2015 and 2017 we included 24 treatment naïve subjects with metabolic syndrome, 
aged between 50-70 years, who were randomized to either receive an autologous (placebo) 
FMT and daily oral ingestion of butyrate for 4 weeks (Butyrate group, n=12) or allogenic 
(post-RYGB donor) FMT and placebo capsules (FMT group, n=12). In this regard, FMT 
donors 2, 4 and 5 were used twice, donor 3 and 6 once, whereas donor 1 was used three 
times. Baseline patient characteristics are presented in Table 1 and Supplementary table 
1. All subjects were insulin resistant (homeostasis model assessment for insulin resistance; 
HOMA-IR ≥ 2.5). 6 post-RYGB surgery donors were included, 3 male and 3 female, who were 
matched by sex to the subjects in the allogenic FMT group (Supplementary table 1). Both 
treatments, daily oral ingestion of butyrate and a single FMT, were well tolerated and no 
side effects or serious adverse events occurred (Supplementary table 2). Compliance was 
verified in all subjects and no differences were found between the 2 groups. There were no 
significant changes in body weight, most hemodynamic measurements and dietary intake 
(Table 1 and 6). However, HbA1c, total cholesterol and triglycerides were significantly 
decreased after butyrate treatment whereas HbA1c was significantly decreased upon 
allogenic post-RYGB FMT (Table 1). No effect on body weight or glucose metabolism was 
seen upon donor FMT. Finally and in line with our previous studies50,54 fecal SCFAs and bile 
acids upon either oral butyrate or post-RYGB FMT did not significantly change (Table 5). 

Effect of donor FMT versus butyrate on brain SERT and DAT
After 4 weeks of treatment, a decrease upon butyrate treatment and increase upon post-
RYGB FMT in striatal DAT binding was observed (p=0.02) (Table 2 and Figure 1A). Heart rate 
variability (expressed as SDNN) significantly increased 4 weeks after oral butyrate but not 
after post-RYGB donor FMT treatment (Table 1). VAS appetite and hunger scales did not 
differ before and after 4 weeks of treatment (Table 4). A positive trend was seen on brain 
(hypo)thalamic SERT binding ratios in the FMT group (Table 2 and Figure 1B and C). We 
found no changes in 5-HIAA or duodenal TPH1 mRNA expression and enterochromaffin cell 
serotonin staining (Table 3). 
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Table 1. Basic and metabolic parameters

Butyrate (n=12) FMT (n=12)
before after p before after p p*

BMI, kg/m2 34.3 ± 3.4 34.2 ± 3.7 0.76 33.0 ± 3.5 33.1 ± 3.4 0.35 0.36
Fasting glucose, 
mmol/l

6.1 [5.7-6.3] 5.7 [5.4-6.5] 0.23 5.6 [5.2-5.8] 5.5 [5.0-5.9] 0.281 0.54

Fasting insulin, 
pmol/l

70 [59-114] 61 [48-96] 0.25 77 [53-105] 66 [62-83] 0.169 0.81

HbA1c, mmol/l 40 [35-45] 37 [34-44] 0.04 37 [34-39] 35 [33-38] 0.04 0.41
Cholesterol

Total, mmol/l 5.5 ± 1 5.1 ± 0.8 0.04 5.9 ± 1.2 5.6 ± 1 0.09 0.85
LDL, mmol/ 3.5 [2.6-4.3] 3.2 [2.8-4] 0.14 3.9 [3.1-4.5] 3.7 [2.8-4.2] 0.27 0.72
HDL, mmol/l 1.4 [1.2-1.6] 1.4 [1.2-1.5] 0.55 1.6 [1.3-1.8] 1.4 [1.2-1.6] 0.05 0.26
Triglycerides, 
mmol/l

1.4 [1.1-1.7] 1.2 [0.9-1.4] 0.03 1.2 [0.8-1.5] 1.3 [0.9-1.4] 0.84 0.11

Glucose Rd, umol/
kg.min

38.5 [30.8-47.4] 38.1 [27.5-42.9] 0.21 38.1 [33.4-
53.2]

39.9 [27.9-
45.9]

0.21 0.32

EGP suppression, % 74.8 [64.8-82.4] 79 [70.2-86.7] 0.87 82.7 [75.7-
97.3]

91.2 [73.8-
99.7]

0.34 0.81

REE, kcal/day 1761 ± 259 1738 ± 210 0.56 1694 ± 220 1673 ± 205 0.63 0.91
Glycerol Ra 
suppression, %

66.6 [63.4-69.6] 68.6 [47.8-74.4] 0.58 64.7 [56.8-67.6] 53.5 [44.8-67] 0.31 0.60

FFA suppression, % 89.6 ± 4.9 86.9 ± 5.9 0.09 89.3 ± 7.7 90.1 ± 5.2 0.68 0.15
IHTG, % 4.7 [2.8-11.1] 4.3 [3.5-12.0] 0.91 5.8 [3.9-12.9] 6.1 [3.3-11.8] 0.59 0.77
CRP, mg/ml 2.5 [2.9-5.0] 1.7 [0.9-4.6] 0.38 2.1 [0.9-3.1] 3.2 [1.0-5.2] 0.13 0.10
Creatinine, µmol/l 76 ± 12 76 ± 11 0.82 75 ± 14 74 ± 13 0.67 0.66
SBP, mmHg 134 [100-141] 128 [124-141] 0.35 126 [115-140] 119 [111-138] 0.69 0.45
DBP, mmHg 72 [60-75] 70 [65-77] 0.43 73 [66-75] 68 [63-78] 0.209 0.25
MAP, mmHg 95 [76-98] 91 [87-102] 0.34 91 [85-103] 85 [82-102] 0.34 0.22
HR, beats/min 61 [56-67] 58 [55-63] 0.12 62 [60-70] 63 [59-66] 0.93 0.16
CO, l/min 5.5 [5.2-6.1] 6 [4.9-6.3] 0.53 5.5 [5.1-6.1] 5.5 [5.4-6] 0.21 0.48
SDNN, millisecond 44 [34-55] 64 [50-73] 0.01 49 [41-57] 54 [40-70] 0.53 0.13
Compliance, nr of 
capsules not taken

0 0 0 0

Data expressed as mean ± SD or median [IQR]. p*= change over time between groups. A p-value<0.05 was 
considered significant. BMI = body mass index; HbA1c = glycated hemoglobin; HDL = high-density lipoprotein; 
HOMA-IR = homeostatic model assessment of insulin resistance; LDL = low-density lipoprotein; CRP = c-reactive 
protein; SBP = systolic blood pressure; DBP = diastolic blood pressure; EGP = endogenous glucose production; Rd 
= rate of disappearance (insulin sensitivity); Ra = rate of appearance; FFA = free fatty acid; REE = resting energy 
expenditure; IHTG = intrahepatic triglyceride; MAP = mean arterial pressure; HR = heart rate; CO = cardiac output; 
SDNN = standard deviation of the normal-to-normal intervals (interbeat intervals derived from continuous blood 
pressure recordings after filtering)
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Effect of donor FMT versus butyrate on insulin sensitivity
In line with our previous studies50,54 no effect of either post-RYGB donor FMT or oral butyrate 
on hepatic insulin sensitivity (EGP suppression) and peripheral insulin sensitivity (Rd) was seen 
(Table 1 and Supplementary figure 2). No significant effect was observed on glucoregulatory 
hormones (Supplementary table 3), insulin action in adipose tissue, determined as suppression 
of glycerol rate of appearance and IHTG content (Table 1). In line with our previously published 
results, no significant differences upon either intervention in active energy expenditure as 
measured via an accelerometer and intestinal transit time were observed (Table 6). 
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Figure 1A. Representative example of a SPECT image at 2h (representing SERT binding) (top row) and 
ROIs (bottom row)

Table 3. Systemic and small intestinal serotonin metabolism

Butyrate, n = 12 FMT, n = 12
24 urine before after p before after p p*
5-HIAA per 24h, 
µmol/l

30 [18-42] 29 [17-34] 0.27 42 [31-74] 33 [25-46] 0.35 0.93

Duodenal EC cells, 
cells/100 uM²

1.2 [1.0-1.7] 1.1 [1.0-1.6] 1.00 1.1 [0.9-1.6] 1.2 [0.9-1.4] 1.00 0.90

Small intestinal 
biopsy

n = 7 n = 7

TPH1 expression, 
relative to 36B4

0.0027  
[0.0013-0.0035]

0.0037 
[0.0013-0.0135]

0.49 0.0044 
[0.0017-0.0272]

0.0016
[0.0010-0.0053]

0.17 0.22

Data expressed as median [range]. p*: change over time between groups. 5-HIAA = 5-hydroxyindoleacetic acid 
(24h urine), EC = enterochromaffin, TPH1 = tryptophan hydroxylase 1 (qPCR duodenal cells)

Table 4. VAS appetite and hunger scales

Butyrate FMT
before after p before after P p*

VAS Appetite, cm 33 [6-60] 28 [10-49] 0.62 43 [14-68] 49 [24-78] 0.21 0.22
VAS Hunger, cm 33 ± 24 27 ± 21 0.42 26 ± 27 31 ± 27 0.44 0.25

Data expressed as mean ± SD and median [range]. p*: change over time between groups. VAS = visual 
analogue score
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Figure 2A, B and C. Changes in fecal microbiota composition after butyrate supplementation or 
allogenic FMT

A. 

Biplot of Redundancy Analysis (RDA axis 1 versus axis 2) of fecal microbiota data, constrained by butyrate and 
allogenic FMT treatment variables (before, baseline, and after treatment, 4 weeks). Baseline fecal microbiota 
composition in post-RYBG feces donors is also shown.

B.

Biplot of delta’s from top 10 amplicon sequence variants (ASV) markers of fecal microbiota after allogenic FMT 
and butyrate treatment. AUC = 0.83 ± 0.29.
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C. 

Spiderplot depicting a panel of bacterial species that significantly differentiated between the 2 different 
treatment groups, based on changes in fecal microbiota composition. The axis reflects the amount of change 
in % of the bacterial species upon either treatment.

Figure 3. Gut microbiota composition in subjects

Gut microbiota composition at phylum (A), family (B), genus (C) and species (D) level stratified by time and 
group of subjects
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Figure 4. Changes in plasma metabolites

Biplot of Redundancy Analysis (RDA axis 1 versus axis 2) of plasma metabolite data, constrained by butyrate 
and allogenic FMT treatment variables (before, baseline, and after treatment, 4 weeks). Baseline plasma 
metabolites in post-RYBG feces donors is also shown. The brackets on the axis labels refer to the proportion 
of constrained variance explained by the respective axis/RDAs. In this case, constrained variance was 7.8% of 
total variance.
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Figure 5A and B. Correlations between changes in gut microbiota and change in striatal DAT binding

A. FMT group

Change in Prevotella copri correlated inversely with change in DAT binding (rho = -0.50, p-value = 0.1)

B. Butyrate group

Change in Bacteroides uniformis was positively correlated with change in DAT binding (rho = 0.70, p-value = 
0.02).
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Figure 6A and B. Correlations between changes in plasma metabolites and change in striatal DAT binding

A. FMT group

Changes in betaine and glycine correlated positively with change in DAT without reaching significance.

B. Butyrate group

All 4 metabolites correlated positively with change in DAT with glycine (rho = 0.61, p-value = 0.05) and lysine 
(rho = 0.63, p-value = 0.04).
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Figure 7A and B. Correlations between changes plasma metabolites and gut microbiota

A. FMT group

Bacteroides uniformis correlated negatively with all 4 metabolites with betaine (rho = -0.61, p-value = 0.03) and 
lysine (rho = 0.8, p-value = 0.001).

B. Butyrate group

Bacteroides uniformis correlated significantly with plasma glycine, betaine and lysine (p = 0.01, p = 0.04, p = 
0.03) and a positive trend was seen with Prevotella copri.
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Fecal microbiota and plasma metabolites after post-RYGB donor FMT compared to butyrate 
are correlated with DAT
After post-RYGB donor FMT we observed a shift in fecal microbiota composition towards 
the composition of the donors (Figure 2A). The gut microbiota composition of the donors is 
shown in supplementary figure 3. We found that fecal microbiota including Parabacteroides 
distasonis, Clostridiales sp., Eubacterium coprostanoligenes, Alistipes, Prevotella copri, 
Bifidobacterium sp. and Bacteroides uniformis were significantly altered upon post-RYGB 
donor FMT (Figure 2B), while treatment with oral butyrate resulted in a significant change 
in, amongst others, Bacteroides uniformis (Figure 2C and Figure 3). With regard to changes 
in fasting plasma metabolites, after allogenic FMT, a shift was seen towards the FMT donor 
plasma metabolite profile (Figure 4) with plasma lysine, glycine, methionine and betaine 
(Supplementary figure 4) being significantly altered. Increases in fecal levels of Bacteroides 
uniformis were significantly associated with an increase in DAT (r=0.7, p<0.05), whereas 
increases in Prevotella copri showed an inverse association (r=-0.5, p=0.1) (Figure 5). 
Moreover, with regard to correlations between changes in plasma metabolites and change 
in striatal DAT binding ratios, in the butyrate treatment group changes in plasma glycine and 
lysine levels were significantly correlated with DAT (Figure 6B), whereas plasma betaine and 
glycine correlated with DAT upon FMT (Figure 6A). Finally, changes in Bacteroides uniformis 
were significantly inversely correlated with changes in plasma betaine and lysine upon 
FMT (Figure 7A) whereas upon oral butyrate, changes in Bacteroides uniformis showed a 
significant linear correlation with changes in plasma glycine, betaine and lysine (Figure 7B).

DISCUSSION
In line with our previous studies50,54, in the current randomized controlled trial no significant 
effect of either daily oral butyrate or donor feces derived from post-RYGB patients was 
seen in treatment-naïve human subjects with metabolic syndrome on either body weight 
or insulin sensitivity as measured by the gold-standard HIEC. However, the (albeit modest) 
significant change in human brain striatal DAT between both groups after 4 weeks was 
associated with alterations in both gut microbiota composition and plasma metabolites 
involved in the methionine/S-adenosylmethionine (SAMe) cycle. Interestingly, this pathway 
is known to be essential for neurotransmitter synthesis such as dopamine and serotonin. 
Collectively, these data suggest that gut microbiota play a role in the human brain 
dopaminergic system, and therefore might affect food intake. Whether this is mediated 
via vagus nerve signaling87 and plasma metabolites involved in the SAMe pathway remains 
to be determined. Thus, although the interventions did not result in clinically significant 
changes, they are hypothesis generating. DAT is a presynaptic membrane protein 
expressed in dopaminergic terminals, and regulates synaptic and extracellular dopamine 
by facilitating its re-uptake into presynaptic terminals. This allows for the important 
process of fine-tuning dopamine signaling which is essential in reward processing and 
behavioral learning88. Changes in DAT expression are associated with neurological and 
psychiatric disorders such as ADHD, autism and Parkinson’s disease (PD)89. In line with our 
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findings, previous studies in PD patients (who are characterized by an altered striatal DAT 
expression due to nigrostriatal dopaminergic degeneration) have shown altered levels of 
fecal Prevotella copri levels compared to controls90, underscoring the role of the gut-brain 
axis and more specific the enteric nervous system in human disease91,92. In this respect, 
our observation of an altered heart rate variability upon treatment with butyrate also 
suggests the involvement of vagal nerve signaling in the modulation of the gut-brain axis 
by changes in microbiota. This is in line with accumulating data in animals pointing towards 
the influence of the gut microbiota on motivational behavior through the vagal nerve87,93. 
Vagal afferents can be activated by gut endocrine cells secretion of serotonin gut peptides 
and also directly by gutmicrobiota derived metabolites such as SCFA butyrate94. The vagus 
nerve projects to the nucleus solitarius of the brainstem. This nucleus then projects to 
many brain regions, including the paraventricular nucleus (PVN) of the hypothalamus and 
the ventral tegmental area in the midbrain95. These projections could play a role in the 
observed changes in striatal DAT and might be important pathways in the microbiota-
gut-brain-food intake as well as -glucose metabolism axis, but more detailed studies are 
necessary to explore these pathways in humans. 
Although we observed a positive trend in (hypo)thalamic SERT binding in the FMT group , we 
found no significant changes in 24h 5-HIAA secretion, indicative of whole body serotonin 
concentrations. In line, serotonin staining in EC cells and TPH1 mRNA expression in the 
duodenal tissue biopsy before and after intervention were not changed in both groups. 
However, other plasma metabolites including lysine, glycine, methionine and betaine did 
significantly change upon treatment, all correlating with change in DAT binding, more 
markedly upon treatment with butyrate. In this regard Colosimo et al.96 recently showed 
that microbiota-derived amine based neurotransmitter receptor agonists including lysine 
affect HRH4 receptor signaling in the brain. Although lysine, an essential amino acid, has 
previously been associated with reduced anxiety and stress response in both animals and 
humans97, mediated through changes in serotonin in the central amygdala98 and in the 
gut99 in rats, our study is the first to our knowledge to report a link with dopamine via DAT. 
Methionine, betaine, also known as trimethylglycine, and glycine are all involved in one-
carbon (C1) metabolism and the SAMe cycle100, which are interrelated with dopamine and 
serotonin metabolism. In humans, betaine and methionine are dietary methyl donors from 
which SAMe can be synthesized, which is the body’s main methyl donor, found in all tissues 
but particularly liver cells and essential to numerous cellular methyl transfer reactions 
such DNA methylation (crucial in epigenetics) and the formation of neurotransmitters like 
serotonin and dopamine101. Unsurprisingly, low SAMe has been linked to mood disorders 
characterized by dopamine and serotonin depletion such as major depression102,103. Indeed, 
depressed rats had lower SAMe compared to controls, which increased after treatment 
with probiotics (lactic acid bacteria Lactobacillus helveticus R0052 and Bifidobacterium 
longum R0175), while elevated plasma dopamine in the depressed rats was lowered104.
Our randomized controlled trial also has certain limitations, including the small sample 
size study executed in Caucasian subjects only, and thus needs confirmation in a larger 
RCT including subjects of different ethnicities105 and also using repetitive donor FMTs at 
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one time might not be enough to induce a durable effect. Second, due to ethical (radiation 
exposure) constraints, we were only allowed to determine SERT and DAT on 2 occasions, 
whereas having a 12-week time point would have been a valuable addition to study long 
term effects. Finally, we did not assess the effect of our interventions on food reward related 
outcomes such as food behavior-related questionnaires or MRI imaging with computer 
tasks. Nevertheless, our intervention study provides further evidence on the existence of 
a microbiota-gut-brain axis in humans possibly involving the striatal dopaminergic system.

CONCLUSION
We show here that modulating gut microbiota composition or increasing one of its major 
metabolites intraluminally affects striatal DAT binding in humans. These changes were 
associated with alterations in Bacteroides uniformis and Prevotella spp. abundance as well 
as with metabolites involved in the SAMe cycle, an important pathway in neurotransmitter 
synthesis. Although are results are still mainly hypothesis generating due to the small 
sample size, we speculate that the gut milieu affects vagal afferents projecting to the 
brain stem resulting in modulation of neuronal dopaminergic circuits involved in hedonic 
regulation of feeding behavior. 
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SUPPLEMENTARY METHODS
Study design
Upon inclusion, subjects came to our clinical research facility at the Amsterdam UMC, 
location AMC for 3 baseline visits executed within one week, all after an overnight fast 
(Supplementary figure 1). On the first study day subjects were submitted to a 2-step 
HIEC with stable isotopes 2H2-glucose and [1,1,2,3,3-2H5]glycerol to measure endogenous 
glucose production (EGP), hepatic insulin sensitivity (percentage suppression of EGP 
during hyperinsulinemic conditions), peripheral (Rate of disposal, Rd) insulin sensitivity, 
suppression of glycerol rate of appearance (Ra, a measure of adipose tissue insulin 
sensitivity) and FFA suppression (suppression of circulating plasma FFA relative to basal 
state). During the clamp resting energy expenditure (REE) was assessed using indirect 
calorimetry and sympathetic activity via Nexfin.
On study day 2, after oral pretreatment with potassium iodide tablets, subjects received 
radioligand [123I]FP-CIT given as an intravenous bolus. After 2 and 3 hours a SPECT-scan 
of the brain was performed to assess binding to SERT and DAT in the diencephalon and 
striatum, respectively. Individual SPECT images were combined with individual MRIs of the 
brain for registration purpose as well as delineation of ROIs . During this MRI session the 
liver was also scanned, to detect any changes in liver fat. To assess satiety, hunger and 
appetite were scored on a visual analog scale (VAS).
On study day 3 a gastroduodenoscopy was performed for duodenal biopsies, which were 
immediately collected in sterile tubes, snap-frozen in liquid nitrogen and processed as 
described before1. This was directly followed by duodenal tube placement (abdominal 
X-ray was performed for both correct placement of duodenal tube and to determine 
intestinal transit time using Sitzmark capsules as previously described2), followed by bowel 
lavage and FMT from either autologous or allogenic donors according to randomization. 
Afterwards, subjects started taking either 4 grams of sodium butyrate daily or placebo 
tablets for 4 weeks, after which the study days were repeated. For 7 days prior to the first 
and fourth visit an accelerometer (ActiHeart; CamNTech Ltd., Cambridge) was worn, to 
measure physical activity energy expenditure (PAEE).  Fecal samples (for changes in fatty 
acid metabolism) and 24 hours urine samples (for 5-HIAA measurement) were collected 
preceding the first and the fourth visit and brought by the subject on those visits.
Participants were asked to maintain their habitual physical activity pattern, but to refrain 
from heavy exercise before the days of the HIEC procedure. Participants were allowed to 
continue their usual diet. All participants filled out an online nutritional diary (https://mijn.
voedingscentrum.nl/nl/eetmeter) to monitor caloric intake of carbohydrates, fat, protein 
and fibers before and after 4 weeks of the intervention. 
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary figure 1. Study design  

Supplementary table 1. Baseline characteristics of participants  

Butyrate FMT FMT donors
N 12 12 6
Sex (M/F) 7/5 6/6 3/3
Age (y) 60.6 ± 7.8 60.2 ± 6.4 53.5 [52.8-57.8]
Weight (kg) 102.6 ± 7.9 98.0 ± 10.7 99.5 [62.5-110.2]
BMI (kg/m2) 34.3 ± 3.4 33.0 ± 3.5 28.2 [22.9-35.5]
Fasting glucose (mmol/l) 6.1 [5.7-6.3] 5.6 [5.2-5.8] 5.1 [4.9-5.1]
HOMA-IR 3.6 ± 1.4 3.0 ± 0.9 1.0 [0.8-1.4]
HDL (mmol/l) 1.4 [1.2-1.6] 1.6 [1.3-1.8] 1.8 [1.5-2.5]
SBP (mmHg) 134 [100-141] 126 [115-140] 134 [118-152]
DBP (mmHg) 72 [60-75] 73 [66-75] 76 [69-86]

Data are expressed as mean ± SD or median [IQR]. Represented are the baseline characteristics of the 
subjects in both treatment groups and the donors used in the allogenic FMT group.
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Supplementary table 2. Side effects and bowel habits

Butyrate FMT
Week 0 Week 4 Week 0 Week 4

IBS ROME III criteria 0 0 0 0
IBS-QOL 34 34 34 34
Side effects

Nausea 0 0 0 0
Flatulence 0 0 0 0
Cramps 0 0 0 0
Borborygmi 0 0 0 0
Gastric reflux 0 0 0 0

Reported side effects and bowel habits: IBS ROME III diagnostic criteria (minimum score 0 = does not fulfill 
criteria of IBS) and IBS-QOL (34 items, score from 1 = not at all, to 5 = a great deal, minimum score 34 = 
maximum quality of life).

Supplementary figure 2A, B, C and D. Hepatic (EGP suppression) and peripheral (Rd) insulin 
sensitivity
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Peripheral insulin sensitivity (Rd) is shown per subject (A.) and per group (B.) and hepatic insulin 
sensitivity (EGP suppression) per subject (C.) and per group (D.), before and after treatment with either 
butyrate tablets and autologous FMT or placebo tablets and allogenic FMT. Changes did not reach 
significance.
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Supplementary figure 3A, B, C and D. Gut microbiota composition post-RYBG donors

Fecal gut microbiota composition at phylum (A), family (B), genus (C) and species (D) level of the post-RYGB 
feces donors
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Supplementary table 3. Circulating insulin levels during clamp tests at week 0 and 4

Basal state Step 1 Step 2
Butyrate FMT Butyrate FMT Butyrate FMT

Clamp week 0
Insulin, pmol/l 70 [59-114] 77 [53-105] 272 [212-323] 322 [256-354] 737 [614-814] 772 [740-868]
Glucagon, ng/l 87 [80-105] 72 [65-100] 70 [65-79] 68 [55-81] 67 [59-77] 54 [48-74]
Cortisol, ng/l 180 [164-234] 200 [150-279] 212 [192-248] 244 [178-313] 203 [168-292] b 176 [155-203]
Clamp week 4
Insulin, pmol/l 61 [48-96] 66 [62-83] 249 [204-314] 323 [272-346] 663 [589-866] 794 [714-888]
Glucagon, ng/l 74 [66-111] 81 [59-93] 68 [62-98] 61 [53-80] 60 [52-86] 51 [47-70]
Cortisol, ng/l 192 [155-213]a 255 [180-289]a 244 [185-293] 248 [218-339] 183 [140-253]b 182 [121-256]

Data expressed as median and [interquartile rang]. Footnotes: asignificant difference (p < 0.05) between 
butyrate and FMT group; bsignificant difference (p < 0.05) within treatment group between week 0 and 4. Rd 
values and EGP suppression before and after treatment and per treatment group.

Supplementary figure 4A and B. Heatmap depicting significant associations between plasma and 24h 
urine metabolites per treatment group

A. Changes in plasma metabolites  B. Changes in urine metabolites

Plasma metabolites were stronger associated than 24h-urine metabolites. Plasma metabolites which 
significantly changed upon treatment were lysine, glycine, methionine and betaine.
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ABSTRACT
Objective: Insulin resistance develops prior to the onset of overt type 2 diabetes, making 
its early detection vital. Direct accurate evaluation is currently only possible with complex 
examinations like the stable isotope based hyperinsulinemic euglycemic clamp (HIEC). 
Metabolomic profiling enables the detection of thousands of plasma metabolites, providing 
a tool to identify novel biomarkers in human obesity.

Design: Liquid chromatography mass spectrometry based untargeted plasma 
metabolomics was applied in 60 participants with obesity with a large range of peripheral 
insulin sensitivity as determined via a 2-step HIEC with stable isotopes [6,6-2H2]glucose 
and [1,1,2,3,3-2H5]glycerol. This additionally enabled measuring insulin regulated lipolysis, 
which combined with metabolomics, to the knowledge of this research group, has not 
been reported on before.

Results: Several plasma metabolites were identified that significantly correlated with 
glucose and lipid fluxes, led by plasma (gamma-glutamyl)citrulline, followed by betaine, 
beta-cryptoxanthin, fructosyllysine, octanylcarnitine, sphingomyelin (d18:0/18:0, 
d19:0/17:0) and thyroxine. Subsequent machine learning analysis showed that a panel of 
these metabolites derived from a number of metabolic pathways may be used to predict 
insulin resistance, dominated by non-essential amino acid citrulline and its metabolite 
gamma-glutamylcitrulline.

Conclusion: This approach revealed a number of plasma metabolites that correlated 
reasonably well with glycemic and lipolytic flux parameters, measured using gold standard 
techniques. These metabolites may be used to predict the rate of glucose disposal 
in humans with obesity to a similar extend as HOMA, thus providing potential novel 
biomarkers for insulin resistance.
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INTRODUCTION
Obesity is often accompanied by metabolic disorders such as dyslipidemia and insulin 
resistance, both part of the metabolic syndrome, which in turn is a major risk factor for type 
2 diabetes (T2DM), cardiovascular pathology, non-alcoholic fatty liver disease and different 
types of cancer1,2. Insulin resistance develops prior to the beginning of overt T2DM, making 
its early detection of vital clinical importance. However, direct accurate evaluation of insulin 
resistance in relation to fasting insulin and (compensatory) hyperinsulinemia is currently 
only possible using complex, invasive and time-consuming examinations such as the 
2-step stable isotope based hyperinsulinemic euglycemic clamp (HIEC), a method which is 
regarded as the gold standard. This method also allows for distinguishing between hepatic 
and peripheral insulin sensitivity (Rd).
An interesting developing research field in this respect is untargeted metabolic profiling, 
which enables the detection of in principle thousands of plasma metabolites3. These 
metabolites are products that reflect levels of cellular (dys)function. As they are influenced 
by both environmental (dietary) and biological (genetic) factors, plasma metabolites may 
provide insight into the balance of genotype and phenotype of T2DM. Moreover, due to 
the unbiased nature that characterizes metabolomic platforms, they can provide a tool to 
unveil novel underlying mechanisms of insulin resistance, metabolic syndrome and its dire 
consequences in humans with obesity.
Branched chain amino acids (BCAAs) and other plasma metabolites such as glycerol, 
α-hydroxybutyrate and mannitol4 are increased in patients with T2DM and might serve as 
potential novel biomarkers for insulin resistance5–8. However, there is a lack of studies in 
humans with metabolic syndrome that correlate novel metabolites with the gold standard 
measurement of glucose fluxes in the HIEC and, to the knowledge of this research group, 
no studies are available that combine both parameters. Consequently, this results in a 
lack of novel biomarkers able to predict aberrant glycemic control in patients with insulin 
resistance in an earlier phase9, A recent systematic review evaluated metabolite markers 
identified using high-throughput metabolomics techniques in patients cohorts with 
prediabetes and T2DM, however, in these patients insulin resistance was determined 
via simple or indirect tests such as the oral glucose test, but never by HIEC8. Alternative 
methods have been developed such as the Homeostatic Model Assessment (HOMA) and 
Quantitative insulin sensitivity check index (QUICKI), which calculate insulin resistance fairly 
accurately using fasting insulin and glucose concentrations. Nevertheless, as surrogate 
indirect methods they have their limitations compared to the direct clamp method and are 
still unable to detect early stages of aberrant glucose metabolism and insulin resistance10.
Thus, in order to determine plasma metabolites which are able to predict insulin 
resistance in an earlier stage and explore their interaction with glucose and lipid fluxes 
in the fasting state, liquid chromatography mass spectrometry (LC-MS-)based untargeted 
plasma metabolomics (Metabolon) was applied in 60 participants with obesity with an 
extensive range of Rd as determined by a 2-step HIEC with stable isotopes [6,6-2H2]glucose 
and [1,1,2,3,3-2H5]glycerol, which also allowed for the measurement of insulin regulated 
lipolysis (Ra). Other metabolic parameters determined were hepatic insulin sensitivity, as 
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measured via suppression of endogenous glucose production (EGP), and resting energy 
expenditure (REE), measured by indirect calorimetry, as well as dietary intake. This study 
showes that a panel of plasma metabolites could be used to predict (peripheral) insulin 
resistance as a substitute for the invasive laborious HIEC. Indeed, several metabolites 
were identified that significantly correlated with glucose and lipid fluxes, led by plasma 
citrulline and gamma-glutamylcitrulline, followed by plasma betaine, beta-cryptoxanthin, 
fructosyllysine, octanylcarnitine, sphingomyelin (d18:0/18:0, d19:0/17:0) and thyroxine.

METHODS

Study participants
Male (n=30) and female participants (n=30) with obesity, defined as BMI ≥ 30 kg/m2, were 
recruited via local advertisements. Participants were excluded in case of a primary lipid 
disorder, childhood onset obesity (due to higher risk of developing T2DM also based on 
more genetic predisposition), use of exogenous insulin, all medical and psychiatric conditions 
except for obesity related diseases, coagulation disorders, uncontrolled hypertension, renal 
insufficiency, substance abuse (nicotine or drugs, alcohol >2 units/day), pregnancy and 
breastfeeding. All participants provided written informed consent and all study procedures 
were approved by the Academic Medical Center IRB and conducted in accordance with the 
Declaration of Helsinki.

Study design
Following informed consent and screening, participants visited the clinical research unit 
after an overnight fast. Participants were instructed to record food intake and dietary habits 
online (mijn.voedingscentrum.nl/nl/eetmeter) the week before the study visit. During the 
study day, blood samples were drawn followed by the 2-step HIEC during which glucose 
and lipid fluxes were determined as well as REE, as described below.

Measurements
2-step HIEC and REE
REE was measured in all participants during the basal state of the HIEC by indirect calorimetry. 
During 20 minutes oxygen consumption and CO2 production were measured continuously 
using a ventilated hoodsystem (Vmax Encore 29; SensorMedics, Anaheim, CA). REE was then 
calculated from oxygen consumption and carbon dioxide production11. To measure insulin 
resistance a 2-step HIEC was performed12. After an overnight fast participants visited the 
hospital where they received 2 catheters in the peripheral veins of both arms. One catheter 
was used to infuse the [6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol (99% enriched; Cambridge 
Isotopes, Andover, MA, USA), together with 20% glucose enriched with 1% [6,6-2H2]glucose 
and insulin (Actrapid; Novo Nordisk Farma, Alphen aan de Rijn, The Netherlands). The other 
catheter was used for sampling blood, which was arterialized by heating the arm with a 
heated-hand box at 57°C. At 2 h before starting the clamp (t=−2 h), a primed continuous 
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infusion of both [6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol was started and continued until 
the end of the experiment. After 2 h (t=0), infusion of insulin was started at a rate of 20 
mU·m−2(body surface area)·min−1. Plasma glucose was measured every 10 min using a glucose 
analyzer (YSI 2300 Stat Plus Glucose Lactate Analyzer, YSI Life Sciences, Yellow Springs, Ohio). 
In order to keep plasma glucose at 5 mmol·l-1, 20% glucose enriched with 1% [6,6-2H2]glucose 
was infused at a variable rate. Insulin infusion was increased after 2 h of insulin infusion 
(t=2 h) to 60 mU·m-2·min-1. At t=0, 2 and 4 h, 5 blood samples were taken to assess glucose 
and glycerol enrichments. Rates of disposal (Rd) of glucose and rates of appearance (Ra) of 
glycerol were calculated using the modified forms of the Steele equations for (non-)steady 
state measurements as described previously13. 

Biochemistry
Fasting glucose (Hitachi), insulin (Diagnostic products) and C-reactive protein (CRP, Roche, 
Switzerland) were determined in fasted plasma samples. Total cholesterol, high density 
lipoprotein cholesterol (HDLc) and triglycerides (TG) were determined in EDTA-containing 
plasma using commercially available enzymatic assays (Randox, Antrim, UK and DiaSys). All 
analyses were performed using a Selectra autoanalyzer (Sopachem, The Netherlands). Low 
density lipoprotein cholesterol (LDLc) was calculated using the Friedewald formula. Insulin 
was determined on an Immulite 2000 system (Diagnostic Products, Los Angeles, CA, USA). 
As described previously, plasma analyses were performed14, [6,6-2H2] glucose enrichment 
was measured15 and [1,1,2,3,3-2H5]glycerol determined16.

Metabolomic profiling 
As mentioned above, EDTA plasma samples were taken from participants before the clamp 
in the fasting state. Plasma metabolite untargeted profiling analysis was carried out on 
plasma by Metabolon (Durham, NC), using ultra high performance liquid chromatography 
coupled to tandem mass spectrometry (UPLC-MS/MS), as previously described17. This 
method allowed for the study of 934 annotated plasma metabolites. Raw data was 
normalized to account for inter-day measurement differences. Then, each biochemical 
was rescaled to set the median equal to 1. Missing values, generally due to the sample 
measurement falling below the limit of detection, were then imputed with the minimum 
observed value. 

Statistical analysis
Univariate (Spearman’s rank) analyses were performed to determine which metabolites 
correlated significantly (p-value of < 0.05) with Rd, EGP suppression, REE and glycerol 
suppression of the included participants. Subsequent multivariate linear regression was 
used to correct for age and BMI.

Machine learning to discern relative importance of plasma metabolites with Rd
In the multivariate analysis, the model was a gradient boosting regressor19 which was 
optimized for R2, taking the previously analyzed metabolic biomarkers which were correlated 
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with Rd as the input and the Rd derived from the HIEC as the output value. To avoid over-
fitting, a 10-fold stratified cross-validation was performed over the training partition of the 
data (80%) while the remaining data (20%) was used as the test dataset. The identification 
of the most predictive plasma biomarkers was achieved through the use of permutation 
importance46. First a predictive model was build using the complete set of the metabolites. 
This led to a baseline R2 predictive performance of the model. Afterwards, the values of one 
metabolite were shuffled for all participants in the database and the predictive performance 
of the model was recomputed. The difference between the baseline performance of the 
model and the one computed on the shuffled dataset gave the predictive power of this 
particular metabolite. This procedure was then repeated for all the metabolites in the 
database, thus obtaining the final ranking. Moreover, a rigorous stability selection procedure 
was conducted to ensure the reliability and robustness of these biomarker signatures. 
This was repeated 20 times and the R2 scores were computed each time and averaged for 
the final test R2 score. The software tools used were Python v. 3.7 (www.python.org), with 
the packages Numpy, Scipy and Scikit-learn for machine learning models. To generate the 
visualizations, the packages used were matplotlib and plotly.

RESULTS
Baseline characteristics
In total 60 participants were included with obesity (BMI ≥ 30 kg/m2), of which 30 male and 
30 female, aged 51 ± 12 (mean ± SD) years with a BMI of 39 [34-44] (median [IQR]) kg/m2. 
Metabolic baseline characteristics included a fasting glucose of 5.3 ± 0.8 mmol/l, fasting 
insulin of 115 ± 56 pmol/l and HOMA-IR of 3.9 ± 2.1, while total cholesterol was 5.1 ± 1.2 
mmol/l with an LDL of 3.2 ± 1.1 mmol/l and HDL of 1.3 ± 0.3 mmol/l. Dietary data included 
a caloric intake of 1670 ± 394 kcal per day, with an intake of 66 ± 20, 79 ± 18, 16 ± 5 and 
170 ± 46 grams of fat, protein, fiber and carbohydrate respectively.

Glucose and lipid fluxes
Insulin sensitivity was determined in each subject via a 2-step HIEC. The use of [6,6-2H2]
glucose infusion enabled the assessment of the ability of insulin to suppress endogenous 
glucose production (EGP suppression, a marker of hepatic insulin sensitivity) and whole-
body glucose rate of disposal (Rd, a marker of peripheral insulin sensitivity). The measured 
Rd values ranged from high to low showing a spectrum of insulin sensitivity from insulin 
sensitive (maximum 57.4 µmol/kg/min) to insulin resistant (minimum 11.9 µmol/kg/min), 
with a mean of 31.8 ± 12.7 µmol/kg/min. EGP suppression ranged from 47-100 % with 
a mean of 75.7 ± 14 %. Other metabolic parameters measured during the clamp were 
REE via calorimetry, with a mean of 1885 ± 376 kcal/day, and insulin regulated lipolysis 
using [1,1,2,3,3-2H5]glycerol to determine suppression of glycerol rate of appearance (Ra, 
a measure of adipose tissue insulin sensitivity) with a mean of 56.2 ± 14.3 %. As previously 
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described, insulin resistance was defined as an Rd value of < 37.3 µmol/kg/min18. In the 
current study population 71.7 % of all participants had an Rd lower than 37.3 and were 
therefore considered insulin resistant (Figure 1).

Figure 1. The distribution of peripheral insulin sensitivity (Rd)
Shown is the distribution of peripheral insulin sensitivity Rd in all 60 participants as measured via HIEC. The 
dashed line represents the cut-off point of an Rd of 37.3 µmol/kg/min, below of which is considered insulin 
resistant.

Correlations of metabolic parameters with plasma metabolites
As expected, fasting plasma insulin levels and HOMA values correlated significantly with Rd 
(Figure 2a and 2b). Moreover, other univariate analyses revealed significantly correlated 
plasma metabolites with peripheral insulin sensitivity (Rd), hepatic insulin sensitivity (EGP 
suppression), lipolysis (Ra), fasting insulin, HOMA and resting energy expenditure (REE). 
Subsequent multivariate regression analyses were used to correct for the influence of age 
and BMI. Additionally, correlating plasma metabolites were tested for predictive ability of 
Rd. Seventeen plasma metabolites were found that significantly correlated with Rd, of which 
12 correlated with 1 or more other fluxes and/or were found to be predictive of Rd. This 
included 1-palmitoyl-2-stearoyl-GPC (16:0/18:0), beta-cryptoxanthin, betaine, fructosyllysine, 
glycosyl-N-(2-hydroxynervonoyl)-sphingosine (d18:1/24:1(2OH)), octanylcarnitine, S-methyl- 
methionine, sphingomyelin (d18:0/18:0, d19:0/17:0), taurodeoxycholate 3-sulfate and 
thyroxine (Table 1), whereas plasma gamma-glutamylcitrulline (Figure 2c) and citrulline 
(Figure 2d) were most significantly correlated with Rd. Moreover, 8 metabolites correlated 
significantly with EGP suppression, of which 4 correlated with Rd, 2 also with the other 
fluxes and 2 were predictive of Rd: beta-cryptoxanthin, betaine, fructosyllysine and 
taurodeoxycholate 3-sulfate (Table 2). Finally, 3 metabolites correlated significantly with 
REE of which beta-cryptoxanthin correlated likewise with Rd and EGP suppression and 
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was found to be predictive of Rd (Table 3). With respect to lipid fluxes, 20 metabolites 
correlated significantly with glycerol suppression and 6 also correlated with Rd, other 
fluxes or were predictive of Rd: betaine, citrulline, gamma-glutamylcitrulline, glycosyl-N-(2-
hydroxynervonoyl)-sphingosine (d18:1/24:1 (2OH)), sphingomyelin (d18:0/18:0, d19:0/17:0) 
and thyroxine (Table 4). 

Figure 2. Correlation plots of most important plasma markers with peripheral insulin sensitivity (Rd). 
Shown is the correlation of fasting plasma insulin (2a), HOMA (2b), gamma-glutamylcitrulline (2c) and citrulline 
(2d) with peripheral insulin sensitivity Rd as measured by stable isotope based HIEC in 60 participants.

Combining plasma metabolites to predict peripheral insulin sensitivity (Rd) 
The 17 metabolites found to correlate significantly with Rd originate from a number of 
different metabolic pathways. To investigate whether a reliable prediction of Rd could be 

C.

A.

D.

B.
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made from a combination of these metabolites a Gradient Boosting Machine Learning 
model was used19. The average R2 achieved by the model across the 20 performed shuffles 
was 0.24. Figure 3 shows the top 10 metabolites that were found to be most important in 
the Rd predictive model, headed by plasma (gamma-glutamyl)citrulline levels, followed by 
HOMA and fasting insulin levels.

Figure 3. Feature importance plot of metabolites in predictive model of Rd
Shown are the top 10 metabolites that were found to be most important in the Rd predictive model.  
The values were weighted with the feature importances as mentioned in the methods section.
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Table 1. Correlations between fasting plasma metabolite and peripheral insulin sensitivity (Rd)

Metabolite Pathway p rho r Match 
other flux

Relative importance 
for predicting Rd (%)

1-palmitoyl-2-linleoyl-GPC 
(16:0/18:2)

Phospholipid  
metabolism 

0.03 -0.27 -0.24

1-palmitoyl-2- 
stearoyl-GPC (16:0/18:0)

Phospholipid  
metabolism

0.04 0.46 0.48 21

Beta-cryptoxanthin Vitamin A metabolism  0.02 0.39 0.46 EGP/REE 20
Betaine Glycine, serine and  

threonine metabolism
 0.01 0.39 0.39 EGP/Ra 19

Citrulline Urea cycle; arginine and 
proline metabolism

 0.01 0.44 0.42 Ra 77

Cortisol Corticosteroid  0.01 -0.30 -0.31
Decanoylcarnitine (C10) Fatty acid metabolism (acyl 

carnitine, medium chain)
 0.01 -0.36 -0.36

Fructosyllysine Lysine metabolism  0.01 -0.37 -0.38 EGP
Gamma-glutamylcitrulline Citrulline metabolism  0.03 0.40 0.37 Ra 100
Glyco-beta-muricholate Primary bile acid 

metabolism
 0.03 -0.31 -0.27

Glycodeoxycholate 3-sulfateSecondary bile acid 
metabolism

 0.05 -0.34 -0.34

Glycosyl-N-(2-
hydroxynervonoyl)-
sphingosine 
(d18:1/24:1(2OH))

Glycolipid metabolism  0.00 -0.37 -0.35 Ra

Octanoylcarnitine (C8) Fatty acid metabolism  
( acyl carnitine, medium 
chain )

 0.02 -0.40 -0.15 11

S-methylmethionine Methionine, cysteine, SAM 
and taurine metabolism

 0.04 0.30 0.32 12

Sphingomyelin (d18:0/18:0, 
d19:0/17:0)

Phospholipid metabolism  0.02 -0.26 -0.25 Ra 25

Taurodeoxychol 3-sulfate Secondary bile acid 
metabolism

 0.03 -0.39 -0.39 EGP

Thyroxine Thyroid  0.03 -0.40 -0.41 Ra

Shown are significant (p<0.05) Spearman’s correlations between metabolites and Rd after correction with 
multivariate linear regression for age and BMI. Metabolites were considered relevant according to match with 
other flux, relative importance for predicting Rd via machine learning model and/or availability of literature. 
Abbreviations: EGP = endogenous glucose production (hepatic insulin sensitivity), REE =resting energy expenditure, Rd 
= rate of disappearance (peripheral insulin sensitivity), Ra = rate of appearance (glycerol suppression)
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Table 2. Correlations between fasting plasma metabolite and hepatic insulin sensitivity  
(EGP suppression)

Metabolite Pathway p rho r Match 
other flux

Relative importance 
for predicting Rd (%)

3b-hydroxy-5-cholenoic acidSecondary bile acid 
metabolism

0.02 -0.27 -0.19

Beta-cryptoxanthin Vitamin A metabolism 0.02 0.35 0.28 Rd/REE 20
Betaine Glycine, serine and 

threonine metabolism
0.01 0.28 0.25 Rd/Ra 19

Docosatrienoate (22:3n3) Fatty acid metabolism 0.05 -0.36 -0.35
Etiocholanolone 
glucuronide

Androgenic steroids 0.04 -0.31 -0.33

Fructosyllysine Lysine metabolism 0.01 -0.37 -0.36 Rd
Lysine Lysine metabolism 0.04 -0.29 -0.32
Taurodeoxychol 3-sulfate Secondary bile acid 

metabolism
0.03 -0.27 -0.10 Rd

Shown are significant (p<0.05) Spearman’s correlations between metabolites and EGP suppression after 
correction with multivariate linear regression for age and BMI. Metabolites were considered relevant according 
to match with other flux, relative importance for predicting Rd via machine learning model and/or availability 
of literature.

Table 3. Correlations between fasting plasma metabolite and resting energy expenditure (REE)

Metabolite Pathway p rho r Match 
other flux

Relative importance 
for predicting Rd (%)

1-docosahexaenoylglycerol 
(22:6)

Fatty acid metabolism 0.01 -0.43 -0.44

Beta-cryptoxanthin Vitamin A metabolism 0.02 -0.43 -0.31 Rd/EGP 20
Docosahexaenoate (DHA; 
22:6n3)

Fatty acid metabolism 0.03 -0.44 -0.46

Shown are significant (p<0.05) Spearman’s correlations between metabolites and REE after correction with 
multivariate linear regression for age and BMI. Metabolites were considered relevant according to match with 
other flux, relative importance for predicting Rd via machine learning model and/or availability of literature.
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Table 4. Correlations between fasting plasma metabolite and glycerol suppression (Ra)

Metabolite Pathway p rho r Match 
other flux

Relative importance 
for predicting Rd (%)

1-linoleoyl-GPI* (18:2)* Phospholipid metabolism 0.00 -0.45 -0.60
1-oleoyl-GPI (18:1) Phospholipid metabolism 0.03 -0,32 -0.33
1-palmitoleoyl-2-linolenoyl-
GPC (16:1/18:3)*

Phospholipid metabolism 0.01 -0,31 -0.38

1-palmitoyl-2-linoleoyl-GPI 
(16:0/18:2)

Phospholipid metabolism 0.04
 

-0,34 -0.33

1-stearoyl-2-linoleoyl-GPI 
(18:0/18:2)

Phospholipid metabolism 0.01
 

-0,30 -0.37

3-hydroxyoleate Fatty Acid metabolism 0.03 -0,26 -0.21
5alpha-androstan-
3alpha,17beta-diol 
monosulfate (2) 

Androgenic steroids 0.02
 

0.40 0.31

Betaine Glycine, serine and 
threonine metabolism

0.01
 

0.40 0.39 Rd/EGP 19

Biliverdin Hemoglobin and Porphyrin 
Metabolism

0.03
 

0.29 0.33

Citrulline Urea cycle; arginine and 
proline metabolism

0.01
 

0.39 0.42 Rd 77

Epiandrosterone sulfate Androgenic steroids 0.04 0.28 0.05
Gamma-glutamylcitrulline Citrulline metabolism 0.01 0.40 0.41 Rd 100
Glycosyl-N-(2-
hydroxynervonoyl)-
Sphingosine 
(d18:1/24:1(2OH))

Glycolipid metabolism 0.04
 

-0.33 -0.28 Rd

Guanidinoacetate Creatine metabolism 0.04 0.35 0.33
N-stearoyl-sphinganine 
(d18:0/18:0)

Ceramide metabolism 0.03
 

-0,36 -0.28

Sphingomyelin (d18:0/18:0, 
d19:0/17:0)

Phospholipid metabolism 0.01
 

-0,36 -0.33 Rd 25

Sphingomyelin (d18:1/18:1, 
d18:2/18:0)

Phospholipid metabolism 0.02
 

-0,35 -0.32

Sphingomyelin (d18:1/20:2, 
d18:2/20:1, d16:1/22:2)

Phospholipid metabolism 0.03
 

-0,28 -0.27

Sphingomyelin (d18:2/16:0, 
d18:1/16:1)

Phospholipid metabolism 0.04
 

-0,31 -0.37

Thyroxine Thyroid 0.02 -0.34 -0.40 Rd

Shown are significant (p<0.05) Spearman’s correlations between metabolites and Ra after correction with 
multivariate linear regression for age and BMI. Metabolites were considered relevant according to match with 
other flux, relative importance for predicting Rd via machine learning model and/or availability of literature.
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DISCUSSION
In this exploratory cross-sectional study (untargeted) metabolic profiling was applied using 
fasting plasma samples of 60 participants with obesity with an extensive range of peripheral 
insulin sensitivity, revealing several metabolites that significantly correlated with glucose 
and lipid fluxes as determined by stable isotope based 2-step HIEC. Subsequent machine 
learning analysis showed that a combination of these plasma metabolites may potentially 
be used to predict peripheral insulin resistance and sensitivity (Rd) with a reasonable 
accuracy. Machine learning analysis on EGP and REE was not possible due to the low 
number of correlating parameters. However, plasma gamma-glutamylcitrulline emerged 
as the most important component in the machine learning model for Rd, followed by its 
precursor citrulline. However, further (in vitro and in vivo) data are needed to strengthen 
the biological evidence of the (gamma-glutamyl)citrulline pathway in the pathophysiology 
of human insulin resistance and to prove the value of this marker in its early detection.
Interestingly, citrulline and its metabolite gamma-glutamylcitrulline have been already 
linked to insulin sensitivity of adipose tissue (as determined by [1,1,2,3,3-2H5]glycerol). 
L-citrulline, is a non-essential amino acid20 with strong antioxidant properties and in 
humans is involved in the urea cycle in the liver. The amino acid is not secreted by the 
liver, but the amount found in plasma has been shown to originate from production by 
enterocytes21. Via its product arginine, citrulline is important in the metabolism of nitric 
oxide (NO), a signaling molecule critical for the cardiovascular system as a vasodilatator22. 
Oral supplementation of citrulline is more potent at increasing serum arginine, and thus 
NO levels, than arginine itself due to a first-pass extraction effect by arginase in the 
gastro-intestinal tract, which does not affect citrulline21. This has made it a promising 
focus for research into new treatment modalities for metabolic and cardiovascular related 
diseases, as endothelial dysfunction, associated with obesity-induced insulin resistance, 
hypertension and impaired skeletal muscle metabolism have been linked to arginine and 
NO deficiency in humans23–25. Supporting the observation in this study of the positive 
correlation between citrulline and glycerol suppression, animal studies have shown 
promising results of citrulline supplementation on lipolysis, reducing adipose tissue26.
The medium-chain acylcarnitines, decanoylcarnitine and octanoylcarnitine were both negatively 
associated with insulin sensitivity, and especially octanoylcarnitine was found to be predictive 
of Rd (Figure 3). There is growing evidence of plasma acylcarnitines as potential biomarkers 
for insulin resistance27. In study participants with T2DM, octanoyl- and decanoylcarnitine 
were both increased compared to controls28. A substrate overload of fatty acids may result 
in incomplete long-chain fatty acid β-oxidation, allowing for accumulation of acylcarnitines 
which via pro-inflammatory NFkB-associated pathways impair insulin action, thus promoting 
insulin resistance27. In participants with obesity and T2DM, in whom the degree of insulin 
resistance was measured via a HIEC similar to this study, plasma acylcarnitines were found to 
be significantly elevated29, supporting the current observations. 
Previous data was confirmed by our results, showing an inverse significant association of 
plasma thyroxine levels with both peripheral insulin sensitivity and adipose tissue insulin 
sensitivity30. Both Rd and Ra correlated negatively with sphingomyelin (d18:0/18:0,d19:0/17:0), 
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which is in accordance with previous data in patients with TDM231. In line, a positive significant 
correlation was observed in this study between plasma betaine and peripheral, hepatic and 
adipose tissue insulin sensitivity. Betaine, also known as trimethylglycine, is an amino acid 
which is derived in the human body via dietary intake or via mitochondrial oxidation of choline 
in kidney and liver (driving TMAO production)32,33 and low betaine is significantly associated with 
key criteria of metabolic syndrome34,35. Moreover, in the current study the significant positive 
correlation was confirmed between plasma beta-cryptoxanthin (β-CRX, a carotenoid) and 
peripheral and hepatic insulin sensitivity36,37. In obese animal models β-CRX supplementation 
was inversely related to the risk of insulin resistance and liver dysfunction, possibly mediated 
by inhibiting inflammatory gene expression via the suppression of macrophages and of the 
signaling of TNFα and gut-derived endotoxins (LPS)38–40. In humans, serum β-CRX was likewise 
inversely related to insulin resistance41 and decreased amount of visceral fat42. Finally, the 
negative correlation between fructosyllysine and both Rd and REE is in agreement with other 
studies where the increase of this metabolite has been associated with obesity and insulin 
resistance in humans43. Fructosyllysine is a glyco-amino acid, also known as an early glycation 
product, which is directly toxic to tissue and is a precursor of advanced glycation end product 
(AGE) formation44,45.
In conclusion, unraveling the interaction between plasma metabolites with glucose 
and lipid fluxes in persons with insulin resistance is essential for our understanding of 
its pathophysiology and uncovering yet unknown biomarkers and novel treatments. By 
combining targeted plasma metabolomics with gold standard stable isotope-based 
glucose and lipid fluxes in participants with obesity with an extensive range of Rd, some 
well-known and some less known indicators are provided for insulin resistance and a panel 
of these metabolites is shown that may possibly be used to predict Rd to a similar extend 
as fasting insulin and HOMA. Thus, plasma levels of(gamma-glutamyl)citrulline may serve 
as a viable candidate for early clinical diagnosis of insulin resistance (e.g. in combination 
with HOMA) when a stable isotope based HIEC is not available.
There were some limitations to this study. First, only a markedly obese population was 
studied and applicability of results to patients who are less obese remains open. Also, 
based on the nature of targeted metabolomics, plasma (gamma-glutamyl)citrulline levels 
were measured in a semi-quantitative fashion. Finally, the sample size of this pilot study 
was relatively small, but to the knowledge of this research group this is the only study 
that compares gold standard stable isotope based HIEC to plasma metabolites. Moreover, 
both multivariate as well as machine learning approach analyses were performed for non-
linear multi-variate analysis of the metabolites in various combinations (19), thus aiming 
to control for type 1 errors as much as possible. Nevertheless, when further optimized, a 
biomarker panel based on citrulline derivatives (presumably in combination with HOMA) 
may replace the expensive and laborious HIEC to estimate Rd. Future research aimed at 
validating these citrulline biomarkers in larger prospective cohorts will have to confirm the 
findings reported here, yet the identified plasma metabolites could have the potential to 
enhance early identification of individual risks in patients at risk for T2DM and monitoring 
of treatment response.
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ABSTRACT
Background: Gut microbiota derived Short Chain Fatty Acids (SCFAs) have been associated 
with beneficial metabolic effects. However, the direct effect of oral butyrate on metabolic 
parameters in humans has never been studied. In this first in men pilot study, we thus 
treated both lean and metabolic syndrome male subjects with oral sodium butyrate and 
investigated the effect on metabolism. 

Methods: Healthy lean males (n=9) and metabolic syndrome males (n=10) were treated 
with oral 4 grams of sodium butyrate daily for 4 weeks. Before and after treatment, insulin 
sensitivity was determined by a 2-step hyperinsulinemic euglycemic clamp using [6,6-2H2]-
glucose. Brown adipose tissue (BAT) uptake of glucose was visualized using 18F-FDG 
PET-CT. Fecal SCFA and bileacid concentrations as well as microbiota composition were 
determined before and after treatment.

Results: Oral butyrate had no effect on plasma and fecal butyrate levels after treatment, 
but did alter other SCFAs in both plasma and feces. Moreover, only in healthy lean 
subjects a significant improvement was observed in both peripheral (median Rd: from 
71 to 82 µmol/kg·min, p<0.05) and hepatic insulin-sensitivity (EGP suppression from 75 
to 82%, p<0.05). Although BAT activity was significantly higher at baseline in lean (SUV 
max: 12.4±1.8) compared with metabolic syndrome subjects (SUV max: 0.3±0.8, p<0.01), 
no significant effect following butyrate treatment on BAT was observed in either group 
(SUVmax lean to 13.3±2.4 vs metabolic syndrome subjects to 1.2±4.1). 

Conclusions: Oral butyrate treatment beneficially affects glucose metabolism in lean but 
not metabolic syndrome subjects, presumably due to an altered SCFA handling in insulin 
resistant subjects. Although preliminary, these first in men findings argue against oral 
butyrate supplementation as treatment for glucose regulation in human subjects with type 
2 diabetes mellitus.  
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INTRODUCTION
As a steep increase in the prevalence of obesity is seen in the Western world, with 
expectations rising up to about 33% of obese adults that will develop insulin resistance and 
ultimately type 2 Diabetes Mellitus, novel insights in this epidemic disease are necessary1,2. 
Unfortunately, current therapeutic strategies can only partly prevent the complications 
associated with insulin resistance, notably micro- and macrovascular disease, and therefore 
new treatment modalities are urgently needed3. Recent animal studies have suggested 
that intestinal microbiota might play a metabolic role in weight control and insulin 
sensitivity4. Elevated generation of the short chain fatty acids (SCFA) butyrate, acetate and 
propionate by bacterial fermentation of dietary fibres is thought to contribute to systemic 
energy regulation by decreasing hepatic glucose and lipid production5. Concomitantly, 
SFCAs can activate intestinal G-protein-coupled receptors including GPR 41 and GPR 
43 which also improves metabolism6. Recent data however suggest that, depending on 
metabolic background these SCFA might have opposite effects. On the one hand, rodents 
on a high fat diet that develop diet-induced obesity (DIO) have increased (gutmicrobiota 
driven) acetate production with concomitant insulin resistance7. On the other hand, oral 
supplementation of butyrate in DIO rodents led to an increase of insulin sensitivity and 
energy expenditure8. 
Although the exact roles of SCFAs in metabolism are only partly understood5 , recent 
animal data have suggested that regulation of brown adipose tissue (BAT) by the SCFA 
butyrate9,10 as well as bile acids via FGF1911 can improve insulin-sensitivity and lipid 
parameters in rodent models of metabolic disease. The mitochondria in brown adipocytes 
contain uncoupling protein-1 (UCP1), which inhibits ATP synthesis at the expense of heat12. 
Therefore, enhanced BAT activity is important for energy expenditure and is considered 
to be of influence on insulin sensitivity13,14. Since BAT activation has been reported in DIO 
insulin resistant mice that were treated with the oral SCFA butyrate8, we performed a 
human pilot study to investigate the effect of one month of daily oral sodium-butyrate 
treatment on hepatic and peripheral insulin sensitivity (as assessed by 2H2-glucose based 
two-step hyperinsulinemic normoglycemic clamp), resting energy expenditure and BAT 
activity in both lean and obese insulin resistant males. Based on available animal data 
we performed a pilot trial that oral butyrate treatment would improve insulin sensitivity 
via activation of brown adipose tissue activation in both lean and metabolic syndrome 
subjects. We however found that this intervention was not effective in human metabolic 
syndrome.

METHODS
Caucasian, healthy, lean (BMI 20-25 kg/m2) males and Caucasian obese males (BMI > 25 
kg/m2) were recruited via local newspaper advertisements. Participants had to be >18 
years old. Those obese subjects fulfilling the NCEP-criteria for metabolic syndrome (≥ 3/5: 
fasting plasma glucose ≥ 5.6 mmol/l, triglycerides ≥ 1.7 mmol/l, waist-circumference > 102 
cm, HDL-cholesterol < 1.03 mmol/l, blood pressure ≥ 130/85 mmHg and BMI≥30 kg/m2) 
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were included15. Exclusion criteria for both groups were a history of a cardiovascular event, 
cholecystectomy, use of any medication known to influence gut microbial composition 
(e.g. proton pump inhibitors, antibiotics, pro-/pre-/synbiotics) in the last three months as 
well as medication influencing metabolism (e.g. lipid-lowering, anti-diabetic and/or anti-
hypertensive drugs). All subjects had a stable weight and dietary intake for 3 months prior to 
inclusion. Written informed consent was obtained from all subjects. The study was approved 

by the Institutional Review Board (IRB) and conducted at the Academic Medical Center (AMC) 
Amsterdam, The Netherlands, in accordance with the Declaration of Helsinki. All authors had 
access to the study data, reviewed and approved the final manuscript.
Upon inclusion during the winter season (since brown fat can be measured most reliably 
during that season)14, subjects were admitted to the clinical trial unit at the AMC for a 
baseline visit (visit 1+2) and then started treatment with 4 grams (2 grams BID) of sodium 
butyrate supplementation (Sensilab, Poland), which was the maximum daily dose allowed by 
IRB based on a previous human intervention study16. Compliance was evaluated by counting 
the number of capsules returned after four weeks of treatment. Measurements performed 
at baseline were repeated in all subjects after 4 weeks (visit 3+4) (see supplemental figure 1). 
Participants were asked to maintain their habitual physical activity pattern, but to refrain from 
heavy exercise in the days preceding the hyperinsulinemic euglycemic clamp. Participants 
were encouraged to continue their usual diet. All participants filled out an online nutritional 
diary (www.dieet-wijzer.nl) to monitor caloric intake of carbohydrates, fat, protein and fibers 
before and after 4 weeks of butyrate treatment. 

Hyperinsulinemic euglycemic clamp
After an overnight fast, resting energy expenditure (REE) using indirect calorimetry was 
determined. Then, hepatic and peripheral glucose metabolism was measured at baseline 
during a two-step hyperinsulinemic euglycemic clamp using [6,6-2H2]-glucose to measure 
endogenous glucose production (EGP) and hepatic and peripheral insulin sensitivity (rate 
of glucose disposal (Rd)) as previously described17. EGP and the peripheral uptake of 
glucose (Rd) were calculated using modified versions of the Steele equations for the non-
steady state18 and were expressed as μmol/kg/min. 

BAT activity 
BAT activity was determined as described before19 In short, all subjects were tested during 
the winter season after an overnight fast. They were exposed to mild cold (16 0C–17 0C) in 
an air-cooled room for 2 h. During the cold exposure, subjects were wearing underwear 
only. After 1 h of cold exposure, the radioactive tracer 18F-FDG was administered, adjusted 
for BMI, leading to dosages of 200 MBq; 18F-FDG PET-CT was performed directly after 
the 2-h cold exposure (i.e., 1 h after 18F-FDG administration). We measured standardized 
maximal uptake (SUVmax), mean uptake (SUVmean), and volume of BAT. Each BAT volume was 
measured using a 18F-FDG-threshold based delineation. Therefore, volumes measured 
reflect activated BAT volume. All visually identified areas with active BAT were included in 
the analysis. All analyses were done by a single person (LB). 
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Biochemistry
FFA (Wako) and lipopolysaccharide binding protein (LBP, HyCult) were determined in fasted 
plasma samples. Total cholesterol, low density lipoprotein cholesterol (LDLc), high density 
lipoprotein cholesterol (HDLc) and triglycerides (TG) were determined in EDTA-containing 
plasma using commercially available enzymatic assays (Randox, Antrim, UK and DiaSys). All 
analyses were performed using a Selectra autoanalyzer (Sopachem, The Netherlands). FFA 
concentrations were determined with an enzymatic colorimetric method (NEFA-C test kit; 
Wako Chemicals, Neuss, Germany) Insulin was determined on an Immulite 2000 system 
(Diagnostic Products, Los Angeles, CA, USA). Fasting Glucagon was determined with the Linco 
125I RIA (Linco Research, St Charles, MO, USA). FGF19 was determined by a commercial ELISA 
(Quantikine Human FGF-19 Immunoassay). Fasting plasma bile acid profiles were measured 
using liquid chromatography tandem mass spectrometry (LC-MS/MS) as previously described20 
On the last 2 days of the week before the start and 4 weeks after oral butyrate treatment, 
subjects were asked to collect 24h feces (stored at 4°C) for fecal bile acid composition using 
gas chromatography (GC) as described21 including the primary bile acids cholic acid (CA) and 
chenodeoxycholic acid (CDCA) as well as the secondary bile acids deoxycholic acid (DCA), 
lithocholic acid (LCA), ursodeoxycholic acid (UDC) and iso-lithocholic acid (iso-LCA). The total 
amount of primary and secondary bile salts was calculated as the sum of the individually 
quantified bile salts. SCFA concentrations (acetate, butyrate and propionate) and lactate were 
determined in overnight fasted EDTA plasma and in fresh morning fecal samples using liquid 
chromatography tandem mass spectrometry (LC-MS/MS)23.

Fecal micobiota analyses 
Total genomic DNA was isolated from feces as previously described23. Fecal microbiota 
composition was profiled by sequencing the V4 region of the 16S rRNA gene on an Illumina 
MiSeq instrument (llumina RTA v1.17.28; MCS v2.5) with 515F and 806R primers designed 
for dual indexing and the V2 Illumina kit (2x250 bp paired-end reads). 16S rRNA genes from 
each sample were amplified in duplicate reactions in volumes of 25 μl containing 1x Five 
Prime Hot Master Mix (5 PRIME GmbH), 200 nM of each primer, 0.4 mg/ml BSA, 5% DMSO 
and 20 ng of genomic DNA. PCR was carried out under the following conditions: initial 
denaturation for 3 min at 94°C, followed by 25 cycles of denaturation for 45 sec at 94°C, 
annealing for 60 sec at 52°C and elongation for 90 sec at 72°C, and a final elongation step for 
10 min at 72°C. Duplicates were combined, purified with the NucleoSpin Gel and PCR Clean-
up kit (Macherey-Nagel) and quantified using the Quant-iT PicoGreen dsDNA kit (Invitrogen). 
Purified PCR products were diluted to 10 ng/μl and pooled in equal amounts. The pooled 
amplicons were purified again using Ampure magnetic purification beads (Agencourt) to 
remove short amplification products. Illumina reads were merged using PEAR24 and filtered 
by removing all reads that had at least one base with a q-score lower than 20. Final reads 
were analyzed with the software package QIIME (version 1.8.0). Sequences were clustered 
into operational taxonomic units (OTUs) at a 97% identity threshold using an open-reference 
OTU picking approach with UCLUST against the Greengenes reference database (13_8 
release)25. All sequences that failed to cluster when tested against the Greengenes database 
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were used as input for picking OTUs de novo. Representative sequences for the OTUs were 
Greengenes reference sequences or cluster seeds, and were taxonomically assigned using 
the Greengenes taxonomy and the Ribosomal Database Project Classifier26. Representative 
OTUs were aligned using PyNAST and used to build a phylogenetic tree with FastTree 
which was used to calculate α- and β-diversity of samples using Phylogenetic Diversity and 
UniFrac27. Three-dimensional principal coordinates analysis plots were visualized using 
Emperor28. Chimeric sequences were identified with ChimeraSlayer29 and excluded from all 
downstream analyses. Similarly, OTUs that could not be aligned with PyNAST, singletons and 
low abundant OTUs with a relative abundance <0.002% were also excluded. To correct for 
differences in sequencing depth, a same amount of sequence was randomly sub-sampled 
from each sample (30000 sequences/sample); therefore, a total of 1,886,870 sequences and 
1181 OTUs were included in the diversity analyses.  

Statistical analyses 
Differences in clinical variables between lean and MetSyn subjects were tested with unpaired 
T test or Mann Whitney test depending on normality of the data. Moreover, paired T-test 
or Wilcoxon test were used for differences within groups. Linear correlations between 
SCFAs were calculated using Spearman’s correlation coefficients. A p-value < 0.05 was 
considered significant. With regard to fecal microbiota analyses, relative OTU abundances 
were calculated as previously described23. Subsequently, significantly dissimilarities in gut 
microbiota composition between individuals before and after treatment were assessed 
with the Bray-Curtis (beta-diversity) index calculated at the OTU and at the genus level 
by Mann-Whitney test. The Bray-Curtis dissimilarities were plotted using unconstrained 
principal coordinate analysis (PCoA) allowing to visualize the dimensions explaining most 
variability in the dissimilarity matrix and tested using multivariate non-parametric analysis 
of variance 30. Moreover, to study whether specific OTUs were discriminating between lean 
and MetSyn groups before and after treatment we used elastic net algorithm modeling as 
recently published 31,32 In short, a randomization test was conducted to test the statistical 
validity of the results obtained with the elastic net algorithm. The dataset containing 
information on assignment of the subjects to lean or MetSyn group was randomly 
reshuffled while the corresponding microbial profiles were kept intact. This was repeated 
multiple times and the AUC scores (Area Under ROC curve, see supplemental figure 2) 
were generated each time by application of the elastic net algorithm to the permuted 
data. As a test statistic, the ROC AUC score was chosen with the null hypothesis that there 
is no difference in microbial profile between the confirmed metabolic syndrome and lean 
groups. Correlation plots were made using R statistical software. Multivariate statistical 
modeling was done using Numerical Python and MATLAB. 

RESULTS
A total of 20 male subjects (10 healthy lean males and 10 males with metabolic syndrome) 
were included. One lean subject was excluded from the analyses due to technical difficulties 
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with clamp and PETCT. Therefore, nineteen subjects were available for analysis (Table 1). 
As expected baseline age, BMI, resting energy expenditure, blood pressure, fasting lipids, 
glucose and insulin were significantly different between lean controls and metabolic syndrome 
subjects. Following butyrate treatment, a significant increase in plasma total cholesterol and 
LDL cholesterol was observed only in the metabolic syndrome group (Table 1).

Effect of oral sodium butyrate treatment on plasma and fecal SCFAs
At baseline, subjects with metabolic syndrome showed a different composition of plasma 
SCFA, with a lower percentage of acetate and higher percentages of propionate and 
butyrate (Table 2a) compared to the Lean subjects. There were no baseline differences in 
fecal SCFA concentrations between the two groups (Table 2b). In contrast, 4 weeks of oral 
butyrate supplementation affected the fecal SCFA concentrations to a greater extent than 
plasma levels. Whereas the plasma propionate concentration was significantly decreased 
in the MetSyn group after butyrate treatment compared to baseline, in feces we found a 
significant reduction o total SCFA, acetate, propionate, and butyrate concentrations in the 
MetSyn group after 4-week butyrate supplementation. Finally, fasting plasma lactate levels 
were increased at baseline in insulin resistant subjects compared to lean subjects, but 
remained largely unaffected upon butyrate treatment in both groups (metabolic syndrome: 
from 0.6 ± 0.1 to 0.6±0.1 versus lean: from 0.4±0.2 to 0.4±0.1 mmol/L), whereas fecal 
concentrations of lactate were not altered upon butyrate treatment (lean: from 1.1±0.6 to 
1.1±0.3 vs insulin resistant: from 1.4± 0.5 to 1.6±0.9 umol/gram feces, n.s.).

Table 1. Characteristics of study subjects 

Lean group
N=9
Before After

MetSyn group
N=9
Before After

Age (yr) 25±2.4 42±2.4#
Body-mass index (kg/m2) 22.1±2.4 21.9±2.0 33.2±3.6# 33.1±3.6
Systolic blood pressure 129±9 121±13 139±16 146±24
Diastolic blood pressure 74±7 69±9 82±7* 79±16
Heart rate (bpm) 64±11 62±10 66±6 64±7
     
Cholesterol(mmol/L)

HDLc (mmol/L)
LDLc (mmol/L)
TG (mmol/L)

4.2±0.8
1.4±0.2
2.2±0.5
0.8±0.3

4.2±0.8
1.4±0.3
2.2±0.5
0.7±0.2
 

4.9±0.7*
1.0±0.2#
2.8±0.5*
1.8±0.3#

5.2±0.8^
1.1±0.2
3.0±0.5^
1.7±0.2

FFA (mmol/L)
REE (kcal/day)
Energy intake (kcal/day)

0.5±0.2
1728±157
1884±705

0.5±0.1
1776±200 
1753±520

0.5±0.2
1938±214
1916±425 

0.5±0.1
1854±322
1966±324

Values are expressed as means +/- SD. HDLc: High Density Lipoprotein cholesterol; LDLc: Low Density 
Lipoprotein cholesterol; TG: triglycerides; REE: resting energy expenditure. Differences between lean and 
MetSyn subjects were tested with unpaired T test or Mann Whitney test based on Gaussian distribution (*p< 
0.05, # p<0.01). Moreover, paired T-test or Wilcoxon test were used for differences within groups (^ p<0.05). 
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Table 2a. SCFA concentrations in plasma before and after oral butyrate supplementation

Group Time 
point

Total SCFA 
(µM)

Acetate  
(µM)

Acetate 
(%)

Propionate 
(µM)

Propionate 
(%)

Butyrate 
(µM)

Butyrate 
(%)

Lean 0 117.7 ± 44.7 106.1 ± 42.9 89.6 ± 3.6 8.5 ± 3.3 7.6 ± 3.1 3.1 ± 0.9 2.8 ± 0.7
Lean 4w 115.2 ± 40.5 103.7 ± 36.2 90.2 ± 2.8 7.3 ± 3.8 6.3 ± 2.3 4.3 ± 3.4 3.5 ± 1.8
MetSyn 0 79.9 ± 68.6 68.6 ± 20.7 85.6 ± 2.8* 8.2 ± 2.7 10.4 ± 2.8* 3.2 ± 1.0 4.0 ± 0.8**
MetSyn 4w 67.7 ± 28.2 59.0 ± 25.5 86.9 ± 5.0 5.6 ± 2.6# 8.6 ± 3.9 3.1 ± 2.8 4.5 ± 3.2

Short chain fatty acid (SCFA) concentrations in plasma were measured before and after butyrate 
supplementation in healthy lean males (Lean) and obese insulin resistant males (MetSyn). * represents a 
statistically significant difference at baseline between the Lean and MetSyn groups, *p<0.05 **p<0.01. # 
represents a statistically significant difference between time point 0 and time point 4w (4 weeks), p<0.05. Data 
are presented as mean ± standard deviation. 

Table 2b. SCFA concentrations in feces before and after oral butyrate supplementation

Group Time 
point

Total SCFA 
(µmol/g)

Acetate  
(µmol/g)

Acetate  
(%)

Propionate 
(µmol/g)

Propionate 
(%)

Butyrate 
(µmol/g)

Butyrate  
(%)

Lean 0 326.7±226.5 206.8±153.3 62.4±3.0 69.3±64.5 7.6 ± 3.1 50.7±20.7 17.6±5.6
Lean 4w 191.3 ± 82.8 118.8±50.3 63.0±10.4 41.1±23.3 6.3 ± 2.3 31.4±26.3 16.2±8.4
MetSyn 0 340.6±141.9 208.3±97.6 60.1±7.9 78.3±36.9 10.4 ± 2.8 54.0±23.9 16.2±4.1
MetSyn 4w 226.9±129.0## 139.8±85.3# 61.9±9.7 44.5±25.9## 8.6 ± 3.9 42.5±34.8# 17.9±8.5

Short chain fatty acid (SCFA) concentrations in feces were measured before and after butyrate supplementation 
in healthy lean males (Lean) and obese insulin resistant males (MetSyn). # represents a statistically significant 
difference between time point 0 and time point 4w (4 weeks), #p<0.05 ##p<0.01. Data are presented as mean 
± standard deviation. 

Effects of oral sodium butyrate on glucose metabolism 
As expected, metabolic syndrome subjects were characterized by markedly impaired hepatic 
and peripheral insulin sensitivity as compared to healthy lean control subjects (Figure 1). In 
lean healthy males, there was a significant improvement in peripheral insulin sensitivity (Rd: 
from 71±10 to 82±16µmol/kg·min, p<0.05) after 4 weeks oral butyrate while no change was 
observed in the metabolic syndrome subjects (Rd: from 33±10 to 31±9 µmol/kg·min, ns) (see 
Figure 1a and supplemental Table 1). In line, a significant improvement in hepatic insulin 
sensitivity (expressed as % EGP suppression) was observed in lean healthy males (from 75±7 
to 82±8%, p<0.05), while no effect was observed in the metabolic syndrome group (from 
60±7 to 58±11%, ns) (Figure 1b and supplemental Table 1).
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A.     B.   
  

Figure 1. The effect of oral butyrate treatment in lean subjects and metabolic syndrome subjects on a) 
peripheral (Rd or Glucose rate of disappearance) and b) hepatic insulin sensitivity (% suppression of EGP). 
Data are presented as median plus interquartile range. Differences between lean and MetSyn subjects were 
tested with Mann Whitney test and Wilcoxon test for differences within groups.

Effects of oral sodium butyrate on BAT activation and bileacid metabolism
In line with previous reports13,14,20, brown adipose tissue activity at baseline was significantly 
higher in lean subjects (SUV max: 12.4±1.8) when compared to metabolic syndrome subjects 
(SUV max lean: 0.3±0.8, p<0.01). Upon 4 weeks of oral sodium butyrate supplementation 
BAT activation was not affected in either lean healthy males (SUVmax: from 12.4±1.8 to 
13.3±2.4) or in metabolic syndrome subjects (SUVmax: from 0.3±0.8, to 1.2±4.1, ns). With 
respect to bileacid metabolism fasting plasma levels of FGF19 were significantly higher at 
baseline, in lean (FGF19: 133±64 pg/mL) than in MetSyn subjects (FGF19: 88±36 pg/mL, 
P<0.05). In line, lean subjects were characterized by lower plasma primary and secondary 
bile acids in both plasma and feces when compared to MetSyn subjects (see supplemental 
table 2). However in both groups, oral butyrate treatment had neither an effect on FGF19 
levels (lean: to 123±64 and MetSyn: to 66±31 pg/mL, ns) nor on primary and secondary bile 
acids in both plasma and 24h feces (see Supplementary table 2).

Effects of oral sodium butyrate on fecal microbiota and clinical correlations
At baseline no significant difference was observed in bacterial (beta) diversity between lean 
and metabolic syndrome subjects; also oral butyrate treatment had no significant effect 
(Simpsons diversity index lean: from 0.97±0.02 to 0.97±0.02 vs MetSyn: from 0.95±0.01 to 
0.95±0.02, ns) (see Figure 2a and b). Using multivariate analyses, we did not observe an 
effect of oral butyrate treatment on overall fecal microbiota composition at 4 weeks in 
both lean and MetSyn subjects. However, when applying our recently published elastic net 
algorithm31,32 to identify the intestinal bacterial species most discriminative between lean and 
MetSyn groups following oral butyrate treatment (Figure 2c) we could with high sensitivity 
(AUC 0.88, also see supplemental figure 2) identify Lachnospiraceae and Bacteroides (in 
lean) and Coriobacteriaceae and Clostridiales cluster XIVa (in metabolic syndrome) to be the 
most significantly affected by butyrate treatment (p<0.05). 
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Subsequent correlation analyses revealed that in lean subjects these Bacteroides species 
in fecal samples were significantly correlated with both pre and post treatment plasma 
butyrate levels (Figure 3a). However in metabolic syndrome subjects, Coriobacteriaceae 
species in fecal samples were significantly correlated with both pre and post treatment 
hepatic insulin sensitivity (suppressed endogenous glucose production) whereas an 
inverse significant correlation with plasma LDL-C and butyrate levels was seen (Figures 3b). 
Finally, in lean subjects fecal acetate levels were significantly correlated with fecal butyrate 
and propionate levels in both pre and post oral butyrate treatment feces whereas these 
correlations were not found in metabolic syndrome subjects.

 

B.

A.
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C.

Figure 2. Changes in fecal microbiota composition before and after butyrate in either a) lean (dark and 
light blue dots, respectively) or b) MetSyn subjects (dark and light green dots, respectively) as depicted by 
PCA biplots based on bray Curtis (left panel), unweighted unifrac (middle panel) and weighted unifrac (right 
panel). Figure 2c shows significant associations between changes in fecal bacterial strains (depicted on the 
y-axis) between lean and metabolic syndrome (depicted on x-axis) after 4 weeks of butyrate treatment; a 
positive weight represents an association with butyrate treatment in lean subjects, whereas a negative weight 
represents an association with butyrate treatment in metabolic syndrome subjects. The higher the weight, the 
stronger the association.   
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B.
 

Figure 3. Correlation plots of fecal SCA, specific fecal bacterial strains and clinical markers in a) lean subjects 
and b) insulin resistant metabolic syndrome subjects. Only significant correlations after correction for multiple 
comparisons (P<0.05) are depicted. Blue depicts positive correlation whereas red colour means inverse 
correlation. The size of and strength of the colour depicts the magnitude of the correlation. 
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DISCUSSION
Recent observational studies have supported a role for decreased intestinal SCFA butyrate 
producing bacterial strains in human insulin resistance5,23, yet interventional studies 
are lacking. To our knowledge this is the first human pilot study studying oral butyrate 
supplementation on human glucose and brown adipose tissue metabolism. Although we 
were unable to detect any increases in butyrate concentration in the feces or plasma after 4 
weeks of treatment, other SCFA were differentially altered between both treatment groups. 
Moreover and in contrast to lean subjects, we observed that oral butyrate supplementation 
did not result in improved glucose metabolism in the metabolic syndrome subjects, who 
would be the most logical treatment group.
The SCFAs, acetate, propionate and butyrate make up the majority of SCFAs and are present 
within the colonic lumen in a molar ratio of 3:1:1, predominantly generated by fermentation 
of dietary fibers5 . Whereas the proximal colon has a function in saccharolytic fermentation 
(eg. generation of SCFAs), the distal colon mainly drives proteolytic fermentation (eg. 
generation of p-cresol)5. In a recent study systemic availability of SCFA in healthy humans 
was shown to be 36%, 9% and only 2% for acetate, propionate and butyrate respectively33. 
In line with other human data using rectal infusions of SCFA34-36, intestinally produced 
SFCA propionate is a known preferred precursor for gluconeogenesis whereas acetate 
and butyrate are involved in regulation of cholesterol synthesis, a correlation that is also 
found in our study (see figure 3)37 Once SCFAs have been generated in the colon, they 
are subjected to a high intestinal inter-conversion in the intestine of healthy subjects38. 
Unfortunately we did not observe large changes in butyrate concentrations in the feces 
or plasma after 4 weeks of supplementation, most likely because most of the butyrate 
is very quickly utilized as an energy source by intestinal epithelium. Nevertheless, other 
SCFA levels were altered and correlated with markers of insulin sensitivity in metabolic 
syndrome patients (see figure 3b) suggesting different handling and flux of these SCFAs in 
the obese insulin resistant state. In support of this hypothesis, a peroxisome proliferator-
activated receptor (PPAR) γ-dependent switch from hepatic lipid synthesis to increased 
energy utilization was seen only in obese (DIO) mice8,39 In line with Figure 3, altered 
SCFA substrate preference has been previously shown in healthy lean subjects33,40-43 in 
whom colonic SCFA propionate is used as a gluconeogenic substrate while concomitantly 
inhibiting the utilization of acetate for cholesterol synthesis44,45. Moreover, in line with 
tracer data derived from rodent studies more than half a century ago46, we speculate 
that intestinally produced SCFA are differentially handled in the obese insulin resistant 
state in order to regulate glucose and lipid metabolism45. In contrast with animal work47, 
we observed no relation between butyrate supplementation and bile acid metabolism. 
Although further research is needed, we did find some associations between metabolic 
parameters including SCFA levels and specific intestinal bacterial strains (see Figure 3) 
suggesting a potential role of specific intestinal bacterial strains48,49 in this altered SCFA 
handling between healthy and insulin resistant human subjects.        
Our study has certain limitations. First our findings are derived from a small pilot study of 
both healthy lean and obese insulin resistant male Caucasian subjects in whom butyrate 
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was released in the small intestine rather than colon50. As metabolic syndrome takes several 
years to develop1, subjects with metabolic syndrome were significantly older than lean 
controls. Second, the butyrate dose used was lower than the 5% of bodyweight quantities 
of butyrate usually given in mouse studies8,37 Based on previous literature16, we had to 
keep a maximum daily oral dose of 4 gram per day. At this used amount, peripheral insulin 
sensitivity improved only in the lean despite similar dose and compliance in both lean and 
metabolic syndrome groups. As we did not adjust our daily dose of oral butyrate as amount/ 
kg bodyweight in our study, this might have also resulted in a sub-therapeutical dose of 
sodium butyrate in the more obese metabolic syndrome subjects. . Thus larger follow-up 
(placebo) controlled trials with different dose ranges are needed in different degrees of 
insulin resistance (e.g. metabolic syndrome vs overt type 2 diabetes). Moreover, as SCFA 
levels in feces and plasma are hard to measure reliably due to their volatile nature, future 
human studies combining oral with intravenously administered stable isotope labeled 
SCFA are warranted to accurately monitor fluxes33 in order to validate our findings and to 
further unravel SCFA production and catabolism in relation to differences in microbiome 
function using a larger group of healthy and insulin resistant subjects. Future research will 
thus have to elucidate whether (short versus long term) treatment with either oral SCFA 
or administration of specific butyrate producing intestinal bacteria has any therapeutic 
potential in insulin resistant subjects.
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Supplemental figure 1. Study design

Supplemental figure 2. AUC curve depicting performance of the biomarker selection model (elastic net) on the 
microbiome data. To train the model 10-fold cross-validation procedure with stability selection has been used.
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Supplemental table 1. Clamp data

Supplemental table 2. Eff ect of sodium butyrate on plasma and fecal bile acid levels in lean and 
metabolic syndrome subjectsmetabolic syndrome subjects
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ABSTRACT
Dysbiosis of the intestinal microbiota has been implicated in insulin resistance, although 
evidence regarding causality in humans is scarce. We performed a phase I/II dose-
finding and safety study on the effect of oral intake of the anaerobic butyrogenic strain 
Anaerobutyricum soehngenii on glucose metabolism in 24 subjects with metabolic syndrome. 
We found that treatment with A. soehngenii was safe and observed a significant correlation 
between the measured fecal abundance of administered A. soehngenii and improvement 
in peripheral insulin sensitivity after 4 weeks of treatment. This was accompanied by an 
altered microbiota composition and a change in bile acid metabolism. Finally, we show 
that metabolic response upon administration of A. soehngenii (defined as improved insulin 
sensitivity 4 weeks after A. soehngenii intake) is dependent on microbiota composition 
at baseline. These data in humans are promising, but additional studies are needed to 
reproduce our findings and to investigate long-term effects as well as other modes of 
delivery.
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INTRODUCTION
The development of culture-independent approaches using high-throughput sequencing1 has 
drastically advanced knowledge of the gut microbiome, linking pathophysiology of metabolic 
diseases such as obesity and type 2 diabetes to an altered gut microbiota composition 
both in human and animal models2,3. However, the role of the intestinal microbiota and the 
mechanism mediating its impact on metabolic function in humans is still poorly understood. 
The technique of fecal microbiota transplantation (FMT) has provided insights as to the effects 
of gut microbiota on human metabolism4. In a pilot study we showed that lean donor gut 
microbiota infusion was associated with an increase of relative abundance of Anaerobutyricum 
spp. in the (small) intestine, which was directly correlated with improvement in peripheral 
insulin sensitivity (Rd)5.
Anaerobutyricum soehngenii (previously designated Eubacterium hallii strain L2-7) is an anaerobic 
Gram-positive, catalase-negative bacterium belonging to the clostridial cluster XIVa of the 
phylum Firmicutes6. A. soehngenii has bile acid sodium symporter and choloylglycine hydrolase 
genes and is therefore capable of affecting host bile acid metabolism7,8,9. It is a butyrate-
producing species, but in contrast to other well known human isolates such as Roseburia and 
Faecalibacterium spp. that produce butyrate from sugars, A. soehngenii has the capacity to 
produce butyrate from D- and L-lactate and acetate in an acid environment8, making it more 
likely to survive the passage through the gastrointestinal tract and the related exposure to 
low pH values. It is known that treatment-naïve insulin resistant subjects have increased small 
intestinal levels of lactate-producing bacteria10 as well as increased intestinal lactate levels11. 
Moreover, human subjects with insulin resistance are characterized by increased production 
of lactate, which correlates with glucose metabolism12. A. soehngenii can convert a potentially 
damaging acid (e.g. lactic acid) into butyrate, a short chain fatty acid (SCFA) which with known 
beneficial effects on glucose metabolism13, thus underscoring the potential therapeutic 
validity and mode of action of this strain. Previously, the safety and efficacy of oral A. soehngenii 
supplementation was shown in an animal model of insulin resistance by performing 4-week 
daily oral administrations in a dose-finding study in db/db mice14. Moreover, we observed a 
dose-dependent effect of A. soehngenii on improved insulin sensitivity in correspondence with 
fecal A. soehngenii levels. In these treated db/db mice we also observed beneficial effects on the 
expression of liver genes involved in lipolysis and steatosis, as well as changes in bile acids14.
While knowledge regarding the relationship between bacteria and metabolism in rodent 
models is rapidly increasing, confirmed causality of gut microbiota strains involved in human 
metabolism is still limited. Thus, in order to investigate the validity of murine data for human 
insulin sensitivity, we performed a single-blinded phase I/II dose-finding trial to determine the 
safety, efficacy, and optimal dosage of a live A. soehngenii strain orally ingested once daily for 4 
weeks in treatment-naïve males with metabolic syndrome. Our primary objective was to assess 
safety and to study the potential clinical impact on insulin sensitivity as well as on lipolysis 
upon 4 weeks daily oral treatment with A. soehngenii. Changes in bile acid metabolism, MRI-
measured liver fat content, and bowel habits were also studied. Finally, changes in intestinal 
microbiota composition, Anaerobutyricum spp. growth rates, and persistence of administered 
A. soehngenii up to 2 weeks after cessation of treatment were measured.
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RESULTS
Baseline characteristics
We included 27 overweight or obese Caucasian males with insulin resistance. Supplementary 
data sheet 1 shows that all included subjects had insulin resistance based on the presence 
of one of the three insulin resistance parameters (increased fasting glucose, increased 
fasting triglycerides, or increased HOMA) either at screening or at the baseline study visit 
day). They were randomized to receive 107 cells/day, 109 cells/day, or 1011 cells/day of A. 
soehngenii each day for 4 weeks. During the trial, 3 subjects were excluded (1 subject from 
each group) due to technical difficulties resulting in incomplete measurements and thus 
24 were left for analyses. No significant differences were found in baseline characteristics 
between groups (Table 1).
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All subjects n = 24 p 105 cells/ml n = 8 p 107  cells/ml n = 8 p 109  cells/ml n = 8 p p* p**
Week 0 Week 4 Week 0 Week 4 Week 0 Week 4 Week 0 Week 4

Age, y 54 [46-69] 60 [52-68] 47 [43-60] 56 [43-59] 0.078
Weight, kg 103 [92-111] 103 [91-111] 0.749 99 [87-110] 99 [87-108] 0.092 110 [99-117] 110 [99-118] 0.672 98 [87-109] 99 [88-110] 0.161 0.339 0.065
BMI, kg/m2 33 [30-33] 32 [30-33] 0.750 32 [29-34] 31 [29-34] 0.237 33 [31-33] 32 [31-33] 0.779 31 [29-34] 31 [29-34] 0.069 0.555 0.064
Waist circumference, cm 112 [107-118] 113 [106-117] 0.850 110 [105-114] 110 [105-115] 0.850 116 [109-118] 116 [111-117] 0.850 110 [104-120] 110 [104-120] 0.773 0.354 0.913
Fasting glucose, mmol/l 5.6 [5.2-5.8] 5.4 [5.2-5.6] 0.280 5.6 [5.2-5.9] 5.4 [4.9-5.8] 0.235 5.5 [5.1-5.9] 5.4 [5.2-5.9] 0.863 5.4 [5.2-5.9] 5.4 [5.1-5.6] 0.497 0.868 0.763
Insulin, pmol/l 85 [60-143] 97 [62-147] 0.668 86 [60-139] 79 [52-141] 0.484 98 [78-168] 126 [71-163] 0.327 79 [40-186] 102 [47-132] 0.292 0.907 0.309
HOMA-IR 3.1 [2.1-5.2] 3.4 [2.1-4.7] 0.689 3.3 [2.0-5.3] 2.4 [1.9-4.7] 0.401 3.4 [2.5-5.9] 4.2 [2.4-5.8] 0.093 2.9 [1.4-7.0] 3.4 [1.7-4.6] 0.233 0.912 0.172
Cholesterol

Total, mmol/l 5.7 [4.8-6.4] 5.7 [4.7-6.4] 0.764 5.9 [4.1-6.4] 5.5 [4.2-6.7] 0.889 5.6 [4.5-6.1] 5.8 [4.3-6.3] 0.889 5.7 [4.9-7.2] 5.7 [4.9-6.4] 0.888 0.505 0.987
LDL, mmol/l 3.9 [3.0-4.2] 3.8 [2.8-4.2] 0.370 3.8 [2.7-4.1] 3.7 [2.5-4.6] 1.000 3.5 [2.8-4.2] 3.7 [2.6-4.1] 0.484 4.0 [3.4-5.0] 3.8 [3.3-4.4] 0.327 0.430 0.777
HDL, mmol/l 1.0 [0.9-1.2] 1.0 [0.9-1.1] 0.931 1.1 [0.8-1.2] 1.1 [0.8-1.2] 0.866 0.9 [0.9-1.1] 0.9 [0.9-1.1] 0.351 1.1 [0.9-1.3] 1.0 [0.9-1.2] 0.236 0.378 0.304
Triglycerides, mmol/l 1.7 [1.4-1.8] 1.8 [1.4-2.4] 0.493 1.6 [1.4-2.5] 1.7 [1.3-1.9] 0.575 1.7 [1.4-2.3] 2.2 [1.2-2.5] 0.779 1.6 [1.3-1.9] 1.9 [1.2-2.7] 0.161 0.854 0.658

Systolic blood pressure, mmHg 140 [130-148] 138 [131-144] 0.082 144 [127-161] 141 [129-159] 0.609 142 [130-156] 141 [135-150] 0.482 137 [124-144] 134 [114-139] 0.028 0.578 0.058
Diastolic blood pressure, mmHg 92 [86-95] 85 [80-90] 0.002 90 [79-99] 85 [79-93] 0.237 95 [87-98] 88 [74-94] 0.069 89 [85-94] 83 [76-89] 0.012 0.390 0.581
Creatinine, µmol/l 87 [79-93] 84 [78-91] 0.236 88 [81-93] 85 [78-94] 0.172 89 [73-96 85 [77-91] 0.482 85 [73-91] 83 [73-93] 0.752 0.578 0.452
Hemoglobin, mmol/l 9.1 [8.6-9.5] 8.9 [8.6-9.5] 0.519 9.0 [8.6-9.5] 8.9 [8.5-9.2] 0.621 9.0 [8.6-9.9] 9.2 [8.7-9.7] 0.246 9.3 [8.4-9.7] 8.9 [8.4-9.6] 0.039 0.850 0.179
Leukocytes, 10e9/l 6.0 [5.3-7.1] 5.8 [5.4-6.9] 0.768 5.6 [4.5-6.0] 5.7 [4.6-5.9] 0.598 6.0 [5.2-6.9] 6.2 [5.3-6.6] 0.944 6.9 [4.8-8.4] 6.6 [4.7-8.2] 1.000 0.202 0.970
Thrombocytes,10e9/l 212 [194-252] 210 [206-241] 0.119 222 [186-254] 213 [185-245] 0.832 204 [196-242] 210 [202-237] 0.092 221 [190-300] 214 [207-267] 0.345 0.883 0.325
AST, U/l 25 [22-28] 27 [24-29] 0.182 24 [22-28] 26 [23-29] 0.291 27 [21-31] 26 [23-29] 0.619 25 [22-31] 28 [23-33] 0.105 0.741 0.305
ALT, U/l 33 [24-39] 30 [24-38] 0.626 34 [21-39] 29 [22-39] 0.798 36 [20-46] 32 [20-47] 0.916 31 [24-34] 30 [23-37] 0.611 0.873 0.964
AP, U/l 64 [55-77] 69 [57-78] 0.077 61 [50-82] 69 [51-79] 0.325 61 [50-75] 63 [50-74] 1.000 70 [60-90] 75 [60-89] 0.079 0.489 0.294
γGT, U/l 32 [22-43] 29 [22-42] 0.369 33 [20-42] 30 [20-42] 0.833 29 [21-43] 30 [22-40] 0.916 34 [24-68] 28 [23-63] 0.345 0.690 0.809
CRP, mg/ml 1.8 [1.0-4.8] 2.2 [1.0-4.1] 0.856 1.2 [0.8-3.9] 2.8 [1.1-5.1] 0.091 3.7 [0.8-9.5] 1.9 [1.1-3.4] 0.310 1.8 [1.0-5.1] 2.5 [0.9-4.4] 0.786 0.558 0.161
Caloric intake, kcal/day 1791 [1568-2028] 1871 [1694-1969] 0.798 1717 [1322-2002] 1676 [1519-1817] 0.893 1801 [1599-2028] 1785 [1594-2131] 0.753 1963 [1566-2424]1969 [1890-2354] 0.401 0.305 0.739
Fat intake, g 75 [54-88] 65 [46-86] 0.449 60 [46-77] 48 [41-65] 0.109 76 [52-87] 55 [43-82] 0.345 83 [60-100] 86 [78-107] 0.093 0.297 0.045
Protein intake, g 84 [68-101] 92 [69-108] 0.717 80 [56-99] 92 [67-103] 0.345 98 [79-104] 92 [57-120] 0.917 74 [67-124] 90 [67-125] 0.889 0.641 0.777
Fiber intake, g 14 [13-19] 16 [12-22] 0.190 14 [14-19] 17 [14-24] 0.141 16 [13-20] 18 [9-26] 0.458 14 [12-23] 15 [10-24] 0.574 0.958 0.794
Carbohydrate intake, g 179 [165-200] 188 [173-250] 0.036 169 [158-195] 178 [164-217] 0.138 184 [157-196] 215 [184-263] 0.116 184 [167-215] 175 [167-278] 0.401 0.502 0.443
Compliance, % 100 100 100 100 100 100 100 100
qPCR fecal 
A. soehngenii, gene copies / g feces

1.6x106

[0.5x106-
3.2x106]

1.2x109

[2.6x107-
7.3x109]

1.2 x
10-7

1.8x106

[1.4x106-
3.7x106]

1.4x107

[5.4x106- 
2.1x107]

0.012 0.9x106

[0.2x106- 
2.3x106]

1.7x109

[8.6x108- 
2.7x109]

0.012 1.4x106

[0.5x106- 
3.4x106]

1.9x1010

[0.9x1010-
3.6x1011]

0.012 0.505 0.0001

Table 1. Baseline characteristics and safety parameters
Shown are baseline characteristics at week 0 and safety parameters at week 0 and week 4 expressed 
as median [interquartile range] for all three treatment groups. P-values represent within-group 
changes between week 0 and 4 (p, paired Wilcoxon tests), between-group differences at baseline  
(p*, Kruskal-Wallis tests) and between-groups comparison of changes between week 0 and week 4 (p**, 
Kruskal-Wallis tests). A p-value < 0.05 was considered significant. Significant p-values are shown in bold. 
Measurement units are shown in italics.Abbreviations: BMI = body mass index; HbA1c = glycated hemoglobin; 
HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment of insulin resistance; LDL = low-
density lipoprotein; AST = aspartate transaminase; ALT = alanine transaminase; AP = alkaline phosphatase; 
γGT = gamma-glutamyltransferase, CRP = c-reactive protein
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All subjects n = 24 p 105 cells/ml n = 8 p 107  cells/ml n = 8 p 109  cells/ml n = 8 p p* p**
Week 0 Week 4 Week 0 Week 4 Week 0 Week 4 Week 0 Week 4

Age, y 54 [46-69] 60 [52-68] 47 [43-60] 56 [43-59] 0.078
Weight, kg 103 [92-111] 103 [91-111] 0.749 99 [87-110] 99 [87-108] 0.092 110 [99-117] 110 [99-118] 0.672 98 [87-109] 99 [88-110] 0.161 0.339 0.065
BMI, kg/m2 33 [30-33] 32 [30-33] 0.750 32 [29-34] 31 [29-34] 0.237 33 [31-33] 32 [31-33] 0.779 31 [29-34] 31 [29-34] 0.069 0.555 0.064
Waist circumference, cm 112 [107-118] 113 [106-117] 0.850 110 [105-114] 110 [105-115] 0.850 116 [109-118] 116 [111-117] 0.850 110 [104-120] 110 [104-120] 0.773 0.354 0.913
Fasting glucose, mmol/l 5.6 [5.2-5.8] 5.4 [5.2-5.6] 0.280 5.6 [5.2-5.9] 5.4 [4.9-5.8] 0.235 5.5 [5.1-5.9] 5.4 [5.2-5.9] 0.863 5.4 [5.2-5.9] 5.4 [5.1-5.6] 0.497 0.868 0.763
Insulin, pmol/l 85 [60-143] 97 [62-147] 0.668 86 [60-139] 79 [52-141] 0.484 98 [78-168] 126 [71-163] 0.327 79 [40-186] 102 [47-132] 0.292 0.907 0.309
HOMA-IR 3.1 [2.1-5.2] 3.4 [2.1-4.7] 0.689 3.3 [2.0-5.3] 2.4 [1.9-4.7] 0.401 3.4 [2.5-5.9] 4.2 [2.4-5.8] 0.093 2.9 [1.4-7.0] 3.4 [1.7-4.6] 0.233 0.912 0.172
Cholesterol

Total, mmol/l 5.7 [4.8-6.4] 5.7 [4.7-6.4] 0.764 5.9 [4.1-6.4] 5.5 [4.2-6.7] 0.889 5.6 [4.5-6.1] 5.8 [4.3-6.3] 0.889 5.7 [4.9-7.2] 5.7 [4.9-6.4] 0.888 0.505 0.987
LDL, mmol/l 3.9 [3.0-4.2] 3.8 [2.8-4.2] 0.370 3.8 [2.7-4.1] 3.7 [2.5-4.6] 1.000 3.5 [2.8-4.2] 3.7 [2.6-4.1] 0.484 4.0 [3.4-5.0] 3.8 [3.3-4.4] 0.327 0.430 0.777
HDL, mmol/l 1.0 [0.9-1.2] 1.0 [0.9-1.1] 0.931 1.1 [0.8-1.2] 1.1 [0.8-1.2] 0.866 0.9 [0.9-1.1] 0.9 [0.9-1.1] 0.351 1.1 [0.9-1.3] 1.0 [0.9-1.2] 0.236 0.378 0.304
Triglycerides, mmol/l 1.7 [1.4-1.8] 1.8 [1.4-2.4] 0.493 1.6 [1.4-2.5] 1.7 [1.3-1.9] 0.575 1.7 [1.4-2.3] 2.2 [1.2-2.5] 0.779 1.6 [1.3-1.9] 1.9 [1.2-2.7] 0.161 0.854 0.658

Systolic blood pressure, mmHg 140 [130-148] 138 [131-144] 0.082 144 [127-161] 141 [129-159] 0.609 142 [130-156] 141 [135-150] 0.482 137 [124-144] 134 [114-139] 0.028 0.578 0.058
Diastolic blood pressure, mmHg 92 [86-95] 85 [80-90] 0.002 90 [79-99] 85 [79-93] 0.237 95 [87-98] 88 [74-94] 0.069 89 [85-94] 83 [76-89] 0.012 0.390 0.581
Creatinine, µmol/l 87 [79-93] 84 [78-91] 0.236 88 [81-93] 85 [78-94] 0.172 89 [73-96 85 [77-91] 0.482 85 [73-91] 83 [73-93] 0.752 0.578 0.452
Hemoglobin, mmol/l 9.1 [8.6-9.5] 8.9 [8.6-9.5] 0.519 9.0 [8.6-9.5] 8.9 [8.5-9.2] 0.621 9.0 [8.6-9.9] 9.2 [8.7-9.7] 0.246 9.3 [8.4-9.7] 8.9 [8.4-9.6] 0.039 0.850 0.179
Leukocytes, 10e9/l 6.0 [5.3-7.1] 5.8 [5.4-6.9] 0.768 5.6 [4.5-6.0] 5.7 [4.6-5.9] 0.598 6.0 [5.2-6.9] 6.2 [5.3-6.6] 0.944 6.9 [4.8-8.4] 6.6 [4.7-8.2] 1.000 0.202 0.970
Thrombocytes,10e9/l 212 [194-252] 210 [206-241] 0.119 222 [186-254] 213 [185-245] 0.832 204 [196-242] 210 [202-237] 0.092 221 [190-300] 214 [207-267] 0.345 0.883 0.325
AST, U/l 25 [22-28] 27 [24-29] 0.182 24 [22-28] 26 [23-29] 0.291 27 [21-31] 26 [23-29] 0.619 25 [22-31] 28 [23-33] 0.105 0.741 0.305
ALT, U/l 33 [24-39] 30 [24-38] 0.626 34 [21-39] 29 [22-39] 0.798 36 [20-46] 32 [20-47] 0.916 31 [24-34] 30 [23-37] 0.611 0.873 0.964
AP, U/l 64 [55-77] 69 [57-78] 0.077 61 [50-82] 69 [51-79] 0.325 61 [50-75] 63 [50-74] 1.000 70 [60-90] 75 [60-89] 0.079 0.489 0.294
γGT, U/l 32 [22-43] 29 [22-42] 0.369 33 [20-42] 30 [20-42] 0.833 29 [21-43] 30 [22-40] 0.916 34 [24-68] 28 [23-63] 0.345 0.690 0.809
CRP, mg/ml 1.8 [1.0-4.8] 2.2 [1.0-4.1] 0.856 1.2 [0.8-3.9] 2.8 [1.1-5.1] 0.091 3.7 [0.8-9.5] 1.9 [1.1-3.4] 0.310 1.8 [1.0-5.1] 2.5 [0.9-4.4] 0.786 0.558 0.161
Caloric intake, kcal/day 1791 [1568-2028] 1871 [1694-1969] 0.798 1717 [1322-2002] 1676 [1519-1817] 0.893 1801 [1599-2028] 1785 [1594-2131] 0.753 1963 [1566-2424]1969 [1890-2354] 0.401 0.305 0.739
Fat intake, g 75 [54-88] 65 [46-86] 0.449 60 [46-77] 48 [41-65] 0.109 76 [52-87] 55 [43-82] 0.345 83 [60-100] 86 [78-107] 0.093 0.297 0.045
Protein intake, g 84 [68-101] 92 [69-108] 0.717 80 [56-99] 92 [67-103] 0.345 98 [79-104] 92 [57-120] 0.917 74 [67-124] 90 [67-125] 0.889 0.641 0.777
Fiber intake, g 14 [13-19] 16 [12-22] 0.190 14 [14-19] 17 [14-24] 0.141 16 [13-20] 18 [9-26] 0.458 14 [12-23] 15 [10-24] 0.574 0.958 0.794
Carbohydrate intake, g 179 [165-200] 188 [173-250] 0.036 169 [158-195] 178 [164-217] 0.138 184 [157-196] 215 [184-263] 0.116 184 [167-215] 175 [167-278] 0.401 0.502 0.443
Compliance, % 100 100 100 100 100 100 100 100
qPCR fecal 
A. soehngenii, gene copies / g feces

1.6x106

[0.5x106-
3.2x106]

1.2x109

[2.6x107-
7.3x109]

1.2 x
10-7

1.8x106

[1.4x106-
3.7x106]

1.4x107

[5.4x106- 
2.1x107]

0.012 0.9x106

[0.2x106- 
2.3x106]

1.7x109

[8.6x108- 
2.7x109]

0.012 1.4x106

[0.5x106- 
3.4x106]

1.9x1010

[0.9x1010-
3.6x1011]

0.012 0.505 0.0001

Table 1. Baseline characteristics and safety parameters
Shown are baseline characteristics at week 0 and safety parameters at week 0 and week 4 expressed 
as median [interquartile range] for all three treatment groups. P-values represent within-group 
changes between week 0 and 4 (p, paired Wilcoxon tests), between-group differences at baseline  
(p*, Kruskal-Wallis tests) and between-groups comparison of changes between week 0 and week 4 (p**, 
Kruskal-Wallis tests). A p-value < 0.05 was considered significant. Significant p-values are shown in bold. 
Measurement units are shown in italics.Abbreviations: BMI = body mass index; HbA1c = glycated hemoglobin; 
HDL = high-density lipoprotein; HOMA-IR = homeostatic model assessment of insulin resistance; LDL = low-
density lipoprotein; AST = aspartate transaminase; ALT = alanine transaminase; AP = alkaline phosphatase; 
γGT = gamma-glutamyltransferase, CRP = c-reactive protein
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SAFETY PARAMETERS
A. soehngenii administration was well tolerated and no side effects or serious adverse 
events attributed to the intervention were observed (Supplementary Table 1). No difference 
was found in compliance between the 3 groups (Table 1). We observed no differences in 
either bowel habits or in daily energy and macronutrient intake during the study in any 
of the treatment groups. There were no changes in safety laboratory parameters such 
as hematology, kidney and liver parameters, and inflammatory and cholesterol markers, 
except for a clinically insignificant reduction of hemoglobin levels in the high dose group. 
Vital signs such as blood pressure remained the same, except for a slight but statistically 
significant decrease in systolic and diastolic blood pressure in the high dose group. 
Furthermore, there was no change in body weight, fasting glucose and insulin levels, or 
HOMA-IR in either of the treatment groups (Table 1).

Levels of endogenous Anaerobutyricum spp. and of administered A. soehngenii
Levels of endogenous Anaerobutyricum spp. were not significantly different in fecal baseline 
samples when comparing the three dose groups (Kruskal-Wallis, p=0.10, Fig. 1A). Moreover, 
we found that both the proportion of A. soehngenii as of total fecal Anaerobutyricum spp. 
(Fig. 1B, p=0.0039) and the relative abundance of A. soehngenii in the fecal microbiome 
(Fig. 1C, p=0.0041) were significantly different among dose groups and were highest in 
the subjects who received the highest dose. Fecal A. soehngenii levels as determined by 
qPCR were significantly increased after 4 weeks compared to baseline in all dosage groups 
(p=0.012), with the highest increase in the high dose group (Fig. 2, Supplementary Table 
2). After 2 weeks of cessation of dosing, qPCR showed that A. soehngenii was significantly 
reduced in each dose group to levels similar to those pre-treatment. Of note, there was 
a significant correlation between the qPCR-determined levels and the metagenomic-
determined relative abundance of A. soehngenii (rho=+0.70, p=0.0001). The estimated 
ratio of secreted/ingested A. soehngenii cells was found to be significantly higher in the low 
dose group compared to the medium group (Wilcoxon p=0.015) and the high dose groups 
(Wilcoxon p=0.00016, respectively) (Supplementary Fig. 1).
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Fig. 1. Proportion and abundance of endogenous Anaerobutyricum spp. and of administered A. 
soehngenii per dose group. a) relative abundance of endogenous Anaerobutyricum spp. at baseline in 
each of the three dose groups; b) proportion of A. soehngenii as percentage of total Anaerobutyricum spp. 
(administered + endogenous strains) at week 4; and c) relative abundance of A. soehngenii at week 4. The box 
depicts the interquartile range (IQR), with the center line showing the median. The upper whisker extends the 
largest value no further than 1.5 * IQR from inter-quartile range. The lower whisker extends to the smallest 
value at most 1.5 * IQR below inter-quartile range.

Fig. 2. Presence of A. soehngenii as determined by qPCR at week 0 (baseline), upon 4 weeks of A. 
soehngenii dosing, and at week 6 (2 weeks after cessation of dosing), stratified per dose group
P-values are within-group comparisons (Wilcoxon signed-rank test). Values are Log-10 transformed.



180

Chapter 8

Effect of A. soehngenii treatment on glucose metabolism and other metabolic parameters
Insulin sensitivity was determined by performing hyperinsulinemic euglycemic clamps 
before and after treatment. We assessed insulin-mediated suppression of endogenous 
glucose production (EGP, a marker of hepatic insulin sensitivity) during the first step of the 
clamp and whole-body glucose rate of disposal (Rd) during the second step (Supplementary 
Table 3). We found no overall effect of A. soehngenii administration on either hepatic insulin 
sensitivity (EGP suppression) or Rd in either of the dose groups (Supplementary Table 4, 
Fig. 3). Other metabolic parameters such as resting energy expenditure, insulin-mediated 
lipolysis determined as suppression of glycerol rate of appearance (Ra, a measure of 
adipose tissue insulin sensitivity), and free fatty acids (FFA) suppression (suppression of 
circulating plasma FFAs relative to basal state) were also not affected (Supplementary 
Table 4). However, when all treatment groups were pooled, the fecal relative abundance 
of administered A. soehngenii correlated positively and significantly with Rd (rho=0.41, 
p=0.044). There was a trend for a positive correlation between relative abundance of 
administered A. soehngenii and delta Rd as well as the relative change in Rd (rho=0.39, 
p=0.061, and rho=0.40, p=0.05, respectively) (Supplementary Table 5, Fig. 4). We found no 
change in IHTG content between or within treatment groups before or after intervention 
(Supplementary Fig. 2).

Fig. 3. Peripheral insulin sensitivity Rd
Rd values before and after treatment with A. soehngenii in each dose group. P-values are within-group 
Wilcoxon signed-rank tests (paired).
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Fig. 4. Scatter plot showing the correlation between the change in peripheral insulin sensitivity (Rd) 
and the relative abundance of administered A. soehngenii at week 4
Relative Rd change expressed as percentage change relative to baseline Rd values. Correlation assessed 
using Spearman’s rho (rho=+0.40, p=0.05). Color shows dose groups; Anaerobutyricum spp. replication signal 
is represented by the area of the dots.

Changes in SCFAs and bile acid metabolism before and after A. soehngenii treatment 
We observed no differences in fecal SCFA levels before and after 4 weeks of treatment in 
the low and high dose groups of daily oral A. soehngenii treatment. However, we observed 
a significant reduction in fecal propionate levels in the middle dose group (p=0.028), from a 
median of 178 umol/g to 161 umol/g (Fig. 5C, Supplementary Table 6). In the same middle 
dose group, in line with our findings in insulin resistant mice14, we also observed a change 
in fasting plasma bile acids at 6 weeks, mainly due to an increase in secondary bile acids 
from a median level of 0.53 uM to 1.17 uM (p=0.018) (Fig. 6, Supplementary Table 7).
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Fecal microbial alpha- and beta-diversity in relation to metabolic response
Shotgun metagenomic sequencing was performed on DNA from fecal samples taken 
at baseline and after 4 weeks of A. soehngenii intervention. There were no significant 
changes in gut microbiota richness or in microbial alpha-diversity (Shannon index) among 
the different study groups, nor any significant between-group differences 4 weeks after 
treatment (Supplementary Fig. 3). There were no significant links between fecal microbial 
beta-diversity (assessed by Bray-Curtis dissimiliarity based on microbial composition) 
and response (Supplementary Fig. 4, PERMANOVA p>0.05). Microbial composition at 
baseline and after 4 weeks of A. soehngenii administration is shown in Supplementary 
Fig. 5A, stratified by dose group. Changes in the 20 most abundant species are shown in 
Supplementary Table 8, stratified by dose group.

Replication activity of Anaerobutyricum spp.
The A. soehngenii present in the vials (measured in the high dose samples) had a strong 
replication signal of 1.8, showing that approximately 80% of the cells in this sample 
were undergoing DNA replication, in line with the MPN culture-based assays showing 
high viability. Replication signal could only be determined jointly for all Anaerobutyricum 
spp. (endogenous A. hallii and administered A. soehngenii could not be distinguished) 
and was variable but consistently lower than in the administered drink. This indicates 
that Anaerobutyricum spp. in the fecal samples did not have a replication activity as high 
as that of the administered A. soehngenii. Post-treatment specimens did not exhibit a 
significantly different replication signal compared to pre-treatment samples (p=0.74). 
However, the high-dose post-treatment samples containing over 25% A. soehngenii (Fig. 1B) 
showed higher replication compared to corresponding high-dose pre-treatment samples 
(p=0.039). There was a borderline significant difference in replication signal between the 
different dose groups after treatment (Kruskal-Wallis, p=0.055), with the high dose group 
showing a significantly higher Anaerobutyricum spp. replication signal compared to the low 
dose group (p=0.018; Fig. 7).

Fig. 7. Replication activity of Anaerobutyricum spp. after 4 weeks of treatment per dose group
Data expressed as median and [interquartile range]. Within-group comparisons performed with Mann-
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Whitney U tests; between-group comparison performed using a Kruskal-Wallis test. The box depicts the 
interquartile range (IQR), with the center line showing the median. The upper whisker extends the largest 
value no further than 1.5 * IQR from inter-quartile range. The lower whisker extends to the smallest value at 
most 1.5 * IQR below inter-quartile range.

Responders versus non-responders analyses
We next performed an exploratory post hoc analysis to study which microbiota composition 
characteristics would differentiate metabolic responders from non-responders upon A. 
soehngenii treatment. We set a threshold of 4 µmol/kg/min as the minimum significant 
change in Rd. In effect, subjects whose Rd increased by at least 4 µmol/kg/min were 
classified as showing an “Increase”; subjects whose Rd decreased by at least 4 µmol/kg/min 
were classified as showing a “Decrease”; and subjects whose Rd changed by less than 4 
µmol/kg/min (either increasing or decreasing) were labeled as showing “No change”. By this 
classification, 5 of the subjects showed an increase in Rd upon A. soehgenii administration 
(i.e. were responders), 8 subjects showed a decrease, and 11 subjects showed no change. 
Microbial composition at baseline and after 4 weeks of A. soehngenii administration 
stratified by these Rd response groups is shown in Supplementary Fig. 5B. We next set out 
to identify baseline characteristics that discriminated subjects that showed an increase 
in Rd (from 26.5 µmol/kg/min at baseline to 38.6 µmol/kg/min at week 4) from subjects 
showing either a decrease or no change in Rd. Subsequent power calculations using the 
responders Rd data showed that 20 metabolic syndrome subjects per arm are needed to 
find a significant difference in Rd upon highest dose of A. soehngenii when taking baseline 
fecal microbiota composition into account. The abundance of three intestinal microbial 
species in baseline fecal samples significantly correlated with clinical response (i.e. with 
change in Rd from baseline to week 4): Eubacterium rectale and Lachnospiraceae spp. 
showed a direct correlation (rho=+0.42, p=0.041, and rho=+0.46, p=0.024, respectively), 
whereas Prevotella copri showed an inverse correlation (rho=-0.41, p=0.043). Interestingly, 
subjects showing a significant increase in Rd had around 3 times lower median baseline 
abundances of P. copri and Ruminococcaceae spp. (Supplementary Table 9). There was 
no difference between responders and non-responders with regard to daily caloric 
intake either at baseline (Wilcoxon p=1.00) or after 4 weeks of A. soehngeni administration 
(Wilcoxon p=0.75). There were no significant differences between responders and non-
responders in total, conjugated, or unconjugated bile acids at either baseline or at week 4 
(all Wilcoxon p >0.05).

DISCUSSION
In this phase I/II single (only participant) blinded pilot trial we tested safety and efficacy of 
A. soehngenii in metabolic syndrome subjects and found that daily ingestion of increasing A. 
soehngenii doses for 1 month was associated with increased fecal levels of A. soehngenii with 
greatest efficacy in the subjects who received the highest dose. The increase was transient 
(Supplementary Table 1, Fig. 2), as 2 weeks after cessation most of the A. soehngenii was 
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cleared from the feces. In line with our murine data14, we observed beneficial changes 
in bile acid metabolism, which combined with Anaerobutyricum spp. growth dynamics 
suggests that this bacterial strain survives passage through the gastrointestinal tract. 
Furthermore, we found that the relative abundance of administered A. soehngenii positively 
correlated with improved Rd (p=0.044). Combined with the good safety profile, our data 
imply that the highest dose of the A. soehngenii is well tolerated and may be an additional 
treatment for insulin resistance.
This study takes the reductionist approach of reintroducing a bacterial therapeutic strain 
in metabolic syndrome subjects based on previous intervention trials5. We show that this 
approach is feasible, safe, and may induce a beneficial cardiovascular profile based on the 
introduced metabolically-active bacterial strain. Interestingly, a recent paper showed that 
the increase in the levels of fecal propionate was causally linked to insulin resistance21, in 
line with our finding of decreased propionate upon A. soehngenii administration. However, 
both fecal and plasma SCFAs are notoriously difficult to measure due to volatility and assay 
detection limits22. Thus, the reduction in blood pressure in the highest dose group might 
be driven by SCFA-producing fecal bacterial strains23, despite not finding a significant effect 
on fecal SCFA levels. Finally, although the treatment efficacy of single strain A. soehngenii 
was smaller than our findings on improved Rd upon lean donor FMT5,10, a recent FMT 
study from another group underscored these findings and showed that an enrichment 
of Anaerobutyricum spp. was associated with altered bile acids and clinical efficacy upon 
donor FMT in patients with ulcerative colitis24. In line, our results are similar to other human 
single-strain intervention studies demonstrating (in a subset of patients) an effect on insulin 
sensitivity after 12 weeks of supplementation with a high dose of Lactobacillus reuteri DSM 
1793817. Upon the highest dose of A. soehngenii, half of metabolic syndrome subjects 
showed a significant improvement in glucose metabolism, paralleled by a concomitant 
increase in fecal levels of A. soehngenii after 4 weeks. This was corroborated by recent 
studies25,26 showing that engraftment of administered bacterial strains is only seen in a 
subset of treated subjects and depends on baseline fecal microbiota composition allowing 
engraftment and driving cohabitation between the endogenous microbiota and the 
exogenous bacterial strains26. We thus calculated that if baseline microbiota composition 
indeed drives the efficacy of engraftment of the A. soehngenii, we would need to treat about 
20 metabolic syndrome subjects with this specific baseline microbiota composition with a 
dose of 1011 cells/day to be able to detect a significant increase in Rd. In contrast to our 
murine study14 and although fecal A. soehngenii increased significantly after 4 weeks of 
treatment, we observed no changes in fecal butyrate. While we cannot rule out that the 
effect of A. soehngenii administration is due to butyrate production22 from lactate and acetate 
in the small intestine6,7, we also observed that, upon A. soehngenii administration, plasma 
bile acid concentrations in the medium dose group changed with a predominant increase 
in plasma secondary bile acids, known to associate with improved glucose metabolism 
in insulin resistant subjects27. It has been previously observed in a human intervention 
trial using B. infantis that high concentrations (1010 CFU) of bacterial strains can induce a 
crowding effect resulting in less efficient dispersion of the bacteria in the intestine and thus 
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in different clinical effects28. The fact that the medium group showed the most pronounced 
changes in bile acid composition may signify that it is the dose that best drives the 
endogenous-exogenous bacterial strain intestinal milieu for generation of secondary bile 
acids. Moreover, the reduction in fecal propionate levels in the same medium dose group, 
but not in other dose groups, aligns with this finding, although it may have been caused 
by the small number of subjects per treatment group. It has been increasingly recognized 
that intestinal microbiota play an important role in bile acid metabolism by synthesizing 
secondary bile acids from primary bile acids via deconjugation and dihydroxylation29. 
Next to their role in intestinal fat absorption, bile acids are crucial regulators of glucose 
and energy homeostasis29 and recent studies have shown that disturbances in bile acid 
metabolism may contribute to the pathogenesis of type 2 diabetes1,30,31. In line, our data in 
insulin resistant mice demonstrated that oral A. soehngenii treatment significantly changed 
levels of plasma bile acid14 and a previous probiotic human trial likewise showed altered 
plasma bile acids upon use of L. reuteri DSM 1793817.
Interestingly, the estimated number of A. soehngenii cells present in the fecal sample after 4 
weeks of A. soehngenii administration was orders of magnitude higher than the daily intake 
of A. soehngenii cells per day (Supplementary Fig. 1)32. The ratio was significantly larger 
for the low dose compared to the high dose group, suggesting that low amounts of A. 
soehngenii cells may be better protected by the milk drink during gastrointestinal passage. 
Another, non-exclusive, possibility is that there is a strong competition for resources in the 
colon and that low amounts of A. soehngenii can compete better and multiply more than 
higher dosages. The higher replication signal of A. soehngenii in the drink (freshly frozen 
and stored after being grown in single-culture condition on optimized culture media) 
compared to that of Anaerobutyricum spp. in feces likely reflects lower growth rates of 
Anaerobutyricum spp. (including A. soehngenii) in the limited substrate and high competitive 
environment of the gut. A. soehngenii was grown in large scale production in a sucrose-
based medium, found in a previous study to be protective during frozen storage33.
The genome of A. soehngenii was recently published and underlined significant differences 
compared to the (endogenous) A. hallii6. Together with the different SCFA production pattern 
and bacterial wall fatty acid membrane composition of A. soehngenii, and in line with our clinical 
findings, these data strongly suggest that A. soehngenii has specific properties. Nevertheless, 
the dose-dependent increase in fecal A. soehngenii levels upon treatment was not associated 
with major changes in gut microbiota diversity, consistent with the observations from our 
mice study14. However, we observed an inverse correlation between baseline abundance 
of P. copri and the change in Rd (rho=-0.41, p=0.043). Also, a comparison of responders 
and non-responders at baseline found that responders had around 65% less P. copri when 
compared to non-responders (Supplementary Table 9). The relation between A. soehngenii 
and Prevotella copri might be of interest, as the latter strain has been linked to glucose 
metabolism in humans and may work synergistically with A. soehngenii on insulin-sensitizing 
effects34. Thus, future studies will have to focus on dissecting the therapeutic synergy of co-
administrating other bacterial strains together with A. soehngenii.
The rapid decrease in fecal A. soehngenii levels after 2 weeks cessation of daily administration 
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(Fig. 2) occurred at the same time as the increase in plasma primary bile acids (Fig. 6). This 
is similar to findings in the study with L. reuteri17, suggesting that systemic effects may 
persist for several weeks after the administered strain’s concentration in feces falls. As 
expected, beneficial metabolic effects were not seen in all subjects in the highest dosage 
groups. It is likely that the administered A. soehngenii is either not maximally engrafting 
or is not active enough to induce these effects. Another study in infants showed that 
the administered strain did not engraft in all treated subjects35, although the baseline 
microbiota composition was not considered.
Our study has several limitations including the nature of its study design, single-blinded 
for the participant only. Although not as powerful as a randomized clinical trial (RCT) in 
determining treatment effect, a single-blinded, dose-escalation study was chosen instead 
due to ethical considerations, as an important aim of this study was to determine whether 
a high daily dose of 1011 cells/day of A. soehngenii was safe and well tolerated in humans. 
During the trial, the viability of the 10 ml tubes that were stored at -80C was checked every 
6 months. However, we did not determine the viability after home freezer storage during 
the 4 weeks intervention; we assumed viability loss, if any, to be similar in all households. 
The parameters used in the calculation of the ingested/secreted ratio of A. soehngenii may 
vary widely between as well as among individuals, thus the estimated ingested/secreted 
ratio values are approximations. Another limitation is the small group size and relatively 
short duration of treatment. When pooling subjects and looking at relative changes after 4 
weeks of treatment, we observed a significant correlation between the relative abundance 
of administered A. soehngenii and the change in Rd. Thus, these outcomes could serve to 
guide power calculations for future intervention RCT trials with high-dosed bacterial strains 
such as A. soehngenii36. Moreover, as the goal of our study was to test safety and efficacy 
of different A. soehngenii dosages in humans, we did not compare different A. soehngenii 
strains, which will need to be done in future studies. The effect of the A. soehngenii on 
the phenotype of the participants may be mediated by unknown factors other than SCFA 
and secondary bile acids. Finally, stomach acid and oxygen affect viability of administered 
strains, which thus are independent of original ingested dose. However, the fact that the 
A. soehngenii strain showed the highest replication signal in the feces of subjects treated 
with the highest dose suggests that large daily amounts are needed. Future research will 
have to show whether protecting A. soehngenii against stomach acid and oxygen (e.g. by 
encapsulation and/or freeze-drying) will have greater therapeutic efficacy37.
In conclusion, in this proof-of-concept pilot study, humans with metabolic syndrome were 
treated with a bacterial strain selected based on microbiota findings from our previous 
studies5,10,14. When all treatment groups were pooled, we observed a positive correlation 
between fecal A. soehngenii abundance and Rd. These results suggest that modulating the 
microbiota in humans may improve glucose metabolism and could therefore constitute a 
therapeutic modality in the treatment of type 2 diabetes. More research is needed on long-
term effects and modes of delivery, which were beyond the scope of the current study. 
Nevertheless, we show here that using the current administration, high dosed A. soehngenii 
is partially able to survive gastrointestinal tract passage and is accompanied by a beneficial 
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safety profile. This provides a rationale for future A. soehngenii high dose intervention trials in 
treatment-naïve human subjects with metabolic syndrome.

METHODS
Study subjects
Caucasian male subjects (n=27) aged 21-69 years with metabolic syndrome15 not on any 
medication with a body mass index (BMI) between 25 and 43 kg/m2 and waist circumference 
> 102 cm as well as either increased fasting plasma glucose (FPG) ≥ 5.6 mmol/l or increased 
fasting triglycerides ≥ 1.7 mmol/l, were recruited via local advertisements. Also, HOMA was 
calculated as an extra screening marker of insulin resistance (HOMA > 2.5). Exclusion criteria 
were the use of any medication, such as the use of proton pomp inhibitors (PPIs), statins, 
antihypertensives, oral anticoagulants, and antibiotics in the last 3 months, substance abuse 
(nicotine or drugs, alcohol >2 units/day), and history of cholecystectomy or any chronic 
disorder with the exception of common obesity-related conditions. Only males were 
included as changes in female hormone concentrations in (postmenopausal) women have 
a disturbing effect on the insulin sensitivity16. Study participants were requested not to alter 
their physical exercise patterns after inclusion. All participants provided written informed 
consent and all study procedures were approved by the IRB (ethics committee) of the 
Amsterdam University Medical Center and conducted in accordance with the Declaration 
of Helsinki. The study was prospectively registered at the Dutch Trial registry (NTR4913, 
date of registration: 2014-11-22, https://www.trialregister.nl/trial/4775).

Culturing of A. soehngenii
The cells were obtained by culturing A. soehngenii at 500-liter scale in a basic phosphate-
bicarbonate salt medium containing 2% yeast extract, 0.4% soy peptone, and 2% sucrose, 
at pH 6.8 and 37C. Following autoclaving, filter-sterilized components were added, 
including cysteine (final concentration 0.05%) and a 1 ml per liter of a vitamin solution 
(containing per liter 10 mg biotin, 10 mg cobalamin, 30 mg para-aminobenzoic acid, 50 mg 
folic acid, and 150 mg pyridoxamine). A. soehngenii cells were harvested by microfiltration, 
washed with PBS, and finally stored in PBS containing 10% glycerol at concentrations of 
either 106 cells/ml (low dose), 108 cells/ml (middle dose), or 1010 cells/ml (high dose) in 10 
ml tubes at -80C. A. soehngenii was handled under strict anaerobic conditions which were 
maintained during all stages of the production of the concentrated cells: during growth, 
microfiltration, glycerol mixing, and filling of the tubes with a nitrogen atmosphere. The 
viability of A. soehngenii in randomly selected high dose tubes (stored at -80C at the AMC 
Department of Clinical Pharmacy) was tested every 6 months using most probable number 
(MPN) analysis in YCFA medium. MPN analyses were performed in duplicate in anoxic YCFA 
medium containing sucrose incubated at 37C for 5 days. For the lowest dilutions 3 tubes 
were used, ranging up to 10-11. Growth was scored by visual and microscopic inspection. 
High dose tubes stayed constant at 1010 cells/ml, within the errors of the MPN method. 
The drink containing A. soehngenii was shotgun sequenced using the same protocol as the 
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study subjects’ fecal samples.

Study design
The study was set up as a phase I/II single center single (only participant) blinded dose-
escalation trial in order to study treatment efficacy of each dose for future clinical trials. 
Subjects were assigned to 1 of 3 treatment arms (Fig. 8) where they consumed once-daily 
for 4 weeks 10 ml of A. soehngenii strain L2-7 (NCBI taxonomy id 105843)6 at a concentration 
of either 106 cells/ml (low dose), 108 cells/ml (middle dose), or 1010 cells/ml (high dose). Thus, 
each subject received 107 cells/day (low dose), 109 cells/day (middle dose), or 1011 cells/day 
(high dose) once-daily for the duration of the 4 weeks administration period. Study subjects 
received the tubes containing the live A. soehngenii cells in frozen form and stored these in 
their home freezer at -20C. Prior to use, a single 10 ml tube was thawed, the contents were 
mixed with 100 ml of milk and consumed fully. These concentrations are comparable to 
other human probiotics trials17. At every study contact, subjects visited the clinical research 
unit after an overnight fast, underwent routine physical examination, and completed a 
questionnaire regarding bowel habits (Irritable Bowel Syndrome (IBS) ROME III criteria and 
IBS Quality of Life (IBS-QOL) questionnaires)18. After an overnight fast, blood samples were 
drawn for plasma biochemistry and hematology, markers of inflammation, lipid and glucose 
metabolism, liver enzymes, and kidney function. Also, at baseline and after 4 weeks, resting 
energy expenditure (REE) as well as glucose and lipolysis fluxes were determined during a 
2-step hyperinsulinemic euglycemic stable isotope based clamp, and non-invasive Magnetic 
Resonance Spectroscopy (MRS) of the liver was performed to measure intrahepatic 
triglyceride (IHTG) content, as described in the Supplementary Notes. Finally, at baseline, 4 
weeks, and 6 weeks, study participants collected and stored a morning fecal sample in their 
home freezer (-20C) and brought all vials in frozen form to the study center at the end of the 
trial. Fecal samples were subsequently stored at -80C for microbiota analyses. 

Fig 8. Study design

Power calculation and statistical analysis
Based on the effect size seen upon lean donor FMT in a previous study5 as well as on 



191

Safety, dose-response and efficacy of treatment with A. soehngenii

8

the variance of the clinical measurements (stable isotope hyperinsulinemic clamp) we 
estimated that at least 8 subjects per group were needed. A sample size of 9 subjects 
per dose group was chosen to account for potential drop-outs. Within-group changes 
were tested with paired Wilcoxon signed-rank tests, while Mann-Whitney U tests were 
used to compare independent groups. Kruskal-Wallis tests were used for between-
group comparisons of baseline characteristics as well for between-group comparisons of 
relative changes. Spearman’s rho was used for correlation analysis. The significance level 
(alpha) used was 0.05. Power calculations and statistics are described in further detail in 
Supplementary Notes.

Fecal SCFA and plasma bile acid measurements
Fecal SCFAs were measured in fresh (directly frozen at -20C) morning stool samples at 
baseline and 4 weeks. SCFAs were separated using liquid-liquid extraction and measured 
using HPLC-UV19. Plasma bile acids were measured in fasting plasma at baseline, 4 weeks, 
and 6 weeks after treatment. SCFA and bile acid measurements are described in detail in 
Supplementary Notes.

Strain-specific qPCR
The qPCR target DNA region was a unique sequence present in A. soehngenii strain L2-7 
(position 2157026-2155995, coding for a hypothetical protein) that was selected based 
on (i) its presence in the genome of A. soehngenii L2-7 and absence in A. hallii and other 
Anaerobutyricum (meta)genomes, (ii) the usefulness of primers that were obtained by 
Primer-Blast, including a start with 1-2 GC pairs, melting temperature between 50-60C, 
not more than 5C difference between the melting temperatures of the forward/reverse 
primers, and absence of primer complementary regions, and (iii) successful amplification 
in samples with A. soehngenii L2-7 (with appropriate melting temperature of the qPCR 
amplicons) and absence of amplification in negative controls. The minimal detection level 
was set to 3 x 10-5 ng DNA (corresponding to around 7000 gene copies) and the standard 
curves had a dynamic range of up to 1 ng DNA. Standards of A. soehngenii DNA ranging 
from 2 x 10-5 ng of DNA (corresponding to around 5000 gene copies) to 8 ng of DNA 
(2 x 109 gene copies) were used. The baseline samples taken prior to the A. soehngenii 
intervention were all below the detection level. The gene copies were determined based 
on the standard curve of A. soehngenii L2-7 DNA.

Fecal microbiota analyses
DNA was extracted from fecal samples taken at baseline, 4 weeks, and 6 weeks after 
treatment. Subsequent shotgun metagenomic sequencing was performed by Clinical 
Microbiomics (Copenhagen, Denmark) on an Illumina HiSeq 2500 using paired-end 150bp 
reads. Single Nucleotide Variants (SNVs) distinguishing between the administered A. 
soehngenii strain and endogenous Anaerobutyricum spp. were identified. Anaerobutyricum 
spp. growth dynamics in the administered drink as well as in subject feces were calculated 
using the peak-to-trough ratio method by inferring replication activity20. Metagenomic 
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data was also used to estimate the ratio of secreted / ingested A. soehngenii cells. All DNA 
extraction, library preparation, and metagenomic methods are described in detail in 
Supplementary Notes.
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SUPPLEMENTARY NOTES
Study design
Subjects were assigned to 1 of 3 treatment arms (Figure 1 in main text) where they consumed 
once-daily for 4 weeks 10 ml of A. soehngenii1 at a concentration of either 107 cells/day (low 
dose), 109 cells/day (middle dose), or 1011 cells/day (high dose). For each dose (starting with 
107 cells/day ingested with 100 ml milk), 1 study subject completed the full study duration 
of 4 weeks without occurrence of adverse events before the next 8 subjects using the same 
dose were included. Based on the effect size seen upon lean donor FMT in a previous study2 
as well as the variation (SD) of the clinical measurements (stable isotope hyperinsulinemic 
clamp) we estimated that at least 8 per group were needed. A sample size of 9 subjects per 
dose group was chosen so as to account for potential drop-outs. Following completion of 
9 subjects in a study arm, starting with the lowest dose, the decision for the introduction 
of the next dosage level was taken by the investigators and the clinical pharmacist/clinical 
pharmacologist. These steps were repeated for the other treatment arms. Compliance 
was verified by counting empty vials returned during the study visit and by analyzing the 
administered A. soehngenii in the stools of the volunteers. Following informed consent and 
screening, subjects visited the clinical research unit at baseline, after 1, 2, and 4 weeks of 
treatment, and 1 and 2 weeks after completion of treatment. Subjects were instructed to 
record dietary habits online (mijn.voedingscentrum.nl/nl/eetmeter) the week before baseline 
measurements and throughout the study period.
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2-step hyperinsulinemic euglycemic clamp and resting energy expenditure (REE)
Oxygen consumption and CO2 production were measured continuously for 20 minutes 
using a ventilated hood system (Vmax Encore 29; SensorMedics, Anaheim, CA). REE, 
carbohydrate, and fatty acid oxidation rates were calculated3. Basal and insulin-mediated 
glucose fluxes were determined during a 2-step hyperinsulinemic euglycemic clamp with 
stable isotopes4. Subjects were admitted to the clinical research unit following an overnight 
fast. Intravenous catheters were inserted in the peripheral veins of both arms. One catheter 
was used to infuse the tracers [6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol (99% enriched; 
Cambridge Isotopes, Andover, MA, USA), 20% glucose enriched with 1% [6,6-2H2]glucose, 
and insulin (Actrapid; Novo Nordisk Farma, Alphen aan de Rijn, The Netherlands). The 
other catheter was used for sampling blood, which was arterialized using a heated-hand 
box at 57C. At 2 h before starting the clamp (t=−2 h), a primed continuous infusion of both 
[6,6-2H2]glucose and [1,1,2,3,3-2H5]glycerol was started and continued until the end of the 
experiment. After 2 h (t=0), infusion of insulin was started at a rate of 20 mU·m−2(body 
surface area)·min−1. Plasma glucose was measured every 10 min using a glucose analyzer 
(YSI 2300 Stat Plus Glucose Lactate Analyzer, YSI Life Sciences, Yellow Springs, Ohio). In 
order to keep plasma glucose at 5 mmol·l-1, 20% glucose enriched with 1% [6,6-2H2]
glucose was infused at a variable rate. Insulin infusion was increased after 2 h of insulin 
infusion (t=2 h) to 60 mU·m-2·min-1. At t=0, 2 h, and 4 h, 5 blood samples were taken 
to assess glucose, glycerol enrichments and free fatty acids (FFA). Rates of appearance 
(Ra) and Rates of disposal (Rd) of glucose and glycerol were calculated using the modified 
forms of the Steele equations for (non-)steady state measurements4.

Liver Magnetic Resonance Spectroscopy
Intrahepatic triglyceride (IHTG) content was measured by using Magnetic Resonance 
Spectroscopy (MRS) performed on a clinical 3.0 T Philips Intera scanner (Philips Healthcare, 
Best, The Netherlands). First, T1-weighted coronal and axial localizer images of the 
abdomen were obtained which were then used to position a voxel of 20 x 20 x 20 mm. 
Because the diaphragm, edges of the liver or other vascular and biliary structures must 
be avoided, the voxel was usually placed in the right hepatic lobe. For all subjects, time of 
acquisition and voxel size were standardized. Spectra were obtained by using first-order 
iterative shimming, a PRESS sequence with relaxation time/echo time (TR/TE) = 35/2000 
ms and 64 signal acquisitions during free breathing. The liver H-MR spectra were evaluated 
by using jMRUI software. To quantify the lipid signal resonances, water non-suppressed 
spectra were used. Relative fat content was expressed as a ratio of the fat peak area over 
the cumulative water and fat peak areas (1.3 ppm / (1.3 ppm + 4.65 ppm)). Calculated peak 
areas of water and fat were corrected for T2 relaxation5,6,7.

Fecal SCFA and plasma bile acid measurements
Plasma bile acid concentrations were determined using LC-MS/MS system8. Fecal short-
chain fatty acids (SCFA) (butyrate, propionate, and acetate) were separated using liquid-
liquid extraction and measured using HPLC-UV in fecal samples taken before and after 4 
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weeks of treatment9. Samples were vortexed and equilibrated at room temperature for 
5 min before the addition of 100 ul of concentrated HCl, followed by vortexing to 15 s. 
The extraction time was 20 min in 5 ml diethylether. After 5 min centrifugation at 200 
g the supernatant was transferred to a different pyrex extraction tube and 500 ul of 
NaOH 1M was added. Samples were then again extracted for 20 min, then centrifuged. 
The resulting aqueous phase was transferred to an autosampler vial and mixed with 100 
uL concentrated HCl before injection to the HPLC-UV. [6,6-2H2] glucose enrichment was 
measured10. To calculate the[6,6-2H2]glucose enrichment in the samples, the glucose 
pentaacetate derivative was also prepared and the M2 was measured. The glucose 
pentaacetate derivative was used instead of the aldonitrile pentaacetate derivative, 
because for this derivative it is easier to keep the values of unenriched glucose within the 
3% levels of the theoretical ones, and this derivative gives two peaks for glucose (α- and 
β-anomer), resulting in a duplicate value for one sample. The fractional GNG was calculated 
as: fractional GNG = EM1/A11, where A11 is the maximum EM1 that can be reached for the 
measured precursor pool enrichment. [1,1,2,3,3-2H5]glycerol was also measured11.

INTESTINAL MICROBIOTA ANALYSES
Sample DNA extraction and library preparation
DNA extraction from fecal samples for shotgun metagenomics was performed as 
follows2,12. Samples were thawed on ice and homogenized before weighting of aliquots 
prior to DNA extraction. The incubation temperature after the bead beating was raised 
from 70C to 95C to further enhance the cell breakage. The amount of starting fecal mass 
was 250 mg. In the homogenization step we added a few 3 mm glass beads to prevent the 
sedimentation of the 0.1 mm beads and the fecal solids in order to assure uniform sample 
processing. Repeated bead beating was performed using a FastPrep®-24 instrument at 
5.5 ms−1 with a CryoPrep™ adapter (MP Biomedicals, Inc., USA) and 0.1 mm zirconium–
silica beads (Biospec Products, Bartlesville, OK, USA). The beat beating treatment used had 
a duration of 6 min (2 x 3 min). DNA purification was performed using a Promega Maxwell 
16 Tissue LEV Total RNA Purification Kit, Custom (Promega, Madison, U.S.), optimized for 
gDNA extraction from fecal samples by excluding the DNase step according to Promega 
recommendations for optimal extraction of DNA from fecal samples. Elution of DNA from 
the purification columns was done twice to improve the DNA yield. Elution of DNA from 
the purification columns was done twice to improve the DNA yield. DNA was eluted in 
50 ul of nuclease free water and quantified by Nanodrop (ThermoScientific) Subsequent 
shotgun metagenomic sequencing was done by Clinical Microbiomics, Copenhagen, 
Denmark. Before sequencing, the quality of the DNA samples was evaluated using agarose 
gel electrophoresis, NanoDrop 2000 spectrophotometry and Qubit 2.0 fluorometer 
quantitation. The genomic DNA was randomly sheared into fragments of around 350 bp. 
The fragmented DNA was used for library construction using NEBNext Ultra Library Prep 
Kit for Illumina (New England Biolabs). The prepared DNA libraries were evaluated using 
Qubit 2.0 fluorometer quantitation and Agilent 2100 Bioanalyzer for the fragment size 
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distribution. Quantitative real-time PCR (qPCR) was used to determine the concentration 
of the final library before sequencing. In addition, qPCR was performed to quantify the 
total A. soehngenii levels (primers L2-7_20-5f 5’;-ATGCCAGACGAGGATGAAGG-3’; and L2-7 
20-r 5’;-TCTCCTTCCGGCTTTCCTGT-3’;) in the fecal samples taken at baseline, 4 weeks, and 
6 weeks after treatment.

Sample DNA sequencing and quality control
The library was sequenced using 2 x 150 bp paired-end sequencing on an Illumina HiSeq 
HiSeq2500 platform. Raw reads were quality controlled using KneadData 0.5.4 together 
with Trimmomatic. The reads were quality trimmed by removing the first 10 bp, cutting 
reads at the 3’-end with a sliding window of 4 bp. Only high quality (HQ) reads with a 
minimum length of 60 bp and with a mean Phred score of 15 or better were used for 
mapping. Furthermore, sequence reads that mapped to the human reference genome 
(using Bowtie2) were discarded. Thereafter, all samples were downsized to 20 million 
reads to ensure comparable sensitivity across samples.

Profiling of metagenomics species
The Clinical Microbiomics database of 1,507 adult human gut metagenomic species 
(MGSs) was used as reference for profiling the composition of the samples. These 1,507 
MGSs were previously identified based on the co-abundance of genes across 2,300 human 
stool samples, using the non-redundant Integrated Catalogue of Reference Genes (IGC) 
for the human gut microbiome as a reference13. On average, 76% of all high-quality (base 
call accuracy > 99.9%) non-human reads mapped to the IGC; however, around 20% of 
the mapped reads mapped ambiguously (i.e. to multiple genes). To improve profiling 
precision, these ambiguous reads were removed and considered unmapped reads. Thus 
the proportion of mapped reads per samples was between 60-65%. Clusters of genes 
that passed quality assessment (> 700 genes, inter-gene Pearson correlation coefficient 
> 0.9, GC content interquartile range < 10%, observed in ≥ 5 samples) were defined as 
metagenomic species (MGSs). To calculate relative abundances of the MGSs, we mapped 
the HQ nonhuman sequencing reads to the IGC, requiring 95% identify and 90% coverage. 
Ambiguously mapped reads were removed. Based on these mappings, we calculated 
the length-normalized gene depths (reads/bp) for all IGC genes. Then, MGS depths were 
calculated as the average gene depths across each MGS gene set. The MGS depths were 
then scaled relative to the total number of HQ non-host sequences reads, including 
the reads that did not map to IGC (scaling factor = all MGS mapped reads / all reads). 
Furthermore, an MGS was considered detected only if HQ reads were mapped to at least 
3 of its 100 core genes, defined as genes that proved particularly robust for abundance 
profiling throughout a 2300 sample reference. MGSs that did not satisfy this criterion were 
set to zero abundance.
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Differentiating the administered A. soehngenii from the endogenous Anaerobutyricum 
spp. using SNVs
The reference genome of the administered A. soehngenii14 was almost identical to the 
endogenous A. hallii present in the subjects before the intervention. In order to estimate 
the relative abundance of the administered A. soehngenii in the post-treatment samples, 
Single Nucleotide Variants (SNVs) distinguishing between the administered strain and the 
endogenous strains were identified15. For each subject, a unique subset of discriminatory 
SNVs was used to discriminate between the administered and endogenous strains using 
the proprietary method of Clinical Microbiomics A/S described below. The discriminatory 
subset of SNVs was defined as all SNVs present in the administered strain but never 
present in the endogenous strains (before-treatment sample), or the other way around. 
SNV calling was done using SAMtools and BCFtools. SNVs were filtered, requiring that a SNV 
was observed with a minimum depth of 5 in 1 sample with an allele frequency (allele depth 
/ total depth) of at least 0.8. We then used the proportion of reads mapping to these SNVs 
to estimate the abundance of each strain in the post-treatment sample. The discriminatory 
SNV analysis requires that the endogenous Anaerobutyricum spp. are sufficiently abundant 
in the pre-treatment specimen to produce sufficient reads to call discriminative SNVs.

Replication activity of Anaerobutyricum spp.
Anaerobutyricum spp. growth dynamics were calculated using peak-to-trough ratio16. 
Replication activity was assessed in each sample by mapping the reads to the A. soehngenii 
reference genome14 and assessing the depth of sequencing along the genome as a surrogate 
for local replication status. Replication signal is defined as the ratio of the sequencing depth 
at the origin of replication to that at the terminus. Therefore, the replication signal minus 
1 can be interpreted as an estimate of the proportion of cells undergoing replication. It 
was not possible to discriminate between the endogenous Anaerobutyricum spp. and 
the administered A. soehngenii with regard to replication signal. Replication activity of A. 
soehngenii in the administered drink was determined after freezing, storage, and thawing, 
in order to estimate the replication activity at the moment of administration.

Power calculation and statistics
Since this was the first pilot study aiming to assess safety and effect on insulin sensitivity 
of each administered A. soehngenii dose in human insulin resistant subjects, a formal 
power calculation was not possible but we based the potential effect size on our previous 
study2. Moreover, based on our findings in insulin-resistant mice treated for 28 days 
with increasing concentrations of A. soehngenii17, we hypothesized that 8 metabolic 
syndrome subjects per group were needed to detect a 30% significant step-wise increase 
in peripheral insulin sensitivity (as assessed by hyperinsulinemic clamp2. Taking a 10% 
dropout range into account, it was thus estimated that a total of 27 (3 x 9) subjects were 
needed (with 0.05 2-sided significance levels with 90% power). As a normal distribution 
could not be assumed, all data is presented as median [interquartile range]. Within-group 
changes between baseline and 4 weeks were tested with paired Wilcoxon signed-rank 
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tests, while Mann-Whitney U tests were used to compare independent groups. Kruskal-
Wallis tests were used for between-group comparisons of baseline characteristics as well 
for between-group comparisons of relative changes from baseline to week 4. Spearman’s 
rho rank correlation was used for (non-parametric) correlation analysis. The significance 
level (alpha) used in the analysis was 0.05.

Calculation of the ingested / secreted A. soehngenii
The ratio of secreted / ingested A. soehngenii cells was calculated by estimating 1011 total 
bacterial cells/g feces and 100 g feces produced per day18. The absolute numbers of A. 
soehngenii cells excrete daily in feces was calculated by multiplying the estimated mass 
of feces produced per day by the estimated bacterial cell density per g of feces and by 
the relative abundance of A. soehngenii inferred from shotgun sequencing and qPCR 
measurements. The absolute numbers of A. soehngenii ingested daily was calculated by 
multiplying the know concentration of A. soehngenii cells in the administered drink by the 
daily volume of ingested drink.
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SUPPLEMENTARY FIGURES

Supplementary Fig. 1. Ratio of excreted to ingested A. soehngenii per dose group
The ratio of secreted / ingested A. soehngenii cells was calculated by estimating 1011 total bacterial cells/g feces 
and 100 g feces produced per day. Data expressed as median and [interquartile range]. P-values shown for 
between-group comparisons (Mann-Whitney U tests) and in between-group comparison (Kruskal-Wallis test).

Supplementary Fig. 2. Intrahepatic triglyceride content (IHTG) after 4 weeks of treatment, shown per 
dose group
Data expressed as median [interquartile range]. Abbreviations: IHTG = intrahepatic triglyceride
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Supplementary Fig. 3. Microbiota alpha diversity
Fecal microbiota alpha-diversity measured using the Shannon index at week 0 (baseline) and 4 weeks upon 
low, middle, and high dose of A. soehngenii treatment.
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Supplementary Fig. 4. Principal Component Analysis (PCoA) based on Bray-Curtis distances calculated 
from fecal microbial composition. A) faceted by dose group; and B) faceted by response status. 
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Supplementary Fig. 5. Microbiota composition profiles at baseline and after 4 weeks of treatment, 
stratified A) per dose group; and B) by change in Rd. 
Subjects whose Rd increased by at least 4 µmol/kg/min were classified as showing an “Increase” in Rd; subjects 
whose Rd decreased by at least 4 µmol/kg/min were classified as showing a “Decrease”; and subjects whose Rd 
changed by less than 4 µmol/kg/min (either increasing or decreasing) were labeled as showing “No change”. All 
phyla and the 20 most abundance families, genera, and species, respectively, shown as % relative abundance 
of the total fecal microbiome.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Side effects and questionnaires on bowel habits at baseline, 4 weeks and 6 
weeks

107  
cells/day

n = 8 109  
cells/day

n = 8 1011  
cells/day

n = 8

Week 0 Week 4 Week 6 Week 0 Week 4 Week 6 Week 0 Week 4 Week 6
IBS ROME III 
criteria

0 0 0 0 0 0 0 0 0

IBS-QOL 34 34 34 34 34 34 34 34 34
Side effects
Nausea 0 0 0 0 0 0 0 0 0
Flatulence 0 0 0 0 0 0 0 0 0
Cramps 0 0 0 0 0 0 0 0 0
Borborygmi 0 0 0 0 0 0 0 0 0
Gastric reflux 0 0 0 0 0 0 0 0 0

Reported side effects and questionnaires regarding bowel habits: IBS ROME III diagnostic criteria (minimum 
score 0 = does not fulfill criteria of IBS) and IBS-QOL (34 items, score from 1 = not at all, to 5 = a great deal, 
minimum score 34 = maximum quality of life).

Supplementary Table 2. Fecal A. soehngenii levels (qPCR) at baseline, 4 weeks, and 6 weeks.
Data expressed as median [interquartile range].

107  
cells/day

n = 8 109  
cells/day

n = 8 1011  
cells/day

n = 8

Week 0 Week 4 Week 6 Week 0 Week 4 Week 6 Week 0 Week 4 Week 6

qPCR fecal 
A.soehngenii, 
ng/µl x10-5

0.8  
[0.4-1.7]

6.1  
[2.2-11.2]

0.8  
[0.4-1.8]

0.4  
[0.1-1.0]

747.8  
[351.2-378.2]

0.9  
[0.6-2.7]

0.6  
[0.2-1.7]

8364.3  
[3177.4-16592.9]

0.7  
[0.1-3.1]

Gene copies  
A. soehngenii 
/g feces 
[log10]

6.26  
[6.12-6.57]

7.12 
[6.737.52]

6.27  
[6.06-6.61]

5.92  
[5.36-6.35]

9.23  
[8.94-9.42]

6.28  
[6.086.77]

6.15  
[5.69-6.53]

10.30  
[9.96-0.60]

6.18  
[5.39-6.60]

Supplementary Table 3. Circulating insulin levels during clamp tests at week 0 and week 4
Data expressed as median and [interquartile range]. P-values between the 3 groups and between week 0 
and 4 did not reach significance (p < 0.05).

Basal state Step 1 Step 2
107  
cells/day

109  
cells/day

1011  
cells/day

107  
cells/day

109  
cells/day

1011  

cells/day
107  
cells/day

109  
cells/day

1011 
cells/day

Clamp week 0
Insulin,  
pmol/l

86  
[60-139]

98  
[78-168]

79  
[40-186]

359  
[293-394]

352  
[313-456]

353  
[222-422]

891  
[744-1018]

917  
[675-1005]

827  
[599-967]

Clamp week 4
Insulin,  
pmol/l

79  
[52-141]

126  
[71-163]

102  
[47-132]

335  
[239-432]

375  
[284-487]

356  
[220-432]

819  
[640-1077]

964  
[675-1116]

841  
[595-956]
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Supplementary Table 8. Changes in the abundance of the 20 most abundant bacterial species, 
stratified per dose group.
Microbial species Low dose

[107 cells/day]
Medium dose
[109 cells/day]

High dose
[1011 cells/day]

Alistipes putredinis +58 [-50;+161] -28 [-66;+15] -12 [-51;+140]
Bifidobacterium adolescentis -59 [-78;-24] -16 [-67;+54] -40 [-68;+280]
Bifidobacterium longum -46 [-60;+17] +18 [-40;+118] +10 [-19;+102]
Blautia massiliensis -10 [-82;+159] -30 [-48;+26] +16 [-19;+84]
Blautia obeum +44 [-59;+140] -4 [-67;+96] +35 [-27;+84]
Clostridia spp. -27 [-33;+119] -12 [-30;+23] -24 [-50;+32]
Clostridiales spp. -5 [-42;+76] +2 [-5;+30] -11 [-35; +19]
Collinsella aerofaciens -45 [-74;-2] +7 [-36;+45] -25 [-40;+53]
Eggerthellaceae spp. +22 [-41;+144] +12 [-40;+48] +23 [-37;+94]
Eubacterium rectale +340 [-84;+1312] -13 [-64;+71] +135 [+28;+191]
Faecalibacterium prausnitzii -7 [-31;+66] -41 [-65;-23] +2 [-28;+124]
Faecalibacterium spp. +7 [-26;+84] -26 [-48;+46] +50 [-13;+213]
Firmicutes spp. +27 [-43;+120] -5 [-23;+12] -6 [-58;+34]
Fusicatenibacter saccharivorans +26 [-40;+72] -11 [-34;+15] +2 [-14;+113]
Gemmiger formicilis +15 [-67;+101] -43 [-64;-36] +43 [+14;+95]
Lachnospiraceae spp. +3 [-70;+81] -33 [-60;+65] -12 [-41;+76]
Prevotella copri -52 [-89;+16] -47 [-96;+1112] -33 [-90;+741]
Prevotellaceae spp. -47 [-69;-5] -76 [-91;+853] +489 [-68;+2234]
Ruminococcaceae spp. +41 [+9;+168] -18 [-53;+7] -11 [-42;+48]
Ruminococcus bromii +69 [-67;+435] -49 [-74;-3] -27 [-61;+85]

Changes are shown as median [IQR] of % relative change at week 4 compared to baseline.

Supplementary Table 9. Relative differences between Responders (subjects showing a significant 
increase in Rd) and Non-Responders (subjects showing either a significant decrease or no change in Rd) 
[% difference] in the baseline abundance of the 20 most abundant bacterial species. 
The threshold for minimum significant change in Rd was set to 4 µmol/kg/min. In effect, subjects whose 
Rd increased by at least 4 µmol/kg/min were classified as showing an “Increase”; subjects whose Rd 
decreased by at least 4 µmol/kg/min were classified as showing a “Decrease”; and subjects whose 
Rd changed by less than 4 µmol/kg/min (either increasing or decreasing) were labeled as showing  
“No change”. Values are (median abundance Responder – median abundance Non-Responder)/median abundance Non-responder

Microbial species Difference in Responders (sig. increase in Rd) compared to 
Non-Responders ([%]

Ruminococcaceae spp. -69.7
Prevotella copri -65.0
Clostridiales spp. -45.6
Gemmiger formicilis -43.0
Bifidobacterium longum -37.7
Prevotellaceae spp. -35.9
Eggerthellaceae spp. -34.8
Clostridia spp. -33.9
Faecalibacterium prausnitzii -32.8
Firmicutes spp. -12.2
Faecalibacterium spp. -1.0
Lachnospiraceae spp. +12.9
Fusicatenibacter saccharivorans +17.5
Alistipes putredinis +18.3
Blautia obeum +51.4
[Eubacterium] rectale +61.3
Collinsella aerofaciens +74.3
Blautia massiliensis +76.9
Bifidobacterium adolescentis +100.0
Ruminococcus bromii +367.8
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Chapter 9

SUMMARY AND GENERAL DISCUSSION
This thesis revolves around the potential role of the gut-brain axis in human metabolism, 
which we have tried to further unravel by linking the intestinal microbiota via its metabolites 
to the brain. Included are human translational studies investigating the role of novel 
metabolites and the gut-brain axis in the pathophysiology of obesity, insulin resistance 
and type 2 diabetes (T2DM). Furthermore, we studied the possible role of butyrate and 
the gut bacteria that produce it as novel treatment modalities for metabolic disorders. In 
the following paragraphs, the results of these studies will be summarized and discussed, 
followed by some future perspectives concerning this area of research. 

Part I: Overview on gut microbiota, its metabolites and fecal transplantation
The first part contains two reviews that provide an overview of the existing literature 
concerning this subject at the start of the research reported in this thesis (2014). Chapter 
2 summarizes factors which are able to influence gut microbiota, such as the diet, and 
addresses the use of fecal microbiota transplantation (FMT) as a mode of altering the 
composition of the (butyrate-producing) gut microbiota, potentially serving as a future novel 
treatment for metabolic disorders. Chapter 3 discusses the emerging evidence indicating 
the influence of the gut microbiota and its metabolites on the secretion of hormones 
involved in the regulation of satiety and insulin release. Studies including FMT and Roux-en-Y 
gastric bypass (RYGB) in humans and animal models point towards a causal role for the gut 
microbiota and its metabolites in its contribution to the development of obesity and T2DM.

Part II: Pathophysiology
In the second part we investigate the mechanistic link between the intestinal microbiota, 
insulin sensitivity and the brain. The first two chapters are both double-blind RCTs where 
subjects with metabolic syndrome were treated with donor FMT. In the first RCT (chapter 
4) we observed no long-term metabolic changes at 18 weeks after single or multiple 
treatment of lean donor FMT. However, we did confirm the previously observed short term 
beneficial effect of single lean donor FMT on peripheral insulin sensitivity after 6 weeks. This 
was associated with a shift in the composition of the gut microbiota and changes in plasma 
metabolites, particularly amino acids such as γ-aminobutyric acid (GABA), tryptophan, and 
kynurenine (involved in serotonin metabolism). Especially the neurotransmitter GABA has 
been previously linked to regulation of feeding and metabolism in animal models1 and 
can be produced by certain gut-derived human bacteria2. Although allogenic lean donor 
FMT improved insulin sensitivity overall, there was great variability in metabolic response 
among the acceptors. One explanation for this phenomenon appears to be that baseline 
fecal microbiota composition of the recipients predicts the response to lean donor FMT. 
Despite the modest and heterogeneous effect on insulin sensitivity by lean donor FMT, 
the results in this study do suggest that the changed gut microbiota composition cause a 
change in plasma metabolites and improve peripheral insulin sensitivity in subjects with 
metabolic syndrome. 
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In chapter 5 no significant effect of either daily oral butyrate or FMT with donor feces 
derived from post-RYGB patients was seen on insulin sensitivity. However, we did observe 
a positive trend in human brain (hypo)thalamic serotonin transporter binding (SERT) and 
a significant change in striatal dopamine transporter (DAT) binding between both groups 
after 4 weeks in favor of the donor FMT group. The significant, albeit modest, change in 
DAT was associated with changes in both gut microbiota composition and certain plasma 
metabolites involved in the methionine/S-adenosylmethionine (SAMe) cycle, which in turn 
is involved in the formation of neurotransmitters like serotonin and dopamine3. Fecal levels 
of bacterial species such as Prevotella copri were significantly changed upon allogenic FMT 
and correlated with DAT. This resembles the results of studies in patients with Parkinson’s 
disease (who are characterized by an altered striatal DAT expression) where they also 
found altered levels of fecal Prevotella copri compared to controls4, establishing the role 
of the gut-brain axis and particularly the enteric nervous system in human disease5,6. The 
involvement of vagal nerve signaling in the modulation of the gut-brain axis by changes 
in gut microbiota was further underscored by our observation of an altered heart rate 
variability, a measure of sympatho-vagal balance. Vagal afferents can be activated by 
serotonin or gut peptides secreted by intestinal endocrine cells and also directly by 
metabolites such as short chain fatty acids (SCFAs) including butyrate7. The vagus nerve 
projects to the brainstem and further on to many brain regions, including important areas 
involved in dopaminergic transmission8. Thus, our data suggest that gut microbiota derived 
metabolites regulate vagal nerve excitation, which could subsequently play a role in the 
observed changes in striatal DAT (involved in hedonic regulation of feeding behavior) and 
might be important pathways in the gut-brain axis in human metabolism. We hypothesize 
this effect is achieved via vagal afferents projecting from the intestine to the brain stem as 
well as via plasma metabolites involved in the SAMe cycle, essential for neurotransmitter 
synthesis including serotonin and dopamine.
The last chapter of this part describes potential novel metabolites for regulating insulin 
resistance and T2DM. In chapter 6 untargeted fasting plasma metabolite profiles were 
determined in treatment naïve subjects with a wide range of peripheral insulin sensitivity 
(as determined by stable isotope based glucose and lipid fluxes). This cross-sectional study 
revealed several plasma metabolites that significantly correlated with glucose and lipid 
fluxes. Machine learning analysis showed that a panel of these metabolites may be able 
to predict insulin resistance, led by non-essential amino acid citrulline and its metabolite 
gamma-glutamylcitrulline. These findings are in line with animal studies, that have shown 
beneficial effects of oral citrulline supplementation on lipolysis and adipose tissue mass9. 
Thus, in obese humans this might be a promising focus for research into its therapeutic 
value for metabolic and cardiovascular related diseases10 as citrulline’s catabolic end 
product is arginine, which is involved in the metabolism of nitric oxide (NO), a signaling 
molecule essential for the cardiovascular system as a vasodilatator. Arginine and NO 
deficiency in humans has been associated with endothelial dysfunction, one of the many 
problems contributing to obesity-induced insulin resistance11–13.
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Part III: Therapy
Recent studies suggest a beneficial effect of SCFA butyrate-producing gut bacteria in human 
glucose metabolism14,15. In this part we took the reductionist approach and decided to 
look into the therapeutic potential of oral butyrate supplementation as well as treatment 
with single bacterial strains that produce butyrate in the intestine. In the human pilot 
study in chapter 7 oral butyrate supplementation was found to have a differential effect 
on glucose metabolism and only significantly improved insulin sensitivity in healthy lean 
subjects. This in contrast to the subjects with metabolic syndrome, who showed no effect 
upon butyrate treatment. One of the explanations could be that SCFAs in obese subjects 
are fueled into the cholesterol synthesis pathway, whereas in lean subjects SCFAs drive 
energy expenditure and thus increase insulin sensitivity16. Involvement of the intestinal 
microbiota in this process is supported by associations found between several metabolic 
parameters such as SCFA levels and certain gut bacterial strains17.
We conclude this thesis in chapter 8 with a phase I/II dose-finding and safety trial studying 
the effect of 4 weeks daily oral treatment with a next generation probiotic, the anaerobic 
butyrogenic Anaerobutyricum soehngenii, on glucose metabolism in human subjects. 
Treatment with A. soehngenii was well tolerated and daily ingestion of increasing doses for 
4 weeks was associated with increased fecal levels of A. soehngenii, reaching the highest 
intestinal levels in the subjects that received the maximum dose. This was accompanied by 
a shift in microbiota composition and alterations in bile acid metabolism, which combined 
with Anaerobutyricum spp. growth dynamics suggests that this bacterial strain survives 
passage through the stomach and can replicate in the patient’s intestine. Most importantly, 
we found a significant correlation between the measured fecal abundance of administered 
A. soehngenii and improvement in peripheral insulin sensitivity as determined by the stable 
isotope two-step hyperinsulinemic euglycemic clamp. As we observed in the first FMT 
study of this thesis in chapter 3, this metabolic response seemed to be dependent on 
gut microbiota composition in fecal samples taken at baseline. Indeed, and in line with 
other studies18,19, in the group treated with the highest daily dose of A. soehngenii about 
half the subjects showed this significant improvement in insulin sensitivity accompanied 
by an increase in fecal levels of A. soehngenii. This underscores that engraftment of these 
orally given single bacterial strains is dependent on the composition of fecal microbiota at 
baseline, enabling cohabitation and engraftment between the endogenous and exogenous 
gut microbiota19. 
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CONCLUSION AND FUTURE PERSPECTIVES
In this thesis we aimed to provide more insight concerning the gut-brain axis in human 
metabolism. In general we have to conclude this is a challenging endeavour. Although the 
research field is growing, indicating an important role for the gut-brain axis in metabolic 
disorders, effect size of microbiota based treatments in human intervention trials are 
modest. However, it might be possible to enhance these effects by providing a combination 
of specific dietary precursors of these identified metabolites together with the missing 
bacterial strains. In this thesis we do show the beneficial effect of lean donor FMT on 
insulin sensitivity, providing evidence for the link between the gut microbiota and human 
glucose metabolism. The associated changes in plasma metabolites involved in GABA and 
serotonin metabolism imply their role as signalling molecules driving insulin sensitivity and 
may point towards a role for the gut-brain axis. Other plasma metabolites of interest in this 
regard are those associated with the changes we observed in human striatal DAT binding 
upon FMT and butyrate treatment in subjects with metabolic syndrome. Their involvement 
in the SAMe cycle, an important pathway in neurotransmitter synthesis, together with 
changes found in bacterial strains and amount of sympathetic activity, provide the first 
evidence of the existence of a gut-brain axis in humans. Future adequately powered studies 
are needed to investigate whether providing the identified (single) microbial strains and/
or their metabolites can affect brain dopamine homeostasis, known to be associated with 
improved impulse control and appetite. The same applies to our discovery of a potential 
new biomarker for predicting early stages of insulin resistance, citrulline. To confirm the 
clinical usefulness of this marker in the early detection of human insulin resistance and the 
biological evidence of the citrulline pathway in the pathophysiology of metabolic disorders, 
further in vivo and in vitro research is sorely needed. Finally, concerning the therapeutic 
potential of the SCFA butyrate and butyrate-producing bacteria for metabolic disorders, it 
seems clear that oral supplementation of butyrate is not suitable for treatment of insulin 
resistance. In this regard, treatment with a living single bacterial strain like the butyrate 
producing A. soehngenii seems to be more promising, although additional studies are 
needed to reproduce these findings and to look into long-term effects. As mentioned in 
the paragraphs above we recommend to take the baseline fecal microbiota composition 
of the treated subject into account, as this might help in predicting the outcome of the 
treatment due to a more efficient engraftment of the beneficial bacterial strains. Overall, in 
this thesis novel avenues have been uncovered in the search for the elusive gut-brain axis 
in human metabolism. Alas, many questions remain unanswered, including whether you 
have the guts to be happy.
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Dit proefschrift draait om de potentiële rol van de darm-hersen as in de menselijke 
stofwisseling. We hebben geprobeerd dit verder te ontrafelen door veranderingen in 
de concentraties van metabolieten in bloed, geproduceerd door de darmbacteriën, 
te koppelen aan activatie van bepaalde hersengebieden. Dit hebben we onderzocht in 
translationele studies bij mensen door middel van fecestransplantaties, waarbij we tevens 
de rol van potentiële nieuwe metabolieten bestudeerden in de pathofysiologie van obesitas, 
insulineresistentie en type 2 diabetes (T2DM). Daarnaast hebben we de mogelijke rol van 
de specifieke metaboliet butyraat en de darmbacteriën die het produceren bekeken in de 
behandeling voor metabole stoornissen. In de volgende paragrafen worden de resultaten 
van deze onderzoeken samengevat en besproken.
Dit proefschrift begint met een algemene introductie waarin de wetenschappelijke 
achtergrond van het onderwerp wordt toegelicht, een overzicht van de beschreven 
studies wordt gegeven en de doelstellingen nader worden omschreven. Hierna volgen de 
drie delen waarin dit proefschrift is opgedeeld, die zich richten op een overzicht van de 
bekende literatuur over het onderwerp gevolgd door onderzoek naar de pathofysiologie 
en potentiële nieuwe behandelmethoden.

Deel I: De darmbacteriën, diens metabolieten en fecale transplantatie
Het eerste deel bevat twee reviews die een overzicht geven van de literatuur die bekend was 
over dit onderwerp bij de start van dit proefschrift (2014). Hoofdstuk 2 bespreekt factoren 
die de darmflora kunnen beïnvloeden, zoals het dieet, en de fecale microbiota transplantatie 
(FMT) als een manier om de samenstelling van de (butyraat-producerende) darmbacteriën 
te veranderen en eventueel te dienen als nieuwe behandeling voor metabole stoornissen. 
Hoofdstuk 3 gaat in op het toenemende bewijs van de invloed van de darmbacteriën en 
diens metabolieten op de secretie van hormonen die betrokken zijn bij de regulatie van het 
hongergevoel en insuline productie. Studies met FMT en Roux-en-Y bariatrische chirurgie 
(RYGB) bij mensen en diermodellen wijzen op een oorzakelijke rol voor de darmbacteriën en 
de metabolieten die zij produceren in de ontwikkeling van obesitas en T2DM.

Deel II: Pathofysiologie
In het tweede deel onderzoeken we de mechanistische link tussen de samenstelling van de 
darmbacteriën, insulinegevoeligheid en activiteit van bepaalde hersengebieden. De eerste 
twee hoofdstukken zijn dubbelblinde RCT’s waarbij proefpersonen met metabool syndroom 
werden behandeld met gezonde dunne donor FMT. In de eerste RCT (hoofdstuk 4) traden 
er op lange termijn (18 weken) geen metabole veranderingen op na een eenmalige of 
meervoudige behandeling van slanke donor FMT. We bevestigden echter wel het eerder 
waargenomen gunstige effect op de perifere insulinegevoeligheid op korte termijn (6 
weken) na een eenmalige slanke donor FMT. Dit ging gepaard met een verschuiving in de 
samenstelling van de darmbacteriën en veranderingen in plasmametabolieten, met name 
aminozuren zoals γ-aminoboterzuur (GABA), tryptofaan en kynurenine (betrokken bij het 
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metabolisme van serotonine). Vooral de neurotransmitter GABA is eerder in verband 
gebracht met de regulatie van voeding en metabolisme in diermodellen en kan worden 
geproduceerd door bepaalde menselijke darmbacteriën. Hoewel slanke donor FMT de 
insulinegevoeligheid in het algemeen verbeterde, was er bij de ontvangers van de FMT 
een grote variabiliteit in de metabole respons. Een verklaring voor dit fenomeen lijkt te 
zijn dat de voorafgaande fecale bacteriesamenstelling van de ontvangers de respons op 
slanke donor FMT kan voorspellen. Ondanks het bescheiden en heterogene effect op 
insulinegevoeligheid door slanke donor FMT, suggereren de resultaten in dit onderzoek 
dat de veranderde darmbacteriesamenstelling een verandering in plasmametabolieten 
veroorzaakt en leidt tot een verbetering van de perifere insulinegevoeligheid bij mensen 
met metabool syndroom.
In de RCT in hoofdstuk 5 werd geen significant effect gezien op de insulinegevoeligheid 
bij proefpersonen met metabool syndroom na dagelijkse orale inname van butyraat of 
behandeling met een eenmalige FMT met donor feces afkomstig van post-RYGB patiënten. Wel 
zagen we een positieve trend in de (hypo)thalamische serotoninetransporter (SERT) binding 
van het menselijke brein en een significante verandering in de striatale dopaminetransporter 
(DAT) binding tussen beide groepen na 4 weken, ten gunste van de donor FMT groep. De 
significante, zij het bescheiden, verandering in DAT binding ging gepaard met veranderingen 
in zowel de darmbacteriesamenstelling als bepaalde plasmametabolieten die betrokken 
zijn bij de methionine/S-adenosylmethionine (SAMe)-cyclus, die op zijn beurt betrokken is 
bij de synthese van neurotransmitters zoals serotonine en dopamine. Fecale concentraties 
van bacteriesoorten zoals Prevotella copri waren significant veranderd na post-RYGB donor 
FMT en correleerden met DAT. Dit komt overeen met resultaten van studies bij patiënten 
met de ziekte van Parkinson (die worden gekenmerkt door een veranderde striatale DAT-
expressie), waar ze ook veranderde hoeveelheden van fecale Prevotella copri aantroffen 
in vergelijking met controles, waarmee de rol van de darm-hersen as en met name het 
enterische zenuwstelsel bij menselijke ziekten verder wordt ondersteund. De betrokkenheid 
van vagale zenuwsignalering bij de modulatie van de darm-hersen as door veranderingen in 
de darmbacteriën, wordt tevens ondersteund door onze waarneming van een veranderde 
hartslagvariabiliteit, een maat voor de sympatho-vagale balans. Vagale afferenten kunnen 
worden geactiveerd door serotonine of darmpeptiden die worden uitgescheiden door 
intestinale endocriene cellen en ook rechtstreeks door metabolieten zoals korte keten 
vetzuren (SCFA’s), waaronder butyraat. De nervus vagus projecteert op de hersenstam en 
vervolgens vele andere hersenregio’s, waaronder belangrijke gebieden die betrokken zijn 
bij dopaminerge transmissie. Onze resultaten lijken erop te wijzen dat van darmbacteriën 
afgeleide metabolieten de excitatie van vagale zenuwen reguleren. Dit zou vervolgens een 
rol kunnen spelen in de waargenomen veranderingen in striatale DAT (betrokken bij de 
hedonische regulering van eetgedrag) en mogelijk een belangrijke route behelzen in de 
darm-hersen as bij de menselijke stofwisseling. We veronderstellen dat dit effect wordt 
bereikt via vagale afferenten die van de darm tot in de hersenstam projecteren en via 
plasmametabolieten die betrokken zijn bij de SAMe-cyclus, essentieel voor de synthese van 
neurotransmitters waaronder serotonine en dopamine.
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In het laatste hoofdstuk van dit deel komen nieuwe metabolieten aan bod die mogelijk 
betrokken zijn bij de regulatie van insulineresistentie en T2DM. In hoofdstuk 6 werden 
(ongerichte) metabolietprofielen bepaald in nuchter plasma van behandelingsnaïeve 
proefpersonen met een breed scala aan perifere insulinegevoeligheid (bepaald door 
op stabiele isotoop gebaseerde glucose- en lipidenfluxen). Deze crosssectionele studie 
bracht verschillende plasmametabolieten aan het licht die significant correleerden met 
glucose- en lipidenfluxen. Analyse via machine learning toonde aan dat een panel van 
deze metabolieten mogelijk insulineresistentie kan voorspellen, aangevoerd door het 
niet-essentiële aminozuur citrulline en diens metaboliet gamma-glutamylcitrulline. 
Deze bevindingen komen overeen met dierenstudies, die gunstige effecten van orale 
citrulline suppletie op lipolyse en vetweefselmassa hebben aangetoond, wat het ook 
veelbelovend voor onderzoek bij obesitas in mensen maakt. Tevens is de therapeutische 
waarde ervan voor metabole en cardiovasculaire aandoeningen interessant, aangezien 
het katabole eindproduct van citrulline arginine is, dat betrokken is bij het metabolisme 
van stikstofmonoxide (NO), een signaalmolecuul dat essentieel is voor het cardiovasculair 
systeem als vaatverwijder. Arginine en NO deficiëntie is bij mensen in verband gebracht 
met endotheel disfunctie, een van de vele problemen die bijdragen aan door obesitas 
veroorzaakte insulineresistentie.

Deel III: Therapie
Uit recent onderzoek komt naar voren dat SCFA (butyraat)-producerende darmbacteriën 
een gunstig effect hebben op de glucose stofwisseling bij mensen. In dit deel kozen we 
voor de reductionistische aanpak en besloten we om het therapeutische potentieel van 
suppletie van orale butyraat te onderzoeken, evenals behandeling met afzonderlijke 
bacteriestammen die butyraat in de darm produceren. In de pilotstudie bij mensen in 
hoofdstuk 7 bleek orale suppletie met butyraat een wisselend effect te hebben op het 
glucosemetabolisme en alleen de insulinegevoeligheid significant te verbeteren bij gezonde 
slanke proefpersonen. Dit in tegenstelling tot de proefpersonen met metabool syndroom, 
waarbij de behandeling met butyraat geen effect liet zien. Een van de verklaringen zou 
kunnen zijn dat SCFA’s bij obese proefpersonen als brandstof bijdraagt aan de cholesterol 
synthese route in de lever, terwijl bij slanke proefpersonen SCFA’s het energieverbruik 
stimuleren en dus de insulinegevoeligheid verhogen. Dat de darmbacteriën aan dit 
proces bijdragen wordt ondersteund door associaties die we vonden tussen verschillende 
metabole parameters, waaronder hoeveelheid SCFA’s, en bepaalde darmbacteriestammen.
We sluiten dit proefschrift in hoofdstuk 8 af met een fase I/II dosisbepaling en 
veiligheidsstudie waarin we keken naar het effect van een volgende generatie 
probioticum, de anaërobe butyrogene Anaerobutyricum soehngenii, op veiligheid alsook 
de glucose stofwisseling bij mensen met metabool syndroom. Orale dagelijkse inname 
van A. soehngenii werd goed verdragen en een toenemende dosering gedurende 4 
weken ging gepaard met een verhoogde fecale concentratie van A. soehngenii, welke het 
hoogst was bij de proefpersonen die de maximale dosis kregen. Dit ging samen met 
een verschuiving in de samenstelling van de darmbacteriën en veranderingen in het 
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galzuurmetabolisme wat, gecombineerd met de groeidynamiek van Anaerobutyricum spp., 
erop lijkt te wijzen dat deze bacteriestam de doorgang door de maag overleeft en zich 
in de darmen kan vermenigvuldigen. Daarnaast vonden we een significante correlatie 
tussen de gemeten fecale hoeveelheid van ingenomen A. soehngenii en een verbetering 
van de perifere insulinegevoeligheid. Zoals we zagen in de eerste FMT-studie van dit 
proefschrift in hoofdstuk 3, lijkt deze metabole respons afhankelijk te zijn van de fecale 
bacteriesamenstelling van de proefpersonen bij aanvang van de studie. Inderdaad, en 
overeenkomstig met andere studies, zagen we in de groep die werd behandeld met de 
hoogste dagelijkse dosis A. soehngenii, dat bij ongeveer de deze significante verbetering in 
insulinegevoeligheid werd gezien, vergezeld door een toename van fecale hoeveelheid van 
A. soehngenii. Dit benadrukt dat ‘engraftment’, namelijk de mate waarin exogene bacteriën 
een plaats kunnen verwerven in de darm, van deze oraal gegeven enkelvoudige bacteriële 
stammen afhankelijk is van de daar reeds aanwezige fecale bacteriesamenstelling, 
waardoor samenleving van endogene en exogene darmbacteriën wordt mogelijk maakt.

Samenvatting, algemene discussie en toekomstperspectieven
Tenslotte volgt een samenvatting van de belangrijkste bevindingen van de beschreven 
studies in dit proefschrift, waarvan de Nederlandse vertaling hierboven is weergegeven, 
gevolgd door de conclusie en enkele toekomstperspectieven op dit onderzoeksgebied.
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