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Chapter 7

Recommendation of high fiber diets have been suggested as a valuable strategy to
reduce the burden of metabolic diseases such as obesity, metabolic-associated fatty
liver disease (MAFLD), and type 2 diabetes (T2D). Acetate, propionate, and butyrate,
the main short chain fatty acids (SCFA) produced by gut microbial fermentation of
fibers, appear to be key mediators of the beneficial effects elicited by high fiber diets1.
SCFA supplementation has been linked to the prevention of weight gain, improved
glucose homeostasis, and insulin sensitivity. Most studies have been performed
in rodents, while in humans, evidence is less thorough. Only one study, in which
propionate was targeted to the colon, has measured a reduction of body weight2.
In line with this, colonic, but not oral administration of propionate decreased
energy intake2–5. Also in humans, proximal and distal colonic administration of
only acetate did not have an effect on energy expenditure in the fasted state or after
glucose consumption6, while other studies show that distal colonic infusion of a
mix of SCFA or oral propionate supplementation increased energy expenditure in
the fasted state7,8. The effect of SCFA supplementation on glucose homeostasis has
been more widely studied in humans. Oral propionate or butyrate supplementation
improved glucose control, insulin sensitivity, and decreased the concentration of free
fatty acids in the circulation9–11. Rectal infusion of propionate increased the plasma
glucose level12, whereas a rectally infused SCFA mix did not affect circulating glucose
or insulin levels, but decreased free fatty acids levels8,13.
Due to the limited and heterogeneous information from human studies, further
investigations are needed that directly study intestinal SCFA kinetics as the link
between fibers and host metabolism. Measuring local SCFA production and
absorption after fiber supplementation is key to understand the mechanism via
which diet modulates health. However, in humans SCFA have only been measured
in plasma or fecal samples. The concentrations in these samples are the net result
of SCFA production, excretion, absorption, and metabolization, underestimating
the complete contribution of these small molecules to host metabolism. For this
reason in Part I of the thesis (chapter 2, chapter 3, and chapter 4) I aimed to study
NDC fermentation and SCFA production, microbial interconversion, and absorption
inside the lumen of the human gut in vivo, and the fate of intestinal SCFA as
substrates for glucose and lipid metabolism. Moreover, to further understand the
mechanism by which SCFA can modulate host health, in Part II of the thesis (chapter
5 and chapter 6), I assessed the tissue-specific effects of a single SCFA, butyrate, on
glucose and lipid metabolism.
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Part I. Fermentation of non-digestible carbohydrates and
production of short-chain fatty acids in the gut and the systemic
metabolic fate of SCFA
Small intestine. Intestinal catheters have been used for decades in human
research as delivery and, less often, as sampling devices to get insight into the
local gastrointestinal (GI) tract metabolism14,15. In chapter 2 we used for the first
time a custom-made naso‑intestinal catheter to monitor galacto‑oligosaccharides
(GOS) and fructo-oligosaccharides (FOS) fermentation, SCFA production, SCFA
interconversion, and absorption inside the human distal ileum lumen, as well as
the direct impact of the FOS-GOS mixture on the luminal microbiota. It is known
from in vitro studies that the small intestinal bacteria have the capacity to hydrolyze
up to 80% of FOS and GOS in vitro16–18. In our in vivo study, we did not find FOS or
GOS breakdown in the distal ileum. NDC, given as an oral bolus, were present for
less than an hour at the sampling site. Dynamic changes of the relative microbiota
composition, but not increased total bacterial number, were found during the day.
Moreover several bacteria known to be stimulated by NDCs, namely Bifidobacterium,
Lactobacillus, Bacteroides and Streptococcus 19, did not significantly fluctuate over time.
To assess SCFA kinetics we used 13C-labeled SCFA. After delivery of 13C-SCFA through
the delivery lumen of the catheter, samples were withdrawn over time through the
sampling lumen. In these samples, dilution of 13C-SCFA was measured to estimate
the production of SCFA by fermentation of FOS and GOS by the local microbiome.
In the distal ileum SCFA production was minimal. By using acetate with a single 13C
atom, propionate with three 13C atoms, and butyrate with four 13C atoms, we could in
principle see the origin of the label and estimate the interconversion of the SCFA. In
our study, however, no interconversion took place. Rapid absorption might have left
too little time for microbial SCFA interconversion. The possibility of rapid absorption
was supported by the almost immediate appearance of 13C in exhaled CO2, glucose,
and other metabolites. This also pointed to the rapid metabolism of SCFA by the
host. The choice of the different SCFA labels also allowed to evaluate the individual
contributions of each SCFA to host metabolites. Acetate is most likely metabolized
in the cytosol, while propionate and butyrate are metabolized in the mitochondria.
As a consequence, 13C atoms from butyrate and propionate contributed the most to
label incorporation into glucose. Butyrate was also the major contributor of carbons
to citrate. In contrast, the contribution of carbons from acetate to glucose and citrate
was minor. It is important to highlight that by using a different number of 13C atoms
in the three SCFA, they can be delivered simultaneously in a single dose, avoiding
multiple intubations in the same subject or division of the cohort of volunteers for
subgroups for the different SCFA to be studied.
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In conclusion, opposite to what we expected from in vitro studies, our data showed
that in the distal ileum SCFA production and interconversion were negligible
and SCFA delivered in the lumen were rapidly absorbed and metabolized by the
host. Even though the small intestine microbiota may have a certain capacity for
fiber fermentation, it is likely that the rapid transit time precludes substantial
fermentation at the sampling location. This is not negative news per se, since the
small intestine is not adapted to handle gas production like the proximal colon.
In Chapter 3 we described FOS and GOS digestibility in the small intestine in-depth.
FOS was not fermented, digested, or absorbed before reaching the distal ileum, and
the initial FOS bolus was almost 100% recovered. GOS was partially digested, likely
by the small intestine brush border enzymes20,21, or absorbed in the small intestine
leading to a less than 80% recovery. The abundances of FOS DP ≥ 2 and GOS DP ≥
3 relative to the initial NDC bolus were not affected, while the relative and absolute
abundance of GOS DP2 was lower than in the initial bolus, because it was hydrolyzed
in the small intestine in a glycosidic-linkage depend fashion. I think that testing
the intestinal digestibility of different NDC with different linkages and degrees of
polymerization in humans in vivo helps future development of tailored prebiotics
to maximize their availability in the proximal colon where they exert most of their
metabolic effects22.
Colon. From the above results and the literature, one can draw the conclusion that
the proximal colon has to be sampled since it is the main site of NDC fermentation
and SCFA production. According to our experience, naso-intestinal catheters might
not be the best option. At first sight, they have many advantages: e.g the number
and size of the lumina and other characteristics can be tuned to the requirements of
the study, they allow to take multiple samples over time with relatively large sample
volumes (1- 2 mL), and they can be reused after proper sterilization15. Nevertheless,
when they need to reach the colon, they are a major burden for the patients. The
positioning of the catheter in the intestine and past multiple valves is not trivial. This
can take hours, if not days15 . In our experimental setup, reaching the more distal part
of the GI tract was successful in only two subjects. In these subjects the sampling
of colonic content was not always feasible due to the viscous fluid consistency and
blockages of the sampling lumen. Other options to study the more distal colon are
colonoscopies and rectal/anal catheters6,13. However, to facilitate the passage of the
catheter, laxatives or enemas to clean the colon are used. These steps utterly perturb
the luminal microbiome, the very subject of our study23–25. Thus, new tools for
assessing colonic NDC fermentation are urgently needed.
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Accessing fermentation in the proximal colon now starts to become possible
through novel gastrointestinal delivering/sampling capsules that can be swallowed
by humans26–30. This technology is non-invasive, with a minimal burden to the
patients, and avoids crossover contamination from regions of the intestine that are
not the region of interest31. Some gastrointestinal sampling capsules are equipped
with wireless communication to collect real-time temperature and pH data, which
allows for an estimation of their location in the gut and to initiate delivery and/or
sampling26 . These capsules have a small size, to enable smooth passage through the
GI tract, and can carry a small volume of sample. Retrieval of the sample can only be
done after the excretion of the capsules, which can take up to several days. For these
reasons, in chapter 4 we developed a toolbox for the comprehensive analysis of small
volume human intestinal samples that can be used with gastrointestinal sampling
capsules. The toolbox comprises a set of validated analytical methods to measure
fiber fermentation, microbial composition, SCFA concentration and SCFA isotope
dilution in the same small sample in the presence of a quenching reagent. Even
though the developed toolbox together with gastrointestinal capsules was not used
in this thesis, I hope that it will offer a major advantage to researchers and clinicians
in this rapidly developing research field and a basis for a more extensive analytical
approach to also study other microbial processes in the gut.
Future perspective. What can we learn from our results and the attempt to measure
colonic NDC fermentation? Considering our experience, the tools available, and
the technology coming, studying the proximal colon fermentation kinetics still has
serious obstacles that we need to take into consideration. First, neither the catheters
nor the gastrointestinal capsules can be precisely positioned and localized within
the colon. This makes standardization of the sampling location among subjects
complicated. This holds even more for the capsules, since for different time points
different free-floating capsules are needed, which are not in exactly the same place.
Moreover, from our experience in chapter 2, we expect that for all technologies,
sampling the highly viscous and dense content of the proximal colon will be difficult.
Even if these issues will be solved by new technologies to come, the proximal colon
is intrinsically a difficult structure to study. The gut functions as a flow-through
reactor for NDC fermentation, but its content is most likely inhomogeneous and
the volume in which the fermentation takes place is not known. Thus, to calculate
fluxes from label dilutions, major assumptions will still be needed. Future research
should address these issues and, in addition to improve the use of non-digestible/
non-fermentable markers to reliably estimate the necessary parameters for proper
calculations of the fermentation kinetics in vivo and host metabolism of SCFA in
humans.
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When reviewing the literature on this topic I was struck by the fact that the inclusion
of healthy female volunteers in trials is minor compared to that of men. Because
of the burden on patients and the high price of the methodologies to investigate
luminal fermentation, human trials are relatively small. To ensure that the data have
less inter-individual variation, female volunteers are rarely included, since they are
more likely to have infrequent bowel movements and to be constipated 32,33. Women
comprise half of the world population, so this gastrointestinal difference far from
being a disadvantage, is actually an important reason why women should be included
in such trials. Moreover, microbiota and metabolic profile can be modulated by
gender34–36. Therefore, I strongly advocate including women in future studies aiming
to improve prebiotics as a treatment strategy in the general population.

Part II. Tissue-specific effects of butyrate on fuel handling
After SCFA are produced in the gut, they can have local effects, e.g. promoting
the release of satiety-inducing hormones, or they can be taken up by the host1 . In
mice, only the uptake flux of SCFA, but not the cecal concentrations, correlated to
improved metabolic health37 . This suggests that SCFA exert their effects at least
partially after they have been absorbed by the host and reached other organs. SCFA
can modulate host metabolic health through a range of tissue-specific mechanisms
related to appetite regulation, energy expenditure, and glucose homeostasis (chapter
1). However, it is important to highlight that SCFA have also been described as a
substrate for lipids and glucose metabolism in mice38 and humans39. Label from
13
C-SCFA delivered directly in the colon was incorporated in metabolites measured
in blood (chapter 2). Tissue-specific effects can be brought about by a direct SCFA
stimulation or as a consequence of inter-organ crosstalk. Effects of SCFA on different
tissues have mainly been studied in animals in vivo after SCFA supplementation and
less often in vitro by direct SCFA stimulation of cells or tissue samples. In this thesis, I
focused on the direct effect of butyrate in two metabolically active tissues, namely (i)
the liver (chapter 5) using murine precision-cut liver slices (PCLS) and (ii) the skeletal
muscle (chapter 6) using C2C12 murine myotubes. Butyrate was chosen because it is
the most widely used SCFA in this context.
Liver. In patients with cirrhosis, decreased circulating levels of SCFA, especially
butyrate, are associated with more advanced liver disease40. In line with this, in vivo
supplementation of butyrate or butyrate-producing bacteria in rodents alleviates
features of metabolic syndrome, including hepatic steatosis and fibrosis, and
thereby prevents the progression of MAFLD41–45 . To study MAFLD, the PCLS model
is a promising tool that recapitulates the multicellular architecture of the liver46,47.
An early manifestation of MAFLD is an accumulation of triglycerides (TG) resulting
in steatosis48. In chapter 5, we optimized murine PCLS as a model for this first stage
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of MAFLD. This allowed us to investigate the direct effect of butyrate on triglyceride
storage in liver tissue, in the absence of crosstalk with other organs. The presence
of butyrate in the incubation medium did not prevent TG accumulation in the PCLS
and contrary to previous findings, butyrate reduced mRNA levels encoding proteins
involved in fatty acid oxidation. Moreover, increasing the concentration of butyrate
resulted in an almost significant increase in TG levels. In agreement with in vivo
studies in mice38 and humans39, and the results of label incorporation in chapter
2, butyrate served as a metabolic substrate. Butyrate increased butyryl-carnitine
levels, which suggests that butyrate is oxidized in the mitochondria. This could lead
to an increase in acetyl-CoA, which may explain why butyrate did not decrease, but
rather increased TG accumulation in the PCLSs. The difference between the in vivo
and in vitro effects of butyrate suggest that the decreased steatosis after butyrate
supplementation in vivo is mostly a consequence of inter-organ crosstalk. Butyrate
has been reported to decrease lipolysis in adipose tissue, which prevents an excess of
lipid supply to the liver1 . Furthermore, butyrate increased GLP-1 and PYY secretion
by the gut, which decreases food intake and increases satiety1,49, which could lead to
fewer calories consumed and lower levels of circulating lipids.
Skeletal muscle. In chapter 6, we also assessed the direct effect of butyrate in C2C12
murine myotubes. Butyrate has been associated with enhanced insulin sensitivity
when administered to mice41,50 and the presence of butyrate-producing bacteria in
the gut correlated with improved insulin sensitivity in humans51. Skeletal muscle
is a major site of insulin-stimulated glucose uptake and therefore plays a critical
role in glucose homeostasis52. Yet, less than a handful of studies has addressed
the effect of SCFA on this tissue. Gao et al reported that the insulin sensitivity of
skeletal muscle improved after butyrate administration to mice50. In chapter 6 we
confirmed this effect, also when butyrate was directly added to myotubes. Butyrate
acted as an HDAC inhibitor, upregulating the mRNA levels of various target genes
(Mct-1, Irs1, Slc2a4), which in turn led to an increased insulin-stimulated glycolytic
capacity. Opposite to what was expected, however, long-chain fatty acid oxidation
was not enhanced by butyrate stimulation. Instead, in agreement with chapter 5,
butyrate was actively used as a metabolic substrate. To elucidate the role of butyrate
metabolism, we abolished butyrate oxidation by knocking down the medium-chain
3-ketoacyl-CoA thiolase (Acaa2, MCKAT). Notably, the insulin-sensitizing effect of
butyrate was exacerbated. This suggests that butyrate catabolism functions as an
escape valve that attenuates HDAC inhibition.
Future perspective. In conclusion, in chapters 5 and chapter 6 I described the
different effects of butyrate in two important metabolic tissues. Contrary to earlier
studies, butyrate did not regulate long-chain fatty acid oxidation in the liver or the
225
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skeletal muscle. Instead, butyrate was actively metabolized in both organs. This
agrees with the results discussed in chapter 2 where I showed that carbon atoms
of butyrate enter the carbon skeleton of glucose. Possibly, the enhanced energy
expenditure observed in in vivo studies in humans and rodents6,8,41,50,53–55, might be
indicative of increased butyrate oxidation. The observation that butyrate acts also as
a metabolic substrate needs to be considered when developing intervention strategies
for metabolic disease based on butyrate supplementation in any form. This, together
with an understanding of how butyrate modulates multiple intracellular pathways
could improve the development of simple dietary strategies towards preventing and
treating metabolic syndrome.
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