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1.1 Impact of the gastrointestinal tract on the bioavailability and 
activity of orally ingested xenobiotics 

1.1.1 Introduction 

During the past decade, researchers have shown an increased interest in the fate of 

orally ingested exogenous compounds, such as food components/supplements and 

pharmaceuticals in the gastrointestinal system (Dupont et al. 2019). Data of the Food 

and Drug Administration (FDA) confirms that oral administration is still the most 

common route of drug delivery. The FDA approved 59 and 48 new pharmaceutical 

drugs in 2018 and 2019 respectively, of which 33 (55%) and 26 (54%) were new oral 

drug formulations (FDA 2019, FDA 2020). The systemic absorption of an orally ingested 

xenobiotic from the gastrointestinal tract depends on the dissolution and stability of 

the drug formulation and xenobiotic (e.g. active pharmaceutical ingredient (API)) and 

absorption across the intestinal epithelium. These processes are determined by the 

interplay between formulation-characteristics of the xenobiotic, physicochemical 

properties of the xenobiotic and the physiology of the gastrointestinal tract (Vertzoni 

et al. 2019). The gastrointestinal tract contains diverse compartments with varying 

physiological properties such as pH, oxygen level, peristaltic movements resulting in 

differences in residence times, enzymatic activity, intestinal microflora, which could 

influence the bioavailability, activity and/or toxicity of these compounds (Mudie et al. 

2010, Abuhelwa et al. 2017). A thorough knowledge of the impact of these anatomical 

and physiological variables on the bioavailability, activity and/or toxicity of xenobiotics 

is essential further research on formulation and dosing strategies. In the field op drug-

development, an in-depth understanding of the gastrointestinal behavior of the API 

can lead to a more evidence-based approach rather than a trial-and-error approach 

resulting in a cost- and time-reduced procedure (Van Den Abeele et al. 2017). 

Application of relevant in vitro or in silico gastrointestinal models can aid in the 

development of this research field (Hens et al. 2017).  
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1.1.2 Anatomy and physiology of the gastrointestinal tract 

The gastrointestinal tract can be seen as a series of connected muscular tubes passing 

throughout the body from mouth to anus (Figure 1-1).  

 

Figure 1-1: The human gastrointestinal tract and the liver, gallbladder and pancreas. 

1.1.2.1 The mouth 

Ingested materials are mixed with saliva and physically broken down by chewing 

(mastication) in the mouth. Saliva, at a pH of 6.8 – 8, contains the enzyme amylase 

which is responsible for the initial breakdown of polysaccharides and will lubricate the 

ingested material to improve the swallowing-process (deglutition) where the ingested 

material is transported through oesophagus to the stomach. Residence time of 

ingested materials in the mouth will differ dependent of the matrix. Most food-

materials will require mastication, and thus increasing the exposure time to the saliva, 

while the residence time of most pharmaceuticals or food supplements will be 

extremely short as they are swallowed immediately (DeSesso and Jacobson 2001, 

Vertzoni et al. 2019). 
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1.1.2.2 The stomach 

The gastric fluid is composed of multiple components (i) derived from the stomach 

such as gastric acid, enzymes and mucus, (ii) ingested or (iii) derived from the 

duodenum through reflux. The gastric environment is mostly described as an acidic 

environment, with reported pH values of 1.5-1.9 in a fasted state. However, in a fed 

state, gastric fluid pH will rise, postprandial pH values of 4.9 have been reported, 

dependent of the meal volume and composition which could influence the formulation 

disintegration and solubility of the xenobiotic (Simonian et al. 2005, Vertzoni et al. 

2019). While the upper half of the stomach will store food entering from the 

oesophagus, the lower half is responsible for digestion by mechanically contractions 

and mixing the ingested material with acid, pepsin and gastric lipase resulting in a 

semi-solid mixture called chyme (Silverthorn 2010). Parietal cells of the gastric glands 

will produce gastric acid (HCl) which can denature proteins, but also has a protective 

function as few bacteria or other ingested microorganisms can survive in the acidic 

environment (pH 1.5-3.5) (Dieterich et al. 2018). Furthermore, the low pH will 

inactivate the salivary amylase.  

The two main enzymes present in the gastric fluid are pepsin and gastric lipase. Chief 

cells of the gastric glands will produce pepsinogen, which is activated to pepsin in the 

stomach lumen by a proton (H+), and gastric lipase. Pepsin will be responsible for the 

digestion of proteins in the stomach and has a maximal activity at pH 2, while no 

activity has been described at pH 5.5 or more (Vertzoni et al. 2019). Gastric lipase is 

reported to be active between the pH range of 3-5.5. The importance of gastric lipase 

is limited as only 10% of the lipid digestion occurs in the stomach (Silverthorn 2010). 

The muscular contractions will push the chyme against the closed sphincter. Particles 

with a diameter of 2-5 mm will pass to the duodenum. Gastric emptying time can vary 

between 10 min for a glass of water in the fasted state and 3 h or more for a 

standardized FDA high-caloric breakfast, meaning the intake of food can have a 

pronounced effect on the gastric residence time of the xenobiotic (Pal et al. 2007, 
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Koziolek et al. 2014, Mudie et al. 2014, Vertzoni et al. 2019). Absorption of xenobiotics 

in the stomach is limited due to the small epithelial surface (DeSesso and Jacobson 

2001).  

1.1.2.3 The small intestine 

The small intestine is responsible for the majority of digestion and absorption. The 

small intestine consists out of the duodenum, jejunum and ileum (Figure 1-1). 

Pancreatic and intestinal fluids including bile, bicarbonate and digestive enzymes are 

secreted into the small intestinal lumen during the digestive state. The intestinal fluid 

will be slightly alkalic (pH of approximately 7.5) in the fasted state due to the presence 

of bicarbonate ions, resulting in an optimal environment for intestinal and pancreatic 

enzymes. However, high variability in small intestinal lumen pH during the first hour 

after consumption of a glass of water has been reported. The consumption of a meal 

led to decreased pH values 3 h postprandial, ranging from pH 4.8 to 6.5 (Kalantzi et al. 

2006, Riethorst et al. 2016, Vertzoni et al. 2019). The intestinal epithelium and the 

pancreas will produce digestive enzymes. Peptidases, disaccharidases and 

enteropeptidases are examples of brush border enzymes that are anchored to the 

luminal side of the enterocytes. The secreted pancreatic enzymes include amylases, 

proteolytic enzymes, lipases and phospholipases (Silverthorn 2010). The small 

intestine has a total length varying between 3 and 8 m with typical structural 

properties of the intestinal cell wall, including villi and microvilli, resulting in a large 

surface area for absorption of food nutrients, pharmaceuticals and other compounds 

(Figure 1-2). Absorption occurs mainly in the duodenum and proximal part of the 

jejunum (DeSesso and Jacobson 2001, Teitelbaum et al. 2013, Vertzoni et al. 2019). 

The small intestinal transit time is relatively stable with reported mean intervals 

between 4 – 5 h (Sarosiek et al. 2010, Stillhart et al. 2020). 
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Figure 1-2: Detailed overview of the small intestinal mucosa.  

1.1.2.4 The large intestine 

The large intestine is composed of the appendix, cecum, ascending, transverse, 

descending and sigmoid colon, rectum and the anus (Figure 1-3). The main functions 

of the large intestine are (i) processing unabsorbed and undigested chyme, (ii) 

absorption of the remaining water, electrolytes and vitamins and (iii) formation and 

directing of feces to the rectum for elimination (Silverthorn 2010, Azzouz and Sharma 

2020). Absorption of electrolytes such as sodium, chloride and potassium by passive 

or active pathways will result in an osmotic gradient responsible for the water 

absorption (Kiela and Ghishan 2016, Azzouz and Sharma 2020). Traditionally, it was 

believed that no significant digestion took place in the large intestine. However, the 

past decades multiple studies have shown that the bacteria residing in the colon are 

responsible for fermentation of indigestible carbohydrates into short-chain fatty acids 

(SCFA) (Silverthorn 2010). Pyruvate, produced by the colonic bacteria as result of 

glycolysis of the non-digested carbohydrates, is the precursor for SCFA acetate, 
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propionate and butyrate production through various metabolic pathways. Acetate and 

butyrate are both derived from acetyl-CoA resulting from pyruvate, while propionate 

may derive from succinate, propanediol and/or acrylate (Zhao et al. 2019). The pH of 

the colon environment in a fasted state is reported to be about 7.8, while the pH will 

drop in the fed state to approximately 5.8-6 due to enhanced bacterial fermentation, 

and thus SCFA formation, of indigested fibers in the consumed meal (Koziolek et al. 

2015). 

 

 

Figure 1-3: The different regions of the large intestine. 

The physicochemical properties of the colon remained underinvestigated in 

comparison to the upper gastrointestinal tract, as it was believed that absorption of 

orally administered xenobiotics occurred mainly in the small intestine. However, 

xenobiotics with a low permeability and/or solubility in the upper gastrointestinal 

tract, drugs targeting the colon or included in an extended release formulation will be 

exposed to the colonic environment (Vertzoni et al. 2019). Only recently, the 

importance of the bacteria residing in the colon on the activity, bioavailability and/or 

toxicity of xenobiotics reaching the colon has been acknowledged.  
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1.2 The gut microbiome 

1.2.1 Introduction 

Every human being can be seen as an ecosystem on its own. Our body houses 10 times 

more bacterial cells than human cells, and to a lesser extent viruses, fungi, archaea, 

and protozoans (Stojancevic et al. 2014). The gastrointestinal tract accommodates 

between 1012-1013 microorganisms with species diversity increasing longitudinally 

from mouth to colon, the latter harboring the most bacteria of the whole 

gastrointestinal tract also known as the gut microbiota (Figure 1-4).  

 

Figure 1-4: The gut microbiome is composed of the microorganisms living in the colon 
(gut microbiota) and their collective genome. The gut microbiome executes various 
important functions influencing the hosts’ physiology. 

The human gastrointestinal tract houses eight phyla, Firmicutes, Bacteroidetes, 

Proteobacteria, Fusobacteria, Verrucomicrobia, Cyanobacteria, Spirochaeates and 

Actinobacteria, with the first two accounting for 90% of the gut diversity. The gut 

microbiome, the gut microbiota living in the colon and their collective genomic 
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content, is estimated to contain 100 to 300-fold more genes than the human genome 

(Figure 1-4) (Borody et al. 2013, Stojancevic et al. 2014, Jandhyala et al. 2015). These 

insights have led to the understanding that the gut microbiome is responsible for 

immunological and gut-protective functions influencing the hosts’ physiology and that 

it can be considered as an additional metabolizing organ (O'Hara and Shanahan 2006, 

Borody et al. 2013). The gut microbiome executes various important functions, 

including some that the host himself is unable to perform: synthesis of vitamins K2 and 

B12, development and regulation of the immune and nervous system, protection 

against pathogenic species, maintaining a barrier function, regulation of host fat 

storage and energy homeostasis, and stimulation of intestinal angiogenesis 

(Krajmalnik-Brown et al. 2012, Jandhyala et al. 2015).  

1.2.2 Variables influencing the composition of the human gut 
microbiome 

The composition of the gut microbiota depends on multiple factors including age, 

health status, immune system, drug use, lifestyle, the genetic background of the host, 

hygiene and type of diet leading to interindividual variation (Krajmalnik-Brown et al. 

2012).  

1.2.2.1 Age 

The first gut microbiota profile in infants is mainly dependent of the mode of delivery. 

In vaginally born infants, Lactobacillus and Prevotella, microorganisms of the maternal 

vagina will mainly colonize the intestines of the child. The intestines of infants born by 

cesarean section, is mainly colonized by microorganisms of the maternal skin flora 

(Streptococcus, Propionibacterium and Corynebacterium). However, these differences 

are no longer reflected in adult gut microbiota composition (Dominguez-Bello et al. 

2010, Falony et al. 2016). An adult-like phylogenetic composition of the gut microbiota 

is developed by the age of 3 years, however bacterial diversity keeps increasing with 

age (Yatsunenko et al. 2012). The gut microbiota profile remains constant during 
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adulthood, although differences resulting from diet-type, drug-use etc. have been 

described (Krajmalnik-Brown et al. 2012). Reduced bacterial diversity and metabolic 

capacity of the gut microbiome has been described in the elderly population (Nagpal 

et al. 2018).  

1.2.2.2 Diet 

Research have pointed out that dietary habits are considered to be one of the most 

important factors influencing the gut microbiota composition. Vegan and vegetarian 

diets have been linked with a greater abundance of the Bacteroidetes phylum while 

individuals consuming a Western diet (a diet high in in fats and sugars, and low in 

dietary fibers) are characterized by an enrichment of Firmicutes (De Filippo et al. 2010, 

Glick-Bauer and Yeh 2014, Jain et al. 2018).  

1.2.2.3 Drug use 

One of the major pharmaceutical drugs affecting the gut microbiota are antibiotics. 

They will affect both the pathogenic and beneficial bacteria and can lead to alterations 

of the gut microbiota over a longer period of time. Ciprofloxacin has shown to result 

in a loss of diversity and shifts in gut microbiota-composition within 4 days after start 

of the therapy. Microbiota composition began to return to the initial state 1 week after 

the end of the antibiotic-treatment, however, even within a period of 10 months, the 

return was incomplete (Dethlefsen and Relman 2011). Even four years post-treatment, 

differences in gut microbiota composition due to clarithromycin and metronidazole 

treatment could still be observed (Jakobsson et al. 2010). 

Apart from antibiotics, other pharmaceutical drugs, such as proton pump inhibitors, 

laxatives, statins, angiotensin-converting enzyme (ACE) inhibitors and beta-blockers 

have been associated with dysbiosis of the gut microbiota (Weersma et al. 2020). As 

an example, multiple studies have reported reduced abundances of Clostridium and 
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Intestinibacter and increased abundances of Escherichia/Shigella after metformin 

intake (Forslund et al. 2015, Bryrup et al. 2019).  

1.2.2.4 Genetics 

Goodrich et al. (2014) reported higher similarities in gut microbiome composition for 

monozygotic twins when compared to dizygotic twins suggesting the presence of a 

heritable component in shaping the gut microbiome. Members of the phylum 

Bacteroidetes are reported to be not heritable, while taxa from the phyla Firmicutes 

and Actinobacteria did show a heritable component (Goodrich et al. 2014, Goodrich et 

al. 2016). 

1.2.3 Metabolic capacity of the gut microbiome 

One of the main metabolic functions of the gut microbiome is the fermentation of non-

digestible polysaccharides to monosaccharides and subsequently to bacterial 

fermentation products such as acetate, propionate and butyrate. These SCFA 

represent the primary source of energy for the colonocytes and maintenance and 

proliferation of the intestinal flora (Donohoe et al. 2011, Pascale et al. 2018). Microbial 

fermentation primarily occurs in the cecum and ascending colon due to high substrate 

availability and rapid microbial growth resulting in a more acidic environment (pH 5-

6). Substrate availability declines significantly towards the distal colon leading to a 

decreased fermentation activity of the gut microbiota (Pascale et al. 2018). 95% of the 

produced SCFA is absorbed by the colonocytes and provides approximately 10% of the 

daily caloric requirements (den Besten et al. 2013). 

1.2.3.1 Microbiotic biotransformation of xenobiotics 

The gut microbiome can directly and indirectly influence the bioavailability, activity 

and possible toxicity of ingested compounds (Figure 1-5-a) (Koppel et al. 2017, Wilson 

and Nicholson 2017). Examples of direct interferences are the conversion of the 
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prodrug sulfasalazine to the active compound 5-aminosalicylic acid (5-ASA) by 

azoreductase (Figure 1-6-A). The cardiac glycoside digoxin is an example of inactivation 

by the gut microbiome (Figure 1-6-B) (Koppel et al. 2017). Another example of a direct 

interaction is the direct binding of xenobiotics or dietary components to the bacteria 

(Carmody and Turnbaugh 2014, Spanogiannopoulos et al. 2016). Examples of indirect 

interferences are the alteration of host genes expression (e.g. lower expression of 

CYP450 enzymes), competition and/or inhibition of host enzymes by microbial 

biotransformation products and reactivation of drugs by deconjugation of phase II 

biotransformation products after enterohepatic circulation (Carmody and Turnbaugh 

2014, Spanogiannopoulos et al. 2016).  

 

Figure 1-5: a) Overview of the direct and indirect mechanisms linking the gut 
microbiome and xenobiotic biotransformation. Biotransformation of xenobiotics by 
the gut microbiome may result in activation or inactivation of the compounds or 
formation of toxic biotransformation products. Examples of indirect influences are 
activation of xenobiotics during enterohepatic cycling, altered host xenobiotic 
biotransformation due to competition of microbial biotransformation products or 
metabolites for enzyme binding sites. b) The gut microbiome can be seen as a site of 
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first-pass biotransformation as the gut microbiome may alter xenobiotics prior to 
absorption. Figure from Spanogiannopoulos et al. (2016). 

 

Figure 1-6: Examples of direct interactions of the gut microbiome on the activity of 
xenobiotics. (A) Prodrug sulfasalazine is biotransformed to active compound 5-
aminosalicylic acid by the gut microbiome. (B) Digoxin is inactivated by reduction of 
the double bond with formation of dihydrodigoxin.. 

Important differences between hepatic and bacterial metabolism have been observed. 

Liver metabolic pathways consist mostly out of oxidative phase I reactions, by the 

cytochrome P450 enzymes (CYP450), and conjugation phase II reactions, by 

involvement of uridine 5’-diphospho(UDP)-glucuronosyltransferases (UGTs), 

sulfotransferases (SULTs), etc., typically leading to the conversion of lipophilic 

compounds into more hydrophilic compounds to enhance excretion. The major 

biotransformation reactions by the gut microbiome are reductive, due to the high 

reduction potential of anaerobic bacteria, and hydrolytic reactions. In addition, the gut 

microbiome is responsible for processing glutathione conjugates of xenobiotics 

excreted in the bile, deacylation, demethylation, decarboxylation, dehydroxylation, 

dealkylation, dehalogenation, deamination, acetylation, and 

Sulfasalazine
prodrug

Azoreductase

Sulfapyridine 5-aminosalicylic acid
active

A) Digoxin
active

Dihydrodigoxin
inactivated

Reductase

B)

Gut microbiome
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oxidation/dehydrogenation (Venema and van den Abbeele 2013, Stojancevic et al. 

2014, Wilson and Nicholson 2017). These chemical differences between human and 

microbial biotransformation reactions result from an increased diversity of enzymes 

and from a difference in biotransformation purpose. While the goal of human 

biotransformation evolved to facilitate excretion of xenobiotcs from the human body, 

the microbiotic biotransformation aims to promote microbial growth through 

production of bacterial fermentation products (Koppel et al. 2017). Besides oral and 

rectal administrated drugs, other administration routes (e.g. intravenous) can result in 

the presence of the drug in the colon by secretion or diffusion from the systemic 

circulation or by enteric and hepatic secretion into the intestinal lumen (Figure 1-5-b) 

(Stojancevic et al. 2014). Most new pharmaceutical drug candidates experience 

biopharmaceutical problems like low solubility and/or low permeability leading to 

longer contact with the gut microbiome. Furthermore, there is currently a lack of 

knowledge on how the microbiotic biotransformation varies between individuals and 

different disease-states. This shows the need for more biotransformation studies 

including the role of the gut microbiome (Sousa et al. 2008).  

 

1.2.4 The gut microbiome in health and disease 

Perturbations in composition and function of the gut microbiome has been associated 

with a wide range of human diseases including obesity (Ley et al. 2005, Ley et al. 2006, 

Turnbaugh et al. 2008, Turnbaugh et al. 2009), type 2 diabetes (T2D) (Larsen et al. 

2010, Qin et al. 2012, Sedighi et al. 2017), cardiovascular diseases (Brown and Hazen 

2015, Yang et al. 2015, Yan et al. 2017), inflammatory bowel disease (Machiels et al. 

2014, Schirmer et al. 2018), colorectal cancer (Wang et al. 2012, Wu et al. 2013) and 

neurological disorders (Adams et al. 2011, Li et al. 2017, Strati et al. 2017) (Table 

1-1).Deviating results are reported for some diseases stressing the importance for 

further research. Both increased as decreased abundances of phylum Bacteroidetes 
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have been associated with autism spectrum disorder (Strati et al. 2017). Distinguishing 

if the observed dysbiosis is due to causality or effect remains a challenge as various 

mechanisms, such as dietary habits, bowel function and medication, can lead to 

changes in gut microbiota (Shreiner et al. 2015). Furthermore, little is known on the 

effect of disease-associated dysbiosis on microbial biotransformation of xenobiotics 

and potential inter-individual differences between disease-states.  

Table 1-1: Examples of human diseases associated with gut microbiome-dysbiosis.  

Disease Associated dysbiosis References 
Obesity • Increase in Firmicutes/Bacteroidetes ratio 

• Decrease in microbiota diversity 
Ley et al. (2005, 
2006), Turnbaugh et 
al. (2008, 2009)  

Type 2 diabetes 
(T2D) 

• Decrease in phyla Firmicutes and class 
Clostridia 

• Increase in Lactobacillus 
• Decrease in Bifidobacterium 

Larsen et al. (2010), 
Qin et al. 2012), 
Sedighi et al. (2017) 

Hypertension • Decrease in butyrate producing bacteria 
(Faecalibacterium and Roseburia) 

• Increase in Firmicutes/Bacteroidetes ratio 
• Decrease in microbiota diversity 

Yang et al. (2015), 
Yan et al. (2017) 

Inflammatory 
bowel disease 

• Decrease in butyrate-producing 
Firmicutes (e.g. Faecalibacterium 
prausnitzii) 

• Increase in taxa from family 
Enterobacteriaceae 

• Increase in mucolytic Ruminococcus sp. 

Machiels et al. 
(2014), Schirmer et 
al. (2018) 

Colorectal 
cancer 

• Decrease in butyrate producing bacteria 
(Faecalibacterium and Roseburia) 

• Increase in Bacteroides fragilis 
(enterotoxigenic) 

Wang et al. (2012), 
Wu et al. (2013) 

Autism spectrum 
disorder 

• Increase in Firmicutes/Bacteroidetes ratio 
due to decrease of relative abundance of 
Bacteroidetes 

• Increase in Bacteroidetes and 
Lactobacillus sp. 

• Decrease in microbiota diversity 

Adams et al. (2011), 
LI et al. (2017), Strati 
et al. (2017) 
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1.2.5 In vitro versus in vivo biotransformation studies 

In vivo animal or clinical studies to investigate the colonic biotransformation of 

xenobiotics experience some limitations and disadvantages. First of all, these studies 

are time-consuming, labor-intensive and expensive (Verhoeckx et al. 2015). During in 

vivo studies, access to the gut is difficult to accomplish as it would require a long 

catheter trough the throat or nose, or a tube stuck up the rectum. Furthermore, animal 

studies mostly lead to the sacrifice of the animals to be able to sample the different 

compartments of the gut (Venema and van den Abbeele 2013, Venema 2015). Based 

on the 3R principle, replacement, reduction and refinement of animal studies, in vitro 

gastrointestinal models offer an alternative approach to study the colonic metabolism.  

In general, in vitro models of the gastrointestinal tract contain multiple compartments 

to mimic the different parts of the digestive system (mouth, stomach, small and large 

intestine) (Verhoeckx et al. 2015). Easy access to the different compartments allows 

dynamic and multiple sampling over time which can help in the understanding of the 

different steps of the gut fermentation (Verhoeckx et al. 2015). The disadvantage of in 

vitro models is that they are not fully representative for the in vivo conditions. 

Therefore, it is important to create conditions that closely mimic the in vivo situation 

to obtain a high level of physiological significance (Venema and van den Abbeele 2013, 

Verhoeckx et al. 2015).  

1.2.5.1 In vitro models of the gut microbiome 

In in vitro gut microbiome models, a distinction can be made between static short-

term batch incubations (i.e. test-tube containing fecal suspension and substrate), 

single stage reactors or semi-continuous systems (i.e. comprising a static bioreactor to 

which needed enzymes are added manually and stirred) and multi-compartmental 

continuous models (i.e. emphasize dynamic changes in the digestive tract: changes in 

temperature, pH and digestive secretions, direct connection between compartments, 

peristalsis) among the wide range of available in vitro gastrointestinal tract and 
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fermentation models (Venema and van den Abbeele 2013, Verhoeckx et al. 2015). 

Static batch incubations are frequently used but are not able to provide accurate 

results since they tend to over-simplify the in vivo situation. A better representation 

of the in vivo situation can be acquired with semi-continuous (e.g. gastrointestinal 

dialysis model with colon phase (GIDM-Colon)) or multi-compartmental continuous 

models (e.g. SHIME®, TIM-2.) (Venema 2015).  

 

Figure 1-7: Overview of available in vitro gastrointestinal models including the gut 
microbiome. A) The gastrointestinal dialysis model with colon phase (GIDM-Colon), B) 
The TNO computer-controlled in vitro gastrointestinal model of the Colon (TIM-2), C) 
The Simulation of the Human Intestinal Microbial Ecosystem (SHIME). From (Breynaert 
et al. 2015, Van de Wiele et al. 2015, Venema 2015). 

1.2.5.1.1 GIDM-Colon 

The GIDM-Colon (Figure 1-7-A) was developed at the Laboratory of Natural Products 

and Food – Research and Analysis (NatuRA) of the University of Antwerp (Belgium). 

A) B)

C)
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This semi-continuous model is able to simulate the gastric, small intestinal and colonic 

physiological conditions including the presence of digestive enzymes, bile and the 

colonic gut microbiota. The model uses continuously stirred dialysis cells, which enable 

dialysis during the small intestinal and colonic stage. The use of separate dialysis cells 

allows the inclusion of multiple replicates, blank and negative control samples in one 

experimental run. Dialysis cells are inoculated with the microbiota from individual or 

pooled fecal samples after a 17 h incubation step in Wilkin-Chalgren Anaerobe Broth 

(WCB). The anaerobic environment during the colonic stage is guaranteed as dialysis 

cells are placed in an anaerobic glove box (5% CO2, 5% H2, 90% N2) (Breynaert et al. 

2015).  

Table 1-2: Overview of the differences in features between the GIDM-Colon, TIM-1 
and TIM-2 and the SHIME. 

Features GIDM-Colon TIM-1 and TIM-2 SHIME 
Multiple colon 
compartments? 

No Yes Yes 

Transfer of 
content? 

Manual Automatic Automatic 

Stabilization 
period? 

17 h 17 h 2 weeks 

Dialysis? Yes Yes No 

 

1.2.5.1.2 TIM-1 and TIM-2 

The TNO computer-controlled, dynamic in vitro gastrointestinal model of the Colon 

(TIM-2, Figure 1-7-B) was developed around the year 2000 and is based on the gastric 

and small intestinal gastrointestinal model (TIM-1). TIM-1 consists out of 4 glass 

chambers simulating the stomach, duodenum, jejunum and ileum while TIM-2 

simulates the ascending, transverse and descending colon. Both TIM-1 and TIM-2 use 

glass chambers with flexible internal walls. Water between the glass and the flexible 

membranes is responsible for maintaining the body temperature (37 °C). Furthermore, 
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peristaltic movements can be simulated by application of pressure in specific 

sequences on the water resulting in contraction of the flexible membranes and mixing 

of the luminal content. The model enables dialysis to prevent accumulation of 

microbial metabolites, which could lead to inhibition of bacterial activity or bacterial 

death. A 17 h stabilization period is applied after inoculation of the colonic glass 

chambers with gut microbiota. The model is flushed with N2 to ensure the anaerobic 

environment (Venema 2015).  

1.2.5.1.3 SHIME 

The Simulation of the Human Intestinal Microbial Ecosystem (SHIME) model has been 

previously developed at Ghent University (Belgium). The model is composed out of 5 

stages including the stomach, the small intestine, the ascending, transverse and 

descending colon (Figure 1-7-C). The content is automatically transferred between the 

different compartments by pumps at specified intervals. A nutritional medium and a 

pancreatic-bile solution are added to the gastric and small intestine compartment 

respectively three times a day. The colon compartments are filled with nutritional 

medium and inoculated with fecal sample from one individual followed by a two week 

stabilization period. The colon stages are continuously stirred with a continuous pH 

and volume control. pH is set at 5.6-5.9 for the ascending colon, 6.1-6.4 for the 

transverse colon and 6.6-6.9 for the descending colon. The headspace compartments 

of the colon stages are daily flushed with N2 to ensure an anerobic environment. In 

comparison to the GIDM-Colon and TIM-2, no dialysis is performed in this model (Van 

de Wiele et al. 2015). 
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1.3 Chlorogenic acid 

1.3.1 Introduction 

The term chlorogenic acids is the collective of naturally occurring phenolic compounds 

composed of an ester of quinic acid with one or more hydroxycinnamic acids such as 

caffeic acid and ferulic acid (Wianowska and Gil 2018). The predominant species in the 

human diet is 5-caffeoylquinic acid (5-CQA), referred to as chlorogenic acid throughout 

the thesis, composed of the ester of caffeic acid and quinic acid (Figure 1-8). It is the 

major polyphenolic compound found in coffee and is also present in tea, fruits and 

vegetables (Konishi and Kobayashi 2004, dos Santos et al. 2006, Naveed et al. 2018).  

 

Figure 1-8: Overview of the chemical structures of chlorogenic acid, caffeic acid and 
quinic acid. 

Chlorogenic acid has been associated with multiple health-promoting properties such 

as antidiabetic (Hunyadi et al. 2012), anti-inflammatory (dos Santos et al. 2006, Liang 

and Kitts 2018), antioxidative (Agudelo-Ochoa et al. 2016), and antihypertensive 

effects (Mubarak et al. 2012, Santana-Galvez et al. 2017). A meta-analysis including 25 

case-control and 16 cohort studies (Li et al. 2013) and epidemiological data (Schmit et 

al. 2016) suggest an inverse association between coffee consumption and colorectal 

Chlorogenic acid

Caffeic acid Quinic acid
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cancer incidence, but prevention of coronary heart disease and some cancers were 

described (Dupas et al. 2006, Schmit et al. 2016). In-depth knowledge on the 

gastrointestinal behavior of chlorogenic acid can aid in a better understanding of the 

biological properties of chlorogenic acid.  

1.3.2 Microbiotic biotransformation of chlorogenic acid 

Stalmach et al. (2010) reported a recovery of 70% of the initial chlorogenic acids intake 

after coffee consumption in the ileal fluid of ileostomy patients, suggesting that this 

fraction will reach the colon and will be exposed to the gut microbiota. Accordingly, 

Stalmach et al. (2009, 2010) reported a higher recovery of microbial biotransformation 

products (Figure 1-9) of chlorogenic acids in the urine of healthy human volunteers 

with an intact colon in comparison to the ileostomy patients, substantiating an 

important role for the gut microbiota in the biotransformation of chlorogenic acids 

and the colon on absorption of its microbial metabolites (Stalmach et al. 2009, 

Stalmach et al. 2010). Multiple studies have studied and confirmed the 

biotransformation of chlorogenic acid by the gut microbiome in rats, humans and in 

vitro models (Gonthier MP 2003, Olthof et al. 2003, Konishi and Kobayashi 2004, 

Rechner et al. 2004, Gonthier et al. 2006, Del Rio et al. 2010, Tomas-Barberan et al. 

2014, Breynaert et al. 2015, Pinta et al. 2018).  

1.3.3 In vivo bioavailability of chlorogenic acid 

Multiple studies have reported an influence of the microbiotic biotransformation of 

chlorogenic acid on the in vivo bioavailability. The in vivo bioavailability of chlorogenic 

acid(s) was studied in humans and rats after coffee consumption (Dupas et al. 2006, 

Stalmach et al. 2009, Stalmach et al. 2010), oral ingestion of a green coffee extract 

(Farah et al. 2008) or a chlorogenic acid supplemented diet (Gonthier et al. 2003, Li et 

al. 2020). Farah et al. (2008) and Gonthier et al. (2003) studied the bioavailability of 

chlorogenic acid in humans and rats respectively, including the microbial 

biotransformation products in the formula of the apparent bioavailability. Farah et al. 
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(2008) reported an apparent bioavailability of 33% ± 27% for chlorogenic acid after 

oral ingestion of a green coffee extract. Gonthier and colleagues (2003) stated that the 

bioavailability of chlorogenic acid is highly dependent on its microbial 

biotransformation as 57% (mol/mol) of the orally ingested dose of chlorogenic acid 

was recovered as microbial biotransformation products in the plasma. These studies, 

however, do not allow to make statements on the absorption of chlorogenic acid and 

its microbial biotransformation products across the intestinal cell wall which remains 

an opportunity for further research.  

 

Figure 1-9: Proposed biotransformation pathway of chlorogenic acids after coffee-
consumption by Stalmach et al. (2010). Biotransformation steps absent in individuals 
without colon are indicated. Bold and dotted arrows indicate major and minor 
biotransformation steps respectively. COMT: catechol-O-methyltransferase, ET: 
esterase, RA: reductase, GT: UDP-glucuronyltransferase, ST: sulfuryl-O-transerase, Co-
A: co-enzyme A. Figure from (Stalmach et al. 2010). 
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1.4 Objectives and outline of the thesis 

The gut microbiome has been neglected during drug development, formulation and 

dosing strategies since little is known about the effect of this newly proposed 

metabolic organ on the activity, possible toxicity and bioavailability of orally 

administered xenobiotics. The main objective of this PhD is to gain more insights in the 

role of the gut microbiome on the gastrointestinal fate of orally ingested xenobiotics 

as well as investigating inter-population differences between lean and obese 

volunteers. Consequently, the objectives of this PhD project were to: 

1. Optimize a ready-to-use in vitro platform including the GIDM-Colon and 

bioanalytical strategies to investigate the gastrointestinal biotransformation 

of xenobiotics.  

 
2. Application of the in vitro platform to investigate interindividual differences in 

microbiotic biotransformation of xenobiotics between a lean and obese 

population.  

 
3. Expand the in vitro gastrointestinal platform with an in vitro permeability and 

an in vitro intestinal first-pass assay using a Caco-2 cell-line and human 

intestinal microsomes (HIM)/cytosol (HICYT) preparations respectively.  These 

assays can be applied to study the in vitro intestinal absorption and in vitro 

intestinal first-pass biotransformation of xenobiotics and their microbial 

biotransformation products.  

Chapter 2 discusses the optimization of a ready-to-use gut microbiome 

biotransformation platform using an in vitro gastrointestinal dialysis-model with colon 

phase together with an instrumental platform using liquid chromatography coupled to 

high resolution mass spectrometry (LC-Q-TOF-MS). Both pre-analytical phase and 

data-analysis workflows are optimized. The second part of this chapter discusses the 



CHAPTER 1 

 
25 

compatibility of parallel GIDM-Colon experiments covering different sampling 

timepoints and dialysis timings.  

The optimized gut microbiome biotransformation platform is applied in Chapter 3 to 

study interindividual differences in microbiotic biotransformation of chlorogenic acid 

between a lean and obese population. Differences in biotransformation rate and 

number of identified biotransformation products are discussed.  

The aim of Chapter 4 is to investigate the in vitro intestinal absorption of chlorogenic 

acid and quinic acid, one of its most prominent microbial biotransformation products, 

using a bidirectional Caco-2 permeability assay.  

The intestinal first-pass biotransformation of chlorogenic acid and two of its microbial 

biotransformation products, caffeic acid and quinic acid, is investigated. The intestinal 

phase I and phase II biotransformation products are investigated using an in vitro 

biotransformation assay including human intestinal microsomes and human intestinal 

cytosol preparations. Results are discussed in Chapter 5. 

Chapter 6 concludes the PhD thesis with a critical discussion of the presented results 

followed by some insights in necessary future research.   
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2.1 Introduction 

As compared to the human genome, the cumulative genome content of the gut 

microbiota, also known as the gut microbiome, is estimated to contain 100 to 300-fold 

more genes than the human genome and contains 3.3-10 million nonredundant genes 

(Borody et al. 2013, Stojancevic et al. 2014, Jandhyala et al. 2015). It is therefore not 

surprising that the gut microbiome is able to influence the physiology of the host and 

that it is considered as an additional metabolizing organ (O'Hara and Shanahan 2006, 

Borody et al. 2013). Important differences between hepatic and bacterial metabolism 

have been observed. Liver metabolic pathways consist mostly out of oxidative phase I 

reactions through cytochrome P450 enzymes (CYP450), and conjugation phase II 

reactions through uridine 5’-diphospho(UDP)-glucuronosyltransferases (UGTs), 

sulfotransferases (SULTs), etc., typically leading to the conversion of lipophilic 

compounds into more hydrophilic compounds to enhance excretion. The majority of 

the biotransformation reactions by the gut microbiome are reductive, due to the high 

reduction potential of anaerobic bacteria, and hydrolytic (Venema and van den 

Abbeele 2013, Stojancevic et al. 2014, Wilson and Nicholson 2017).  

These insights have led to the understanding that the gut microbiome can directly and 

indirectly influence the activity and toxicity of pharmaceuticals and other xenobiotics 

(Wilson and Nicholson 2017). Examples of direct interferences are the conversion of a 

prodrug to the active compound, inactivation, detoxification, change of efficacy and 

direct binding to xenobiotics or dietary components (Carmody and Turnbaugh 2014, 

Spanogiannopoulos et al. 2016). Examples of indirect interferences are the alteration 

of host genes expression (e.g. lower expression of CYP450 enzymes), competition 

and/or inhibition of host enzymes by microbial biotransformation products and 

reactivation of drugs by deconjugation of phase II biotransformation products after 

enterohepatic circulation (Carmody and Turnbaugh 2014, Spanogiannopoulos et al. 

2016). Most new pharmaceutical drug candidates present biopharmaceutical 

problems like low solubility and/or low permeability leading to longer contact with the 
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gut microbiome. This shows the need for more biotransformation studies including the 

role of the gut microbiome (Sousa et al. 2008).  

In vivo animal or clinical studies to investigate the colonic biotransformation of 

xenobiotics experience some disadvantages. First of all these studies are time-

consuming, labor-intensive and expensive (Verhoeckx et al. 2015). Furthermore, 

animal studies mostly lead to the sacrifice of the animals to be able to sample the 

different compartments of the gut (Venema and van den Abbeele 2013, Venema 

2015). In vitro gastrointestinal tract models offer an alternative approach to study the 

colonic metabolism. In general, in vitro models of the gastrointestinal tract contain 

multiple compartments to mimic the different parts of the digestive system (mouth, 

stomach, small and large intestine) by adjusting temperature, pH, enzymes and 

peristalsis (Verhoeckx et al. 2015). Easy access to the different compartments allows 

dynamic and multiple sampling over time which can help in the understanding of the 

different steps of the gut fermentation (Verhoeckx et al. 2015). The disadvantage of in 

vitro models is that they are not fully representative for the in vivo conditions. 

Therefore, it is important to create conditions that closely mimic the in vivo situation 

to obtain a high level of physiological significance (Venema and van den Abbeele 2013, 

Verhoeckx et al. 2015). Static batch incubations are frequently used but they tend to 

oversimplify the in vivo situation. A better representation of the in vivo situation can 

be acquired with semi-continuous models, e.g. the gastrointestinal dialysis model with 

colon phase (GIDM-Colon) (Breynaert et al. 2015) used during this project or multi-

compartmental continuous models (e.g. SHIME®, TIM-2) (Venema 2015).  
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2.2 Aims and preface 

The aim of this study was to optimize a complete and ready-to-use setup to investigate 

the gastrointestinal biotransformation of xenobiotics. First, the incubation medium 

and time of incubation of fecal slurry samples in the medium, before use in the GIDM-

Colon during the colonic stage, were optimized in order to preserve the in vivo 

bacterial composition. Secondly, four different sample preparation methods were 

evaluated to obtain extracts compatible with the instrumental detection based on 

liquid chromatography coupled to high-resolution accurate-mass mass spectrometry. 

Thirdly, data analysis strategies for the elucidation of biotransformation pathways 

were optimized using complementary suspect and non-targeted screening workflows 

Chlorogenic acid was chosen as target compound for the optimization of the platform 

for two reasons. Firstly, this compound was previously used by Breynaert et al. during 

the development and validation of the GIDM-Colon (Breynaert et al. 2015). Secondly, 

the gastrointestinal metabolism of chlorogenic acid has been previously investigated 

in humans and rats by multiple studies which made it a suitable model compound 

(Gonthier MP 2003, Olthof et al. 2003, Konishi and Kobayashi 2004, Rechner et al. 

2004, Gonthier et al. 2006, Del Rio et al. 2010, Tomas-Barberan et al. 2014, Breynaert 

et al. 2015, Pinta et al. 2018). In the second part of this chapter the compatibility of 

parallel GIDM-Colon experiments covering different sampling timepoints was 

evaluated.  
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2.3 Optimization of an in vitro gut microbiome biotransformation 
platform 

2.3.1 Materials and methods 

2.3.1.1 Chemicals and reagents 

Sodium phosphate dibasic (Na2HPO4, ≥99%), sodium phosphatemonobasic dihydrate 

(NaH2PO4·2H2O, ≥99%), thioglycollate broth, pepsin from porcine gastric mucosa, bile 

extract porcine, pancreatin from porcine pancreas, theophylline (≥99%, anhydrous), 

quinic acid (98%), chlorogenic acid (≥95%), caffeic acid (≥98%), and dihydrocaffeic acid 

(98%) were acquired from Sigma-Aldrich (St Louis, MO, USA). Deionized water (milliQ) 

and sodium bicarbonate (NaHCO3, >99.7%, ACS grade) were obtained from 

respectively Millipore (Burlington, Massachusetts, USA) and Acros Organics 

(Pittsburgh, Pennsylvania, USA). Hydrochloric acid (HCl, 32 wt.% for analysis), formic 

acid (98–100%, Suprapur) and sodium hydroxide pellets (NaOH) were acquired from 

Merck (Darmstadt, Germany). Acetonitrile (ACN) and methanol (MeOH, ≥99.9%, LC–

MS grade) were obtained from Fisher Scientific (Hampton, New Hampshire, USA). 

Ultrapure water (Purelab flex apparatus) was acquired from ELGA Veolia (UK). 

Nitrogen gas (N2, AZOTE N28) and a gas mixture of hydrogen, carbon dioxide and 

nitrogen (5% H2, 5% CO2 and 90% N2, Alphagaz Mix) were obtained from Air Liquide 

Belge (Liege, Belgium). 

 

2.3.1.2 Materials 

Stirred ultrafiltration cells (model 8200, 200 mL, 63.5 mm diameter), the related 

controller (controller MF2 and reservoir RC800) and ultrafiltration discs (Ultracel, 

MWCO 1000 Da, 63.5 mm diameter) were acquired from Amicon Ltd (USA). A shaking 

warm water bath from VWR (Radnor, Pennsylvania, USA) was used during the gastric 
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stage of the GIDM-Colon model. Dialysis tubing (MWCO 12-14 kDa, Visking size 6 Inf 

Dia 27/32 – 21.5 mm: 30 M) and an immersion circulator (model 1122S) were acquired 

respectively from Medicell Ltd. (London, UK) and VWR, for use during the small 

intestinal stage. A Jacomex glove box T3 from TCPS (Belgium) was used to create an 

anaerobic environment during the colonic stage. 

A Branson 5510DHT ultrasonic cleaner (40 kHz), a vortex mixer (100-2500 rpm) and a 

FreeZone 1 Liter Benchtop Freeze Dry System (model 7740030) were acquired from 

respectively Branson Ultrasonics (Danburry, USA), VWR and Labconco (Missouri, USA). 

A Sigma 1-15PK centrifuge and centrifugal filters (modified nylon membrane, 0.2 µm, 

500 µL sample capacity) were obtained respectively from Sigma Laborzentrifugen 

GmbH (Germany) and VWR. 

 

2.3.1.3 Fecal samples 

2.3.1.3.1 Collection, processing and characterization of the fecal samples 

Nine fecal samples were collected from human donors that met the following inclusion 

criteria: women, 25-45 years old, not pregnant, non-smoking, body mass index (BMI) 

< 25, no risk factors for metabolic diseases, non-vegetarian, normal defecation, no 

history of gastrointestinal disease, no intake of antibiotics six months, or pre- or 

probiotics supplements three months prior to fecal donation and no history of 

immunosuppressive or chemotherapeutic treatment. Fasting glycaemia and glycaemia 

after oral glucose tolerance test below 126 mg/dL and 200 mg/dL glucose respectively 

were mandatory. A complete list of all inclusion criteria can be found in supplementary 

information (Table SI-2.1, Table SI-2.2). Ethical approval for the project was acquired 

from the Ethical Committee of the Antwerp University Hospital (reference number: 

16/43/442).  
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Donors collected the feces using Protocult collection containers (Ability Building 

Center, Rochester, USA). An overview of the fecal sample treatment before use in the 

GIDM-Colon is shown in Figure 2-1. After collection, fecal samples were held at room 

temperature together with an anaerocult bag from Merck and treated within 3 h 

before storage at -80 °C. The fecal slurry of 10% (w/v) feces in sterile phosphate buffer 

(0.1 M, pH 7.0, 0.58% w/v Na2HPO4, 1.03% w/v NaH2PO4.2H2O, 3.45% thioglycolate 

broth) was prepared in an anaerobic glove box. Homogenization and elimination of 

solid particles was performed using a Stomacher® lab blender (VWR, Leuven, Belgium) 

for three minutes. Aliquots of 2 mL fecal slurry were stored at -80 °C. Characterization 

of the fecal samples was performed by the lab of Medical Microbiology (LMM, Prof. 

Malhotra-Kumar, University of Antwerp). 

2.3.1.3.2 DNA quantification and 16S rDNA sequencing 

DNA was isolated from fecal samples using QIAamp DNA Stool Mini Kit (Qiagen). The 

concentration of all isolated DNA was determined using a Qubit 2.0 Fluorometer 

(ThermoFisher Scientific) with the dsDNA HS Assay Kit. Presence of bacterial DNA was 

confirmed by 16S rDNA-targeting PCR which was visualized on a 2.0% agarose gel to 

confirm amplification of fragments with an appropriate length. 

2.3.1.3.3 16S rDNA amplification of V3 and V4 regions 

Amplification of the V3-V4 region of the 16S rDNA was performed in triplicate with 2x 

KAPA HiFi HotStart Ready Mix (Kapa Biosystems) with the following cycling profile: 95 

°C for 3 min, [95 °C for 30 sec, 62 °C for 30 sec, and 72 °C for 50 sec]x25, 72 °C for 10 

min. 
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Figure 2-1: Overview of the fecal sample treatment before use in the gastrointestinal 
dialysis model with colon-stage (GIDM-Colon). 

2.3.1.3.4 Library preparation 

An index polymerase chain reaction (PCR) was performed with the Nextera XT Index 

Kit with dual indices. The concentration of each individual library was measured, mixed 

with a denatured PhiX control library, and diluted to a final concentration of 4 pM. This 

library was loaded onto a MiSeq V2 500 cycle cartridge and sequenced (2 x 250 bp) 

with the MiSeq (Illumina.Inc., USA). 

Raw sequence reads were quality assessed using fastqc and data analysis was done 

using microbial genomics module inbuilt in CLC Genomics workbench v9.5.3 (clcbio, 
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Qiagen). Briefly, contigs were created by heuristically merging paired-end reads based 

on the Phred quality score of both reads. Contigs were aligned to the SILVA 16S 

database v.132 (Pruesse et al. 2007) and binned based on the sequence similarity. 

Taxonomic classification was performed binned contigs with the SILVA v.132 database. 

2.3.1.3.5 Evaluation of storage time on gut microbiome composition 

In order to assess the impact of the storage conditions on the microbial composition, 

fecal samples from three volunteers were collected. Fecal samples were processed as 

described in 2.3.1.3.1. For each individual, equal amounts of fecal material were 

collected in separate tubes and stored at -80 °C. The fecal material was thawed after 

1, 3, 6, 12, 18 and 24 month(s) for DNA isolation and 16S rDNA sequencing. 

2.3.1.3.6 Incubation of fecal slurry suspension 

Before use in the GIDM-Colon, 2 mL fecal slurry aliquots of all donors were pooled and 

a suitable medium was added before incubation leading to a 10% (v/v) pooled fecal 

slurry suspension (Figure 2-1). Two different incubation mediums for the pooled fecal 

slurry suspension were tested. The use of the first medium, Wilkins-Chalgren 

Anaerobe Broth (WCB) was based on the protocol described by Breynaert et al. 

(Breynaert et al. 2015). A sterile phosphate buffer (0.1 M, pH 7) was tested as a second 

incubation medium. The pooled fecal suspensions were incubated (continuously 

stirred) for 17 h in the anaerobic glove box and samples of both pools were taken 

before and after 17 h incubation and characterized by 16S rDNA gene sequencing as 

described above. 

To optimize the incubation time, a pooled fecal slurry suspension was incubated for 

24 h in phosphate buffer, and aliquoted every 2 h, to determine the anaerobic colony 

forming units per gram (CFU/g). The same experiment was carried out with WCB, with 

a sample after 17 h of incubation (cf. the original protocol).  
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Serial dilutions (from 10-1 to 10-8) of the samples were prepared with brain heart 

infusion (BHI) broth (BD Biosciences, Franklin Lakes, NJ, USA), plated on an anaerobic 

agar OXOID0972 (Oxoid, Basingstoke, UK) and incubated for 72 h at 37 °C in a bug box 

anaerobic workstation (Ruskinn Technology Ltd, Bridgend, UK). The colonies were 

counted after 72 h with spiral plater (EddyJet). 

 

2.3.1.4 Protocol GIDM-Colon 

To study the colonic biotransformation of the model compound chlorogenic acid, a 

validated in vitro continuous flow dialysis-model with colon phase (GIDM-Colon, Figure 

2-2) was used as described by Breynaert et al. (2015). Gastric and small intestinal 

conditions were in agreement with the consensus paper of the COST Infogest network 

(Minekus et al. 2014). Ultrafiltration cells of the intestinal stage were equipped with a 

semi-permeable dialysis membrane (detailed figure in supplementary information 

Figure SI-2-1) to simulate one-way absorption through passive diffusion from intestinal 

lumen to mucosa. One blank sample (containing no chlorogenic acid), one negative 

control sample (containing no fecal slurry suspension) and two replicate samples were 

used (Figure 2-2)). The inclusion of a negative control sample will allow us to 

differentiate microbial biotransformation products from chlorogenic acid degradation 

products resulting from thermal instability (Dawidowicz and Typek 2010). 

2.3.1.4.1 Gastric stage 

During the gastric stage, 78 mg of chlorogenic acid was dissolved in 1 mL 16% (w/v) 

pepsin (19.6% protein, 622 U/mg protein) together with 49 mL 0.1 M HCl solution and 

set at a pH of 2 using 6 M HCl. Samples were incubated for 1 h in a shaking water bath 

at 37 °C (120 strokes/min). After the gastric stage, 1 mL of sample was collected and 

stored at –80 °C for further analysis. 
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2.3.1.4.2 Small intestinal stage 

The content of the gastric stage was immediately transferred manually to 

ultrafiltration cells to simulate the small intestinal stage and 50 mL of ultrapure water 

was added. Dialysis bags containing 1 M NaHCO3 were used to alter the pH from 2 till 

7.5 in 30 min. The volume of 1 M NaHCO3 needed to alter the pH was determined 

based on the blank sample. Ultrafiltration cells were placed in a water bath (35-37 °C), 

continuously stirred and connected with a water tank and a N2 gas input using push 

bottom control switches (supplementary information Fig.SI-2-1). N2 gas puts pressure 

on the cells (2 bar) to enable dialysis. After 30 min of dialysis, 15 mL of a pancreatin-

bile solution was added to each cell. This solution was prepared dissolving 0.4% (w/v) 

of pancreatin (32 000 FIP-U lipase, 143 600 FIP-U amylase, 16 400 FIP-U protease) and 

0.766% (w/v) of bile in 0.1 M NaHCO3. Dialysis was performed for an extra 2 h. After 

the small intestinal stage, 1 mL samples were collected from the retentate and 

dialysate fraction and stored at –80 °C for further analysis. 

2.3.1.4.3 Colonic stage 

In order to simulate the colonic stage, the pH of the retentate samples was adjusted 

to 5.8-6.0 using 1 M HCl and ultrafiltration cells were transferred to an anaerobic glove 

box (0.5% oxygen, 35-37 °C). 50 mL of 10% (v/v) fecal slurry suspension was added to 

each ultrafiltration cell with exception of the negative control sample. Instead, 50 mL 

of sterile phosphate buffer solution was added to the negative control sample. 

Ultrafiltration cells were continuously stirred and pressure was introduced on top of 

the ultrafiltration cells (0.8 bar N2) to obtain dialysis. To prevent an excessive loss of 

dialysis cell fluid overnight, no pressure was introduced on the dialysis cells between 

6 h and 24 h of colonic dialysis. Samples (1 mL) were taken after 0, 2, 4, 6 and 24 h and 

stored at –80 °C.
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Figure 2-2: Experimental setup during the GIDM-Colon experiment with chlorogenic acid.

Gastric stage

Small intestinal stage

Colon stage

pH 2
Pepsin solution

1 h shaking water bath at 37 °C

Blank Neg. control Replicate 1 Replicate 2

pH 7.5 
Pancreatine-bile solution

2 h dialysis at 37 °C

pH 5.8 
Fecal slurry suspension

24 h dialysis at 37 °C in anaerobic glove box

Chlorogenic acid
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2.3.1.5 Sample preparation procedure 

Four different sample preparation methods were evaluated for the colonic retentate 

samples to obtain extracts that are compatible with the instrumental detection: (i) 

centrifugation, (ii) extraction, (iii) sonication, (iv) freeze-drying. With exception of the 

samples prepared using only the centrifugation step, all colonic retentate samples 

were immediately frozen at –80 °C after sampling as mentioned above. Centrifugation 

samples were first centrifuged (4 °C, 14 000 rpm, 8 min) after sampling and 1 mL of 

supernatant was transferred to an eppendorf tube before storage at –80 °C. Following 

the sample preparation method, three different dilution factors (1/10, 1/20 and 1/40) 

were evaluated together with the chosen optimal sample preparation technique. 

Sample preparation procedure described below refers to the 1/40 dilution. The 1/10 

and 1/20 dilutions were prepared by adjustment of the added volume ultrapure 

water/ACN (1/1, v/v) mixture. The extraction efficiency of the different procedures 

was visualized as the sum of the peak areas of all biotransformation products identified 

at a given dialysis-time within one sample preparation procedure. The number of 

identified biotransformation products was used as a second evaluation-criteria to 

evaluate the different sample preparation techniques. 

2.3.1.5.1 Centrifugation 

Before analysis samples were thawed at room temperature (15-25 °C). Samples were 

spiked with an internal standard (10 µL of 2 mg/mL theophylline solution in ACN) and 

vortexed during 30 s. 25 µL of the samples was transferred to a new eppendorf and 

975 µL of ultrapure water/ACN (1/1, v/v) was added. Samples were transferred to a 

0.2 µm nylon centrifugal filter and centrifuged (5 min, 8000 rpm) before analysis with 

liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (LC-

Q-TOF-MS). 
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2.3.1.5.2 Extraction and sonication 

Samples were thawed at room temperature (15–25 °C) and spiked with 10 µL of 2 

mg/mL theophylline solution (as internal standard). One mL of ice-cold MeOH (-80 °C) 

was added to quench remaining ongoing biotransformation reactions. Extraction 

samples were vortexed for 60 s, and sonication samples were sonicated for 60 min. 

Samples were further diluted by transferring 25 µL of sample to 475 µL of ultrapure 

water/ACN (1/1, v/v) and filtered as described above. 

2.3.1.5.3 Freeze-drying 

Samples were lyophilized using the automatic start-up software of the FreeZone 1 Liter 

Benchtop Freeze Dry System (Model 7740030, Labconco). This method maintained a 

temperature of -40 °C with a high vacuum of 0.133 mbar over time to remove the ice 

via sublimation. After lyophilization, 1 mL of ice-cold MeOH (-80 °C) and 10 µL of 2 

mg/mL theophylline solution (as internal standard) were added to the freeze-dried 

samples. Samples were sonicated for 45 min and additionally vortexed. Finally, the 

samples were diluted and filtered as described for the centrifugation samples.  

2.3.1.5.4 Optimization of injection solvent 

A schematic overview of the optimization of the injection solvent procedure is given 

in Figure 2-3. GIDM-Colon samples which were prepared according to the extraction 

sample preparation procedure were reinjected after overnight storage at -20 °C, 

before and after homogenization (vortexing). An additional experiment was carried 

out with an adjusted sample preparation procedure: after centrifugation, samples 

were evaporated to dryness followed by reconstitution in the same volume mobile 

phase A. These samples were analyzed both before and after storage at -20 °C. The 

samples stored overnight were reinjected the next day before and after 

homogenization.  
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Figure 2-3: Overview of the additional experiment to study the chromatographic peak 
shape of biotransformation products after LC-MS analysis. Conditions marked with (*) 
were analyzed by LC-Q-TOF-MS. 

 

2.3.1.6 Analysis of extracts resulting from GIDM-Colon experiment 

2.3.1.6.1 Column screening 

Three columns, all acquired from Phenomenex (Utrecht, the Netherlands) were 

selected to optimize the choice of the LC column. A Luna Omega PS C18 (100 x 2.1 mm, 

3 µm), Kinetex XB C18 100 Å (150 x 2.1 mm, 1.7 µm) and Luna Omega Polar C18 100 Å 

(100 x 2.1 mm, 3 µm) were used to analyze a 24 h incubation sample from the colon-

stage.  
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2.3.1.6.2 Instrumental parameters 

Extracts resulting from the GIDM-Colon experiment were analyzed using an Agilent 

1290 Infinity ultra-high-performance liquid chromatography instrument coupled to an 

Agilent 6530 Accurate-Mass quadrupole time-of-flight (LC-Q-TOF-MS) (Agilent, Santa 

Clara, CA, USA). After interpretation of the results of the column screening, 

chromatographic separation was performed on a Luna Omega PS C18 column (100 x 

2.1 mm; 3 µm particle size) from Phenomenex (Utrecht, the Netherlands) using a 

mobile phase composed of ultrapure water with 0.04% (v/v) formic acid (A) and 80/20 

(v/v) ACN/ultrapure water with 0.04% (v/v) formic acid (B) with a constant flow of 0.3 

mL/min. The gradient elution was constructed as follows: for 3 min A was used at 99%, 

after which B increased till 8% at 18 min. B was further increased till 95% at 28 min. 

Consecutively, the column was rinsed with 95% B for 4 min, and re-equilibrated at 99% 

A for 4 min before the next injection. The injection volume was 5 µL. The eluent was 

directed to the waste during the first minute of each run to protect the ion source from 

extensive contamination as well as during the 4 min of re-equilibration. The column 

temperature was kept constant at 40 °C. 

All samples were analyzed in negative ionization mode using Agilent Jet Stream 

electrospray ionization (ESI) with following parameters: 300 °C drying gas 

temperature, 8 L/min drying gas flow, 25 psig nebulizer pressure, 350 °C sheath gas 

temperature, 11 L/min sheath gas flow, 3500 V sampling capillary voltage and 500 V 

nozzle voltage. 

The Q-TOF mass spectrometer was operated in the 2 GHz (extended dynamic range) 

mode in a data-dependent acquisition. Calibration of the mass axis was performed in 

negative ionisation mode with respect to two ions with a mass of charge (m/z)-value 

of 119.0363 and 966.0007. Data were recorded in a m/z-range from 50 to 1000 with 

scan rates of 2.5 spectra/s and 6.7 spectra/s for MS and tandem mass spectrometry 

(MS/MS) respectively. Each cycle, three precursors were selected for MS2. Selection 
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was based on abundance, a threshold of 1500 was used, of the detected m/z-values in 

MS1. The m/z-values of the reference masses were actively excluded for precursor-

selection. Fixed collision energies of 5, 10 and 20 V were applied. If needed, reanalysis 

of extracts in targeted MS/MS mode was applied for interesting features where no 

MS/MS spectrum was obtained in the data-dependent MS/MS mode. All data were 

stored in centroid mode. Instrumental variation was evaluated by monitoring the 

relative standard deviation of the internal standard peak area in the samples 

throughout the analysis.  

2.3.1.6.3 Data analysis workflows 

Three complementary data processing workflows were applied for the detection and 

identification of biotransformation products. The workflows were developed in-house 

and were based on earlier optimized workflows used in in vitro human liver 

biotransformation investigations for xenobiotics (Mortele et al. 2018, Vervliet et al. 

2018). Apart from a suspect screening approach based on literature and in silico 

prediction strategies, two non-targeted screening workflows were applied to the data. 

A list of possible biotransformation products was received using the in silico prediction 

software tools Biotransformer (Biotransformer.ca, v1.0.0) and Meteor Nexus (v2.1, 

Lhasa Limited, Leeds, UK). The Biotransformer-tool allowed in silico predictions of 

human gut metabolome biotransformation products. The SMILES string of chlorogenic 

acid was uploaded and ‘Human Gut Microbial Transformation’ was selected as 

metabolic transformation on ‘BioTransformer.ca’. The online tool generated a csv file 

containing molecular formula, InChIKey, synonyms, major isotope mass, type of 

biotransformation reaction and precursor ID. Meteor software predicted the human 

phase I and phase II biotransformation products of chlorogenic acid. The molecular 

formulas and corresponding exact masses of all predicted biotransformation products 

were stored in a csv database. Microbial biotransformation products of chlorogenic 

acid described in literature and not predicted by Biotransformer or Meteor were 
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added to the database (Gonthier MP 2003, Olthof et al. 2003, Konishi and Kobayashi 

2004, Rechner et al. 2004, Gonthier et al. 2006, Del Rio et al. 2010, Tomas-Barberan et 

al. 2014, Breynaert et al. 2015, Pinta et al. 2018).  

Identification was based on the accurate mass, isotopic pattern, fragmentation pattern 

of the product ions and injection of an analytical standard if available. Applied criteria 

were: (a) maximal mass variation of ± 10 parts per million (ppm) between theoretical 

and measured parent ions; (b) product ions may not exceed the maximal mass 

variation of ± 25 ppm; (c) the identified biotransformation products were not present 

in the blank or negative control sample, unless mentioned otherwise in the manuscript 

and (d) the biotransformation product was present in both replicates at a certain 

sampling time.  

One of the non-targeted screening workflows used the software packages MzMine and 

R. Raw data files were uploaded in MZmine 2.33 (Pluskal et al. 2010). Molecular 

features were detected using the centroid algorithm followed by a chromatogram 

building step. A noise amplitude algorithm was used to deconvolute the 

chromatograms. Deisotoping was performed by retaining the lowest m/z as the 

representative isotope. Peaks with a peak width lower than 0.05 min or more than 1 

min were discarded. Next, the random sample consensus (RANSAC) alignment 

algorithm aligned the peaks across samples. Finally, any missing peaks were extracted 

with the same retention time and m/z gap filler algorithm. The obtained m/z features 

were exported as a csv file, imported into R and processed using a previously published 

in-house developed script (Vervliet 2018, Vervliet et al. 2018). Fold changes of each 

feature were calculated between samples and blank samples, as well as the p-value 

from a student t-test. Features with a log-10 fold change greater or equal to 1 and a p-

value <0.05 were retained. For each m/z value, the log-10 fold change was plotted to 

the log-10 p-value leading to a volcano plot (supplementary information Figure SI- 2-2). 

Corresponding molecular formulas to the m/z values were calculated using the 

Generate Formulas algorithm in the MassHunter Qualitative Analysis software (version 
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B.07.00, Agilent Technologies, Santa Clara, CA, USA). Identification was based on the 

same criteria as mentioned for the suspect screening. 

Finally, the third data analysis workflow combined the MassHunter Qualitative 

(version B.07.00, Agilent Technologies, Santa Clara, CA, USA) and MassProfiler 

Professional (v12.6, Agilent Technologies, Santa Clara, CA, USA) software packages. 

The Find by Molecular Feature algorithm in MassHunter Qualitative software 

extracted the features from the data without restrictions concerning retention time or 

m/z value. The data were imported in Mass Profiler Professional. Samples were 

classified per type (blank, negative control or replicate) and incubation time (0 h, 2 h, 

4 h, 6 h or 24 h). Features present in one or more blanks were discarded by filtering 

the data on frequency. Additional filtering was performed on the features by 

retainment of the features present in both replicates at a given incubation time. The 

Generate Formulas algorithm in MassHunter Qualitative software was used to predict 

the molecular formulas based on the found m/z values. Identification was based on 

the same criteria as mentioned for the suspect screening. 
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2.3.2 Results and discussion 

2.3.2.1 Optimization of processing and incubation of fecal samples 

2.3.2.1.1 Evaluation of storage conditions on gut microbiome composition 

Figure 2-4 presents the 16S rDNA gene results of the three fecal samples sequences 

after varying storage intervals at -80 °C. No clear shifts in bacterial composition were 

observed over time when stored at -80 °C, which is in agreement with previous studies 

(Kia et al. 2016, Tap et al. 2019). Tap et al. (2019) investigated the stability of fecal 

samples over a period of 5 year at -80 °C and reported limited effects on the alpha-

diversity, beta-diversity and taxonomic composition. The observed differences were 

reported to be less than the biological variation (inter- and intrasubject) and inter-

sequencing variation (Tap et al. 2019). 

2.3.2.1.2 Optimization of incubation medium 

The principle coordinates analysis (PCoA) plot shown in Figure 2-5 represents the 

comparison of the microbial composition between the samples of the lean volunteers, 

the pooled fecal sample and the 17 h incubated pooled fecal suspension in WCB or 

sterile phosphate buffer based on the 16S rDNA gene sequencing results. Incubation 

of the fecal pooled sample in WCB led to a clear change in bacterial composition of the 

pool, while this effect was less pronounced for the sterile phosphate buffer as medium 

(Figure 2-6). A phosphate buffer was chosen as test incubation medium as it does not 

contain any nutrients, and thus would be less likely to lead to a shift in bacterial 

composition. The fecal pooled sample incubated in sterile phosphate buffer for 17 h 

showed a closer resemblance to the composition of the initial pool (i.e. before 

incubation) and to the composition of the individual volunteers. These results suggest 

that the choice of a sterile phosphate buffer as incubation medium led to an incubated 

fecal pool with a closer resemblance to the in vivo situation leading to a more 

representative in vitro model. 
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Figure 2-4: The 16s rDNA gene sequencing results (at genera level) of the fecal samples (n=3) sequenced after 1, 3, 6, 12, 18 and 24 
months of storage at -80 °C. 
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Figure 2-5: Principle coordinates analysis (PCoA) plot showing the comparison 
between the 16S rDNA gene sequencing results of the samples of the lean volunteers 
(Control samples, red), the pooled fecal slurry (blue), the pooled fecal slurry 
suspension after 17 h of incubation in phosphate buffer (yellow) and the pooled fecal 
slurry suspension after 17 h of incubation in Wilkin-Chalgren Anaerobe Broth (WCB) 
(turquoise). 
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Figure 2-6: The 16s rDNA gene sequencing results (at genera level) of the fecal samples of the lean volunteers, the fecal slurry pool 
and the pooled fecal slurry suspension after 17 h of incubation in WCB.
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2.3.2.1.3 Optimization of incubation time 

As the original protocol, described by Breynaert et al. (2015), used WCB as incubation 

medium instead of a sterile phosphate buffer, additional experiments regarding the 

effect of the incubation time in the sterile phosphate buffer on the number of bacteria 

was necessary. A pooled fecal sample incubated for 17 h in WCB, as described in the 

original protocol, was added as comparison. Incubation of the pooled fecal sample 

over 24 h in the new medium showed no clear increase or decrease in CFU/g. The 

number of CFU/g over time is represented in Figure 2-7. A detailed overview of the 

results can be found in supplementary information (Table SI- 2-3). In comparison to 

phosphate buffer, a clear effect of incubation in WCB was observed as the sample 

contained 1.48 x 109 CFU/g bacteria after 17 h. However, the disadvantage of this 

method, with a shift in bacterial composition, was already described above. The minor 

influence of a sterile phosphate buffer on the bacterial concentration in comparison 

to WCB was expected as this medium did not contain any growth factors or energy 

sources. As biotransformation products of chlorogenic acid were identified after 

incubation of chlorogenic acid with fecal suspensions in phosphate buffer, the colonic 

biotransformation activity of the bacteria was ensured. With regard to the increased 

risk of introducing variation during incubation when using WCB and the results 

discussed above, it was concluded that the 17 h incubation time in WCB, as described 

by Breynaert et al. (2015), showed no advantage over phosphate buffer. Furthermore, 

replacing the 17 h incubation step with a one-hour adaptation period of the fecal slurry 

suspension in the anaerobic glove box will reduce the total time of the GIDM-Colon 

experiment, thus increasing the throughput of the total platform. 
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Figure 2-7: The concentration of anaerobic bacteria, expressed as colony forming units 
per gram, after different incubation times in phosphate buffer (0.1 M, pH 7).  The trend 
line is depicted. 

 

2.3.2.2 Column screening 

Three different mixed-mode C18 stationary phase columns were chosen for 

optimization of the chromatographic separation. The choice for a C18 stationary phase 

was based on the available literature, as this stationary phase was the most used for 

separation of chlorogenic acid, it’s isomers and/or biotransformation products (Zhao 

et al. 2014, de Melo and Sawaya 2015, Choi et al. 2018, Wang et al. 2018, Wianowska 

and Gil 2018, Yang et al. 2020). Mixed-mode stationary phases, a stationary phase 

characterized by two functional groups of different properties (e.g. C18-chain and a 

polar group), were chosen as they show some advantages on the separation of 
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complex samples, a mix of polar and non-polar compounds, in contrast to the 

traditional C18 stationary phases. This could be useful for the analysis of GIDM-Colon 

samples of chlorogenic acid as it is a polar compound while reductive and hydrolytic 

metabolism, the majority of the gut microbiome biotransformation reactions, can lead 

to more non-polar biotransformation products (Sousa et al. 2008, Spanogiannopoulos 

et al. 2016). All columns should provide good retention of the more non-polar 

compounds due to the apolar C18 chains. The polar functional groups of the mixed-

mode stationary phase provide enhanced retention for polar compounds such as polar 

acids (e.g. chlorogenic acid) and polar biotransformation products (e.g. conjugates) 

(Wang et al. 2015).  

The chromatograms of a 24 h retentate colon sample injected by using three different 

columns are shown in Figure SI- 2-3. Analysis with the Luna Omega PS C18 (Figure SI-

2-3-A) resulted in high quality separation and peak shapes. The isomers of chlorogenic 

acid were almost baseline separated and no co-elution of the biotransformation 

products occurred. The chromatogram of the Kinetex XB C18 is shown in Figure SI-2-

3-B. Using this column, the isomers of chlorogenic acid were not fully separated, peaks 

showed tailing and more co-elution of the peaks was observed. Finally, the isomers of 

chlorogenic acid were not separated using the Luna Omega Polar C18 (Figure SI-2-3-C) 

as only one peak was observed. The Luna Omega PS C18 HPLC column was chosen as 

optimal choice for the analysis.  

 

2.3.2.3 Optimization of sample preparation procedure 

2.3.2.3.1 Extract preparation 

Figure 2-8 shows an overview of the extraction efficiency of the different sample 

preparation procedures. The sum of the peak areas of all biotransformation products 

identified at a given dialysis time was plotted against the different procedures. Freeze-
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drying as a sample preparation method overall resulted in a lower extraction efficiency 

of colonic biotransformation products in comparison to the three other methods 

(Figure 2-8, sample preparation procedure F). No clear differences were observed for 

the three other procedures. Additionally, biotransformation product M11 (Table 2-1) 

was not detected by freeze-drying in comparison to the other sample preparation 

procedures. 

 

Figure 2-8: Sum of the peak areas of the identified biotransformation products for each 
sample preparation procedure at different dialysis-times in the GIDM-colon: 2 h (A), 4 
h (B), 6 h (C) and 24 h (D). Terminology sample preparation procedures: C: 
Centrifugation, E: Extraction, F: Freeze-drying, S: Sonication. 

Irreversible binding of hydrophilic biotransformation products to matrix components 

(microbial membranes and/or cell wall macromolecules) and precipitation of these 

molecules during extraction steps such as centrifugation could explain the inferiority 

of freeze-drying as a sample preparation procedure (Gromova and Roby 2010, Wu et 

al. 2010). No big differences in extraction efficiency were detected, suggesting that 

sonication and extraction by centrifugation did not result in more leakage of 

intracellular biotransformation products compared to the centrifugation method or all 
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biotransformation products of chlorogenic acid were excreted in the extracellular 

environment by the bacteria. The extraction method was selected as optimal method 

as the latter procedure has the big advantage of the limited time needed to prepare 

the samples, leading to the ability to perform more experiments in a shorter period. 

2.3.2.3.2 Dilution 

Biotransformation product M16 was not detected using the 1/40 retentate dilution, as 

this dilution negatively influenced the sensitivity of the detection of biotransformation 

products in comparison to the 1/10 and 1/20 dilution. Usage of a 1/20 dilution was 

selected as most optimal method as this resulted in highly sensitive detection of 

biotransformation products of chlorogenic acid. Using a 1/10 dilution would introduce 

a risk of contamination of the LC-MS system and ion suppression, which could lead to 

a. loss of analysis time due to instrument-cleaning and a loss of sensitivity. 

 

2.3.2.4 Analysis of extract 

2.3.2.4.1 Injection solvent 

Poor chromatographic peak shapes were observed when analyzing extracts 

immediately after sample preparation by LC-Q-TOF-MS (Figure 2-9-A). Reinjection of 

the same samples after storage at -20 °C surprisingly led to an improvement of the 

peak shape (Figure 2-9-B). These findings could be explained by cold-induced aqueous 

ACN phase separation, a process that has been described after storage of a 1/1 (v/v) 

ACN-water mixture at -17 °C for several hours (e.g. overnight) by Gu et al. (1994). Shao 

et al. (2017) observed that the upper and lower phase contained 71.7% and 13.6% ACN 

respectively (Gu et al. 1994, Shao et al. 2017). Injection of the samples after overnight 

storage at -20 °C without homogenization (e.g. vortexing) led to injection of the 

aqueous phase. The injected part of the sample showed a higher resemblance to the 



CHAPTER 2 

 
64 

starting mobile phase, leading to better chromatographic peaks. An additional 

experiment where samples were homogenized after storage confirmed this 

hypothesis. Homogenization of the samples by vortex mixing, and removing the ACN-

water phase-separation and thus increasing the ACN-percentage in the injected 

sample, after overnight storage at -20 °C led to poor quality peak shapes (Figure 2-9-

C). Based on these results the procedure after the sample preparation extraction 

method was adjusted. Evaporation of the samples to dryness followed by 

reconstitution in mobile phase A led to high quality peak shapes (Figure 2-9-D) and no 

influence of storage at -20 °C or subsequent homogenization was observed (Figure 2-9-

E,F). This proves the importance to check the compatibility of the extract with the 

mobile phase used in the LC set-up.  
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Table 2-1: Overview of identified biotransformation products and additional information: metabolite ID, compound name, molecular 
formula, level of confirmation as proposed by Schymanski et al. (Figure SI-2-4) (Schymanski et al. 2014), detected by which workflow, 
retention time, exact mass, detected parent ion, mass difference. MPP: MassProfiler Professional. NA: Not acquired. A: Confirmed 
using mzCloud.org, B: Confirmed based on Kang et al. (Kang et al. 2016). 

ID 
Compound name 

Molecular 

formula 

Level of 

confirmation 
Workflow 

tr 

(min) 

Exact mass 

(g/mol) 

Parent ion 

(m/z) 

Δ Mass 

(ppm) 
MS/MS product ions 

M1 
Trihydroxycyclohexane 

carboxylic acid 
C7H12O5 L3 

Suspect, 

MZmine 
1.10 176.0685 175.0613 -0.03 

157.0493 [C7H9O4]-; 113.0609 [C6H9O2]-; 

95.0493 [C6H7O]-; 73.0297 [C3H5O2]-; 

44.9992 [CHO2]- 

M2 NA C10H12O6 L4 MPP 1.10 228.0617 227.056 -7.22 NA 

M3 NA C10H12O7 L3 MZmine 1.10 244.0599 243.0523 6.64 
175.0601 [C7H11O5]-; 95.0494 [C6H7O]-; 

44.9978 [CHO2]- 

M4 Quinic acid C7H12O6 L1 All 1.12 192.0635 191.0564 0.47 
85.0297 [C4H5O2]-; 73.0271 [C3H5O2]-; 

59.0157 [C2H3O2]- 

M5 
Dihydroxycyclohexane 

carboxylic acid 
C7H12O4 L3 

Suspect, 

MPP 
1.12 160.0733 159.0662 -1.41 113.0594 [C6H9O2]- 

M6 NA C10H12O8 L4 MZmine 1.12 260.0516 259.0446 -6.08 
191.0583 [C7H11O6]-; 172.9757 [C5HO7]-; 

127.0425 [C6H7O3]-; 85.0305 [C4H5O2]- 

M7 NA C12H16O9 MS, MS/MS MZmine 1.13 304.078 303.0713 -4.69 

191.0556 [C7H11O6]-; 143.0108 [C9H3O2]-; 

135.0848 [C9H11O]-; 111.0449 [C6H7O2]-; 

109.0260 [C6H5O2]-; 89.0141 [C3H5O3]-; 

85.0311 [C4H5O2]-; 60.9936 [CHO3]- 
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Table 2-1 (Continued) 

ID Compound name 
Molecular 

formula 

Level of 

confirmation* 
Workflow 

tr 

(min) 

Exact mass 

(g/mol) 

Parent ion 

(m/z) 

Δ Mass 

(ppm) 
MS/MS product ions 

M8 NA C18H20O8 L4 MZmine 10.90 364.115 363.1079 -2.14 
181.0496 [C9H9O4]-; 137.0596 

[C8H9O2]- 

M9 
6-(3-(3,4-dihydroxyphenyl)-1-

hydroxypropoxy)cyclohexane-1,2,4-
triol 

C15H22O7 L3 MPP 11.00 314.1352 313.1282 -4.21 

203.0314 [C11H7O4]-; 

181.0496 [C9H9O4]-; 135.0442 

[C8H7O2]-; 131.0704 

[C6H11O3]-; 107.0490 

[C7H7O]- 

M10 Dihydrocaffeic acid C9H10O4 L1 All 11.42 182.0579 181.0507 -0.01 

137.0593 [C8H9O2]-; 121.0286 

[C7H5O2]-; 119.0465 [C8H7O]-

; 109.0287 [C6H5O2]-; 59.0138 

[C2H3O2]- 

M11 Hydroxybenzaldehyde C7H6O2 L2aA 
Suspect, 

MZmine 
11.52 122.0367 121.0294 -0.84 93.0310 [C6H5O]- 

M12 Caffeic acid C9H8O4 L1 All 15.21 180.0414 179.0342 -4.63 

135.0431 [C8H7O2]-; 117.0353 

[C8H5O]-; 91.0000 [C6H3O]-; 

44.9992 [CHO2]- 

M13 Caffeic acid quinone C9H6O4 L3 All 15.40 178.0265 177.0191 -0.83 
105.0331 [C7H5O]-; 45.0001 

[CHO2]- 



CHAPTER 2 

 
67 

Table 2-1 (Continued) 

ID Compound name 
Molecular 

formula 

Level of 

confirmation* 
Workflow 

tr 

(min) 

Exact mass 

(g/mol) 

Parent ion 

(m/z) 

Δ Mass 

(ppm) 
MS/MS product ions 

M14 Dihydrochlorogenic acid C16H20O9 L3 
Suspect, 

MPP 
16.28 356.1094 355.1022 -3.74 

191.0540 [C7H11O6]-; 173.0446 

[C7H9O5]-; 137.0630 [C8H9O2]- 

M15 
Hydroxy-

dihydrocaffeoylquinic 
acid 

C16H20O10 L3 
Suspect, 

MPP 
16.51 372.1045 371.0983 -0.84 

353.0867 [C16H17O9]-; 191.0556 

[C7H11O6]- 

M16 NA C10H12O5 L4 All 19.14 212.0674 211.0603 -5.14 
165.0551 [C9H9O3]-; 121.0656 

[C8H9O]-; 106.0426 [C7H6O]- 

M17 3-Phenyllactic acid C9H10O3 L2aA All 16.79 166.0628 165.0556 -1.26 

147.0415 [C9H7O2]-; 119.0472 

[C8H7O]-; 103.0533 [C8H7]-; 91.0547 

[C7H7]-; 72.9901 [C2HO3]-; 44.9972 

[CHO2]- 
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Table 2-1 (Continued) 

ID 
Compound 

name 

Molecular 

formula 

Level of 

confirmation* 
Workflow 

tr 

(min) 

Exact mass 

(g/mol) 

Parent ion 

(m/z) 

Δ Mass 

(ppm) 
MS/MS product ions 

M18 
1-

Caffeoylglycerol 
C12H14O6 L2aB All 19.92 254.0791 253.0719 0.11 

179.0328 [C9H7O4]-; 161.0236 

[C9H5O3]-; 135.0443 [C8H7O2]-; 

133.0298 [C8H5O2]- 

M19 NA C10H12O4 L4 
Suspect, 

MPP 
21.26 196.0729 195.0658 -3.32 NA 

M20 4-ethylcatechol C8H10O2 L3 All 21.63 138.0679 137.0607 -1.34 NA 

M21 NA C12H14O5 L4 MPP 21.96 238.0838 237.0763 -1.43 
161.0231 [C9H5O3]-; 135.0441 

[C8H7O2]-; 119.0358 [C4H7O4]- 

M22 Ferulic acid C10H10O4 L1 All 22.52 194.058 193.0507 0.47 

178,0270 [C9H6O4]-; 161,0273 

[C9H5O3]-; 134,0373 [C8H6O2]-; 

133,0292 [C8H5O2]- 

Parent Chlorogenic acid C16H18O9 L1 Suspect 18.51 354.095 353.0878 -0.27 

191.0546 [C7H11O6]-; 173.0451 

[C7H9O5]-; 161.0214 [C9H5O3]-; 

135.0413 [C8H7O2]- 
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Figure 2-9: Left: Overview of the experiment to study the chromatographic peak shape of biotransformation products after LC-MS 
analysis. Labels (A), (B), etc. correspond to the labels used on the right-side. Right: Peak shape of biotransformation product M4 after 
the additional experiments described on the left-side of the figure. 

Colon-stage 
sample

500 µL

200 µL to 
HPLC vial (A)

200 µL: Evaporate and 
reconsitute in MFA (D)

(B)         Store at -20 °C overnight      (E)

(C)               Homogenization               (F)

1/20 dilution with 
1/1 (v/v) ACN/mQ
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2.3.2.4.2 Evaluation data-analysis workflows 

By combining the three data-analysis workflows, a total of 23 colonic 

biotransformation products of chlorogenic acid were identified (Table 2-1). An 

overview of the results can be found in Figure 2-10  

 

Figure 2-10: Comparison of the different data-analysis workflows based on the number 

of identified biotransformation products. 

Figure 2-10 clearly shows that combining multiple data-analysis workflows leads to an 

increased number of identified biotransformation products. Processing the data with 

only one data-analysis workflow would have led to the identification of 16 

biotransformation products of chlorogenic acid for the suspect screening and the MPP 

workflow and 15 biotransformation products for the MZmine workflow. Combining 

two workflows led to a clear increase in the number of identified biotransformation 

products: 19, 20 and 22 for the combinations ‘suspect + MPP’, ‘suspect + MZmine’ and 

‘MPP + MZmine’ respectively. One, four and five identified biotransformation products 
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were unique for the suspect screening, MPP and MZmine workflow respectively. These 

findings confirmed our previous results of in vitro human liver microsome 

biotransformation studies with new psychoactive substances (NPS) (Mortele et al. 

2018, Vervliet et al. 2018). Hohrenk et al. compared different non-targeted screening 

data processing worfklows using the same raw data files. Although all workflows 

included similar steps (e.g. peak picking, blank subtraction), the resulting feature lists 

showed dissimilarities which could be explained by differences in the underlying 

algorithms (Hohrenk et al. 2020). An example of a difference between the two used 

non-targeted screening workflows in this chapter is the blank subtraction. The MPP 

workflow removed all features present in the blank sample, while the MZmine 

workflow only removed features exceeding a certain intensity. Further research is 

needed to investigate the influence of the different processing steps and parameters 

on the quality of the outcome (Hohrenk et al. 2020). The observed differences in 

processing steps and the resulting outcome confirms the added value of combining 

multiple data-analysis workflows as used in this chapter.  
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2.4 Evaluation of performing dialysis during the colon-stage on the 
microbiotic biotransformation of chlorogenic acid 

2.4.1 Introduction 

The current GIDM-Colon protocol results in a lack of information on the colonic 

behavior of the studied xenobiotic between 6 h and 24 h dialysis. Expanding the GIDM-

Colon protocol with additional timepoints would lead to a more in-depth knowledge 

on the colonic behavior and the microbiotic biotransformation of the xenobiotic. This 

study investigated the complementarity of parallel GIDM-Colon experiments, covering 

different sampling timepoints. However, due to practical reasons (overnight 

experiments), changing the sampling timepoints also influenced the dialysis timing. 

Venema et al (2015) reported that performing dialysis during an in vitro gut 

microbiome biotransformation experiment is required to maintain highly active 

microbiota and representative concentrations of microbial metabolites in the in vitro 

model.  

 

2.4.2 Materials and methods 

2.4.2.1 Chemicals, reagents and materials 

Same chemicals, reagents and materials as mentioned in 2.3.1.1 and 2.3.1.2 were used 

during this study.  

2.4.2.2 In vitro gastrointestinal biotransformation model 

The GIDM-Colon was applied to study the influence of the dialysis on the microbiotic 

biotransformation of chlorogenic acid. The experiment was carried out for both the 

lean as obese population (Chapter 3). The experiment set-up is visualized in Figure 

2-11. 
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2.4.2.2.1 Fecal slurry 

The fecal slurry aliquots from both the lean as obese volunteers (see chapter 3 for 

inclusion criteria) were used. By using fecal slurry aliquots from the same donors 

within both population-experiments, a standardized microbial inoculum was ensured, 

which allowed comparison between the experiments. A pooled fecal slurry suspension 

(10 % (v/v)) was created in a sterile phosphate buffer and incubated for 1 h in the 

anaerobic glove box as adaptation period.  

2.4.2.2.2 GIDM-Colon 

The GIDM-Colon experiment was based on the procedure described previously (Figure 

2-11, Original protocol) with minor changes to the sampling timepoints and dialysis 

(Adjusted protocol). Samples were taken at the start of the experiment after which no 

dialysis was performed overnight. After 14 h incubation, samples were taken for the 

dialysis cells and dialysis was started for the remaining time of the experiment. 

Samples were taken after 16 h, 18 h, 20 h and 22 h and immediately stored at -80 °C.  

 

Figure 2-11: Experimental setup of the additional study regarding the influence of 

dialysis on the detected biotransformation products. 

GIDM-Colon Sampling timepoints colon

0 h   - 2 h   - 4 h   - 6 h   …   24 h

0 h   …   14 h   - 16 h   - 18 h  - 20 h  - 22 h

Dialysis:         / 

Original protocol

Adjusted protocol

n = 9 n = 4

Lean Obese

OR
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2.4.2.2.3 Sample preparation, LC-Q-TOF-MS and data-analysis 

The optimized sample preparation procedure was applied to the samples. Samples 

were thawed at room temperature and one mL of MeOH (-80 °C) was added together 

with 10 µL of 2 mg/mL theophylline solution (internal standard). Samples were 

vortexed 60 s and 1/10 diluted in 1/1 (v/v) ACN/water. Samples were filtered using a 

0.2 µm centrifugal filter (5 min, 8000 rpm). Samples were evaporated to dryness under 

a gentle N2-stream at 37 °C and reconstituted in the starting mobile phase. Samples 

and resulting data were analyzed according to the procedures described in 2.3.1.6.2 

and 2.3.1.6.3.   
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2.4.3 Results and discussion 

2.4.3.1 Lean GIDM-Colon experiments 

Dissimilarities were observed between the protocols for biotransformation products 

M8, M14, M15 and M20 (Table 2-1, Figure 2-12). In the adjusted protocol, an increase 

in relative area of M8 and M20 was seen over colonic dialysis time. The while the 

relative area of M8 after 24 h of colonic dialysis with the original protocol was clearly 

lower while M20 was not longer detected (Figure 2-12-A,B). For both M14 and M15 

decreasing signals were observed between 14 h and 22 h of colonic dialysis with the 

adjusted protocol, however, the relative area after 24 h colonic stage did not match 

the observed declining trend (Figure 2-12-C,D). 

 

Figure 2-12: Relative area of M8 (A), M20 (B), M14 (C) and M15 (D) in the original (grey) 

of adjusted (white) lean GIDM-Colon protocol over colonic dialysis time.  
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2.4.3.2 Obese GIDM-Colon experiments 

More pronounced differences were observed between the obese GIDM-Colon 

experiments. Starting from 14 h and 20 h of colonic incubation respectively, 

chlorogenic acid isomers 5-CQA and 3-CQA were no longer detected in the GIDM-

Colon samples using the adjusted protocol. However, applying the original protocol, 3-

CQA, 4-CQA and 5-CQA were still detected after 24 h of colonic dialysis.  

Both M12 and M22 were not detected in the adjusted protocol 14 h – 22 h of colonic 

dialysis samples while they were present in the 24 h samples (Figure 2-13-A,B). M10, 

M20 and M8 were not present in the 24 h colonic samples, while they were detected 

in the 14 h - 22 h dialysis samples of the adjusted protocol (Figure 2-13-C-E). 

 

Figure 2-13: Relative area of M12 (A), M22 (B), M10 (C), M20 (D) and M8 (E) in the 

original (grey) of adjusted (white) obese GIDM-Colon protocol over colonic dialysis 

time. 

 



CHAPTER 2 

 

77 

As the timing of the dialysis is the only variable between the two protocols, these 

results clearly show an effect of the dialysis on the detected biotransformation 

products. Not performing dialysis during the GIDM-Colon experiment could led to an 

accumulation of microbial metabolites and chlorogenic acid biotransformation 

products (Venema 2015). Even though the exact underlying mechanism is not known, 

the hypothesis of saturation of microbial enzymes combined with a different starting 

timepoint of the dialysis, 0 h vs 14h of colonic stage, is a possible explanation causing 

the observed differences. Based on these results, the optimal GIDM-Colon performs 

dialysis to prevent saturation of microbial enzymes and includes continue 2 h interval 

sampling timepoints over a period of 24 h.  
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2.5 Conclusions 

This chapter presents the optimization of a complete and ready-to-use in vitro 

bioanalytical platform to investigate the gastrointestinal biotransformation of 

different xenobiotics, starting from the GIDM-Colon developed by Breynaert et al. 

(2015). The incubation medium WCB showed to introduce variation in the bacterial 

composition of the pooled fecal slurry suspension. A sterile phosphate buffer 

guaranteed a closer resemblance to the in vivo composition and was chosen as optimal 

incubation medium for future experiments. Furthermore, incubation of the 10 % (v/v) 

fecal slurry in a sterile phosphate buffer during 24 h showed no clear increase or 

decrease in anaerobic bacterial concentration. Future in vitro experiments 

investigating the colonic biotransformation of xenobiotics using the GIDM-Colon, can 

be performed with a one-hour incubation step instead of the original proposed 17 h, 

reducing the risk of changes to the in vivo fecal bacterial composition. This will 

guarantee a closer resemblance to the in vivo human colonic biotransformation when 

performing in vitro gastrointestinal dialysis experiments. 

Four different sample preparation procedures were investigated to evaluate the 

influence of the procedure on the detection of biotransformation products. The 

freeze-drying procedure showed to be inferior, while centrifugation, sonication and 

extraction gave similar results. Considering the shorter time period needed to obtain 

samples suitable for LC injection, extraction was selected as optimal method. 

Additionally, a 1/20 dilution of the samples prior to LC-Q-TOF-MS analysis was chosen 

as most optimal dilution in comparison to a 1/10 and 1/40 dilution. Finally, the 

injection solvent was optimized. Additional experiments showed that evaporation of 

the samples to dryness and reconstitution in the starting mobile phase prior to LC-MS 

analysis improved the quality of the peak shapes and no influence of storage at -20 °C 

was observed. Combining suspect screening with two non-targeted screening data-

analysis workflows (MZmine + R and MPP workflow) showed a clear added value to 

the number of identified colonic biotransformation products.  
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Optimization of the GIDM-Colon procedure and the pre-analytical sample preparation 

phase, as well as the combination of complementary data-analysis workflows for 

biotransformation product identification resulted in the establishment of a unique 

ready-to-use platform to investigate colonic biotransformation of different 

xenobiotics. This platform can be used to investigate inter-individual differences in 

colonic biotransformation, by using different fecal donors. When using this platform, 

chlorogenic acid will be implemented as a positive control. 

Parallel GIDM-Colon experiments with deviating dialysis- and sampling intervals 

resulted in deviating results, limiting the complementarity. If the colonic behavior of a 

xenobiotic is studied over an interval of 24 h, all samples should originate from one 

GIDM-Colon experiment, with a duration of 24 h and dialysis should be performed 

continuously to prevent influence on the dialysis timing on the obtained results.  
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2.6 Supplementary information 

Table SI- 2-1: Overview of inclusion criteria for fecal donors 

Inclusion criteria for fecal donors 
Women aged 25 to 45 years 

Not pregnant at time of fecal donation, no treatment with high hormonal doses, no 

treatment with in vitro fertilization (oral contraceptives (low hormonal doses) is not 

a problem for participation). 

No menses at the time of donation 

Non-smoker: min. 3 years in advance of the donation 

No vegetarian or vegan 

No acute condition (e.g. diarrhea, fever or vomiting) at the time of donation 

No chronic condition requiring medical attention or medication at time of the 

donation 

No diagnosed infections (including HIV, hepatitis A, hepatitis B, hepatitis C …). 

Inclusion of statement of recent vaccinations or history of major infections 

Normal defecation: no diarrhea, no constipation and no treatment of any of these 

conditions in the past 3 months in advance of the donation 

No history of bowel disorders (Crohn's disease, ulcerative colitis, irritable bowel 

syndrome, Clostridium difficile colitis, stomach ulcer, Helicobacter pylori infection 

...). 

No history of major gastrointestinal tract operations (e.g. gastric bypass). 

No intake of antibiotics or antifungal, antiviral, antiparasitic medication 6 months in 

advance of the donation. 

No chronic intake of pre- and/or probiotics supplements 3 months in advance of the 

donation. 

No history of traveling to geographic areas with high risk of traveler’s diarrhea 

(Africa with exclusion of South Africa, Middle East, Asia with exclusion of Japan and 

Thailand, Australian continent with exclusion of Australia and New Zealand, Central 

and South America and the Caribbean with exclusion of Argentina and Chile) in the 

last 6 months. No residence of a couple of years in these areas. 

No history of typhoid fever. 

No allergic diseases. 

No history of immunosuppressants or chemotherapeutics use. 
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Table SI- 2-1: Overview of inclusion criteria for fecal donors (Continued) 

No vaccinations 3 months in advance of the donation (no flu vaccination 1 month 

before donation). 

Maximum 7 alcoholic drinks per week. 

No illegal drug use. 

No risky sexual behaviour 

 

Table SI- 2-2: Selection criteria for lean volunteers. 

Group Lean 

 BMI (kg/m2) < 25 

Waist circumference (cm) < 80 

Fasting glycaemia (mg/dL) < 126 

Glycaemia after oral glucose tolerance test (mg/dL) < 200 
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Figure SI- 2-1: Magnification of an ultrafiltration cell, just before connecting to the 

system (left) and schematic representation of the colonic and small intestinal stage of 

the GIDM-colon (right). Adapted from Breynaert et al., Planta Medica, 2015;81(12-

13):1075-83. (Breynaert et al. 2015) 

 

 

Figure SI- 2-2: m/z features, present in a colon-stage sample after 24 h of incubation, 

are visualized by a volcano plot. Features coloured in green with a log10 fold change > 

1 and a p-value <0.05, represent the features of interest. 
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Figure SI- 2-3: Chromatogram of the colonic biotransformation products of chlorogenic 

acid detected in a 24 h retentate colon sample, analyzed by using three different HPLC 

columns. (A) Luna Omega PS C18 column. (B) Kinetex XB-C18 column. (C) Luna Omega 

Polar C18.   
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Table SI- 2-3: Number of anaerobic bacteria over 24 h of incubation in a sterile 

phosphate buffer (0.1 M, pH 7).  Sample WCB-17 corresponds to a pooled sample 

incubated in WCB for 17 h. 

Pool Incubation time (h) 
Concentration anaerobic 

bacteria (CFU/g) 

Pool 1 

0 1.38 x 10
8
 

2 1.35 x 10
8
 

4 1.20 x 10
8
 

6 1.65 x 10
8
 

8 1.63 x 10
8
 

10 1.58 x 10
8
 

24 1.65 x 10
8
 

Pool 2 

0 1.48 x 10
8
 

14 1.60 x 10
8
 

16 1.63 x 10
8
 

18 1.42 x 10
8
 

20 1.72 x 10
8
 

22 1.30 x 10
8
 

24 1.30 x 10
8
 

WCB 17 1.48 x 10
9 
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Figure SI- 2-4: Levels of confirmation as proposed by Schymanski et al. (2014).  
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CHAPTER 3: INVESTIGATING INTER-INDIVIDUAL 
DIFFERENCES IN COLONIC 

BIOTRANSFORMATION OF XENOBIOTICS BY 
THE GUT MICROBIOME: OBESE VERSUS 

LEAN 

 

Based on following paper: 

Mortelé O, Xavier B B, Lammens C, Malhotra-Kumar S, Jorens P G, van Nuijs A L N and 

Hermans N. Obesity influences the microbiotic biotransformation of chlorogenic acid by 

the gut microbiome. Metabolites (Submitted) 

  



CHAPTER 3 

 

92 

 

  



CHAPTER 3 

 

93 

3.1 Introduction 

In 2016, over 650 million adults worldwide were obese and more than 1.9 billion adults 

had overweight making obesity a major public health problem (WHO 2020). Besides 

environmental, dietary, genetic and lifestyle factors, the gut microbiome has been 

identified as an important factor related to obesity. Alterations in gut microbiome 

composition are believed to be responsible for enhanced energy harvest from the 

human diet leading to a disruption of the energy homeostasis (Ley et al. 2005, Ley et 

al. 2006, Turnbaugh et al. 2008, Turnbaugh et al. 2009). The association between 

obesity and the gut microbiome was initially suggested based on animal studies. A 

study in germ-free mice observed a 60% increase in body fat within two weeks when 

the gut microbiota of obese mice was transferred to sterile mice, while germ-free mice 

receiving the microbiota of lean mice remained lean (Bäckhed et al. 2004). 

Associations between obesity and the gut microbiome have also been observed in 

humans (Turnbaugh et al. 2009, Sweeney and Morton 2013). A comparative study with 

monozygotic and dizygotic twins revealed phylum-level changes, reduced bacterial 

diversity, altered representation of bacterial genes and metabolic pathways associated 

with obesity (Turnbaugh et al. 2009). Multiple studies have demonstrated that 

representatives of the phylum Bacteroidetes were decreased and representatives of 

the phylum Firmicutes were increased in obese individuals (Ley et al. 2005, Ley et al. 

2006, Turnbaugh et al. 2008, Turnbaugh et al. 2009). It has to be mentioned, however, 

that diverse information is still published (Duncan et al. 2008, Zhang et al. 2009, 

Murphy et al. 2010) showing the need for further research. 

The gut microbiome is considered an additional metabolizing organ as it is able to 

influence the activity and toxicity of pharmaceuticals and other xenobiotics (O'Hara 

and Shanahan 2006, Borody et al. 2013, Wilson and Nicholson 2017). Related to the 

role of the gut microbiome in obesity, it is suggested that the obese gut microbiome 

features highly efficient metabolic pathways extracting energy from the human diet. 

Studies related to differences in metabolic capacity of the obese and lean gut 
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microbiome are limited to in vitro fermentation experiments studying the microbiotic 

biotransformation of dietary fibers, however, the effect of obesity related dysbiosis on 

the microbial biotransformation of xenobiotics such as pharmaceuticals remains 

unknown (Turnbaugh et al. 2008, Aguirre et al. 2016). Differences in biotransformation 

of xenobiotics by the gut microbiome between lean and obese populations could result 

in differences in activity and toxicity of the ingested compound. This information can 

have an impact on the dosage and dosing regimen of pharmaceuticals or food-

supplements and can aid in the development of a more personalized medical 

treatment for an obese population. In this chapter, the optimized in vitro 

gastrointestinal platform, including the GIDM-Colon, was used to study inter-individual 

differences in the microbial biotransformation of the model compound chlorogenic 

acid. Optimization of the platform ensured a better resemblance of the in vivo 

situation which allows interpopulation comparison of lean and obese populations. The 

differences in gut microbiome conditions were mimicked using collected fecal samples 

from both populations (Mortelé et al. 2019). 
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3.2 Aims and preface 

The objective of this chapter was to investigate (i) if differences in gut microbiome 

composition, bacterial diversity and/or the absolute number of bacteria could be 

observed between a lean and obese population and (ii) if inter-individual differences 

on the in vitro microbiotic biotransformation of chlorogenic acid by the gut 

microbiome could be observed between the two populations. The optimized in vitro 

gastrointestinal platform described earlier was applied as this model is suitable to 

study interindividual differences.  

 

3.3 Materials and methods 

3.3.1 Chemicals, reagents and materials 

Sodium phosphate dibasic (Na2HPO4, ≥ 99%), sodium phosphate monobasic dihydrate 

(NaH2PO4.2H2O, ≥ 99%), thioglycollate broth, pepsin from porcine gastric mucosa, bile 

extract porcine, pancreatin from porcine pancreas, theophylline (≥ 99%, anhydrous), 

caffeic acid (> 98%), chlorogenic acid (≥ 95%), dihydrocaffeic acid (98%), ferulic acid 

(99%) and quinic acid (98%) were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Deionized water and sodium bicarbonate (NaHCO3, > 99.7%, ACS grade) were acquired 

from respectively Millipore (Burlington, Massachusetts, USA) and Acros Organics 

(Pittsburgh, Pennsylvania, USA). Hydrochloric acid (HCl, 32 wt.% for analysis), formic 

acid (98-100%, Suprapur) and sodium hydroxide pellets (NaOH) were obtained from 

Merck (Darmstadt, Germany). Acetonitrile (ACN) and methanol (MeOH, ≥ 99.9%, LC-

MS grade) were acquired from Fisher Scientific (Hampton, New Hampshire, USA). 

Ultrapure water (Purelab flex apparatus) was obtained from ELGA Veolia (UK). 

Nitrogen gas (N2, AZOTE N28) and a gas mixture of hydrogen, carbon dioxide and 

nitrogen (5% H2, 5% CO2 and 90% N2, Alphagaz Mix) were purchased from Air Liquide 

Belge (Liege, Belgium).  
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Stirred ultrafiltration cells (model 8200, 200 mL, 63.5 mm diameter), the related 

controller (controller MF2 and reservoir RC800) and ultrafiltration discs (Ultracel, 

MWCO 1000 Da, 63.5 mm diameter) were purchased from Amicon Ltd (USA). A shaking 

warm water bath from VWR (Radnor, Pennsylvania, USA) was used during the gastric 

stage of the gastrointestinal dialysis model with colon phase (GIDM-Colon). An 

immersion circulator (model 1122S) and dialysis tubing (MWCO 12-14 kDa, Visking size 

6 Inf Dia 27/32 – 21.5 mm: 30 M) were acquired respectively from VWR and Medicell 

Ltd. (London, UK), for use during the small intestinal stage. An anaerobic environment 

was created during the colonic stage using a Jacomex glove box T3 from TCPS 

(Belgium). 

3.3.2 Fecal samples 

3.3.2.1 Collection and processing of the fecal samples 

Additionally to the nine fecal samples collected from lean volunteers as described in 

Chapter 2, four fecal samples from human metabolically healthy obese donors, 

defined according to the international guidelines of the World Health Organization 

(WHO), were collected in collaboration with the department of Clinical Pharmacology 

(Prof. P. Jorens) and Endocrinology-Diabetology and Clinical Nutrition (Prof. L. Van Gaal 

and Dr. E. Dirinck) of the Antwerp University Hospital. Patients met the same inclusion 

criteria as mentioned in 2.3.1.3.1 and Table SI-2.1. However, in comparison to the lean 

volunteers, a body mass index (BMI) and waist circumference of > 30 kg/m
2
 and > 88 

cm was required as proposed by the WHO guidelines for obesity (Table 3-1) (WHO 

2020). Fasting glycaemia and glycaemia after oral glucose tolerance test below 126 

mg/dL and 200 mg/dL glucose respectively were mandatory in order to exclude 

hyperglycemic patients as type I and type II diabetes are also associated with gut 

microbiome dysbiosis. Ethical approval for the project was acquired from the Ethical 

Committee of the Antwerp University Hospital (reference number: 16/43/442). The 

donors collected the fecal sample using Protocult collection containers (Ability Building 
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Center, Rochester, USA). Samples were held at room temperature in an anaerocult bag 

(Merck, Darmstadt, Germany). Feces were processed and stored within 3 h as 

described in 2.3.1.3.1.  

Table 3-1: Selection criteria for lean and metabolically healthy obese patients. 

Group Lean Metabolically healthy 
obese 

 BMI (kg/m2) < 25 >30 

Waist circumference (cm) < 80 >88 

Fasting glycaemia (mg/dL) < 126 < 126 

Glycaemia after oral glucose tolerance test 
(mg/dL) < 200 < 200 

 

3.3.2.2 Gut microbiome-comparison between the lean and obese 
population 

The gut microbiota composition of the fecal samples from the obese volunteers (n=4) 

was characterized according to the procedure described in 2.3.1.3. Differences in 

relative abundance on all taxonomic levels among samples (lean vs obese) were 

identified by linear discriminant analysis effect size (LEfSe). The concentration 

anaerobic colony forming units per gram (CFU/g) was determined for all samples 

according to the procedure described in 2.3.1.3.5. 
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3.3.3 Optimized in vitro gastrointestinal platform 

The optimized in vitro platform described in chapter two and previously developed by 

Breynaert et al. (2015) was applied to evaluate inter-individual differences in 

microbiotic metabolism of chlorogenic acid between a lean and obese population 

(Mortelé et al. 2019). 

3.3.3.1 Incubation of fecal slurry suspension 

Fecal slurry aliquots of the lean or obese donors were thawed and pooled with the 

samples from the same population. A 10% (v/v) pooled fecal slurry suspension was 

created by addition of a sterile phosphate buffer (0.1 M, pH 7), which was incubated 

for 1 h in the anaerobic glove box before use in the colonic-stage of the GIDM-Colon 

experiment. 

3.3.3.2 GIDM-Colon 

The protocol of the GIDM-Colon experiment is described in detail in chapter two 

(2.3.4). 50 mL of the appropriate 10% (v/v) fecal slurry suspension (lean/obese, Figure 

3-1) was added the ultrafiltration cells with exception of the negative control cell, 

which received 50 mL of sterile phosphate buffer. Samples were collected before and 

after the gastric stage, after the small intestinal stage and after 0 h, 2 h, 4 h, 6 h and 

24 h of colonic dialysis.  

3.3.3.3 Sample preparation 

The optimized sample preparation procedure discussed in chapter two was applied to 

the samples of the GIDM-Colon. Shortly, samples (one mL volume) were thawed at 

room temperature and one mL MeOH (-80 °C) was added. 10 µL of 2 mg/mL 

theophylline solution (as internal standard) was spiked to the sample, followed by 60 

s vortex mixing. A subsequent 1/10 dilution of the samples in 1/1 (v/v) ACN/water was 

carried out, after which the samples were filtered using a 0.2 µm centrifugal filter (5 
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min, 8000 rpm). Finally, samples were evaporated to dryness under a gentle N2-stream 

at 37 °C, reconstituted in the starting mobile phase and transferred to an LC-vial with 

insert.  

 

Figure 3-1: Overview of the lean and obese population GIDM-Colon experiments. 

3.3.4 Data acquisition and data analysis 

Instrumental analysis of the samples by liquid chromatography coupled to quadrupole 

time-of-flight mass spectrometry (LC-Q-TOF-MS) and application of three 

complementary data analysis workflows for biotransformation products identification 

was performed as described in 2.3.1.6.2 and 2.3.1.6.3. All biotransformation products 

of chlorogenic acid mentioned in chapter two (Table 2-1) were added to the suspect 

list together with the results of available literature and in silico prediction tools 

Biotransformer (Biotransformer.ca, v1.0.0) and Meteor Nexus (Lhasa Limited, v2.1). 

Identification was based on injection of an analytical standard if available, 

fragmentation pattern of the products ions, accurate mass and isotopic pattern. 

Parent ions may not exceed ± 10 ppm mass variation between the theoretical and 

measured parent ion. A maximal mass variation of ± 25 ppm for the product ions was 

n = 9

n = 4

Pooled fecal
slurry suspension

10% (v/v)

10% (v/v)

Colonic stage 
GIDM-Colon

Sampling time-
points colon

0, 2, 4, 6, 24 h

0, 2, 4, 6, 24 h

Lean

Obese

Fecal sample
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allowed. Identified biotransformation products had to be present in both replicates at 

a certain sampling time and were not present in blank or negative control samples 

unless otherwise mentioned in the chapter.   
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3.4 Results and discussion 

3.4.1 The gut microbiome: lean versus obese population 

3.4.1.1 CFU determination 

Table 3-2 summarizes the concentration anaerobic CFU in all samples. The 

concentration of anaerobic bacteria was lower for all obese samples in comparison to 

the samples of the lean volunteers, with exception of sample C3. A mean of 3.45 x 10
8
 

CFU/mL and 0.133 x 10
8
 CFU/mL anaerobic bacteria were determined in the lean and 

obese samples respectively.  

Table 3-2: Overview of the concentration colony forming units (CFU) in the individual 

lean (C) and obese (O) samples and the mean concentration within the population. 

Sample Concentration (x 108 CFU/mL) Mean (x 108 CFU/mL) 
C2 4.47 

3.45 

C3 0.45 

C4 12.9 

C5 2.76 

C6 1.06 

C7 2.68 

C8 2.44 

C9 0.81 

C10 3.50 

O1 0.006 

0.13 
O3 0.45 

O6 0.027 

O7 0.05 

 

3.4.1.2 Alpha diversity 

Figure 3-2 visualizes the number of observed species in the lean and obese samples. 

The data suggest a lower alfa diversity of the obese gut microbiota as previously 

reported in the literature (Turnbaugh et al. 2009). However, no conclusions can be 
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made due to the limited number of samples. The outlier observed in the obese 

population corresponds with sample O7.  

 

Figure 3-2: Overview of the number of observed species in the lean (red) and obese 

(blue) samples.  

3.4.1.3 Beta diversity 

The following bacterial operational taxonomic units (OTUs) were uniquely present in 

the lean volunteers; Bacteriodales (order), Tenericutes (phylum), Mogibacteriaceae 

(family) and genus Oscillospira, Odoribacter, Lactobacillus, Enterococcus and 

Lactococcus. OTUs uniquely represented by the obese population were genus 

Megamonas, Blautia, Collinsella, Eggerthella and Acetobacter (Table SI- 3-1). 

Interestingly, based on the principal coordinates analysis (PCoA), samples O1, O2, O6 

clustered separately from lean volunteers but among the obese volunteers, O7 

showed a deviating composition and clustered far away from other obese patients 

Lean Obese
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(Figure 3-3). Additionally, to the low alpha diversity, a high relative abundance of genus 

Faecalibacterium in comparison to the other volunteers was observed. 

Genus Lactococcus was previously reported to be enriched in lean volunteers in 

comparison to obese individuals (Chavez-Carbajal et al. 2019). Furthermore, Clarke et 

al. (2012) reported a positive correlation between genera Enterococcus and 

Lactobacillus with decreasing BMI. Genus Megamonas and Blautia have been 

previously reported to be enriched in obese patients in comparison to lean individuals 

(Chavez-Carbajal et al. 2019, Chen et al. 2020, Maya-Lucas et al. 2019). Furthermore, 

Ozato et al. (2019) reported an association of genus Blautia with visceral fat 

accumulation in adults. Finally, Kang et al. (2014) reported a decrease of phylum 

Tenericutes in mice when administered a high fat diet. 

With mean Firmicutes/Bacteroidetes ratios of 2.4 (± 0.7) and 2.0 (± 1.2) for the obese 

and lean population respectively, no increased ratio as reported by literature was 

observed (Ley et al. 2005, Ley et al. 2006, Turnbaugh et al. 2008, Turnbaugh et al. 

2009). The limiting statistical power due to low number of replicates may be a possible 

explanation for the deviating results.  
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Figure 3-3: Principal coordinates analysis (PCoA) of all fecal slurry samples based on 

the calculated Bray-Curtis score. Red square includes the healthy volunteers. Green 

square includes the obese patients with exception of O7. 

  

Obese

Lean
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3.4.2 The microbiotic biotransformation of chlorogenic acid: lean 
versus obese population 

3.4.2.1 Differences in number of identified biotransformation products 

A total of 24 biotransformation products were identified in both experiments (Table 

3-3). Table 3-4 summarizes the presence or absence of the different biotransformation 

products at the different time points in the GIDM-Colon for the lean and obese 

populations. 23 biotransformation products were detected in the lean population, 

while 13 biotransformation products were detected in the obese GIDM-Colon 

experiments. Dihydrocyclohexane carboxylic acid was the unique biotransformation 

product detected in the obese population. The 11 unique biotransformation products 

identified in the lean population were 1-caffeoylglycerol, 4-ethylcatechol, 

dihydrochlorogenic acid, hydroxycoumaroylquinic acid, hydroxydihydrocaffeoylquinic 

acid, M7, M8, M9, M18, M20 and M23 (full names can be found in Table 3-3). 

3.4.2.2 Differences in biotransformation rate 

3.4.2.2.1 Faster formation of biotransformation product in lean population 

Figure 3-6 presents the number of identified biotransformation products at the 

different dialysis time points for the lean and obese population respectively. From 4 h 

dialysis on, differences in number of identified biotransformation products were 

observed between the populations that increased over time (Figure 3-6). The microbial 

biotransformation pathways for the lean and obese population from 0 h to 6 h colonic 

dialysis are represented in Figure SI- 3-3 and Figure SI- 3-4 respectively. The divergent 

results at 4 h colonic dialysis were caused by the presence of 1-caffeoylglycerol in the 

lean population, which is one of the unique biotransformation products for this 

population. Both M2 and trihydroxycyclohexane carboxylic acid were detected starting 

from 6 h dialysis in the lean GIDM-Colon samples, while they were only present after 

24 h in the obese replicate (Table 3-4, Figure SI- 3-5, Figure SI- 3-6).  



CHAPTER 3 

 
106 

 
Figure 3-4: Biotransformation pathway of chlorogenic acid in the lean population at 24 h of colonic dialysis. Biotransformation products for which 
no structure was found could not be included. Structures highlighted in green represent unique biotransformation products for the lean population 
samples. The red cross indicates biotransformation products no longer present in the 24 h lean replicates. Dotted line indicates the presence of 
intermediate steps. A Quinic acid may be formed by multiple precursor structures containing the quinic acid moiety. For reasons of clarity, only the 
pathway from chlorogenic acid is shown. B Proposed structure of M7 based on the structural formula and presence of M5 and M2. C M20 could 
correspond to dihydroferulic acid, however, identification was not conclusive based on the MS/MS spectra. 
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Figure 3-5: Biotransformation pathway of chlorogenic acid in the obese population at 24 h of colonic dialysis. Structure highlighted in 
green represents the unique biotransformation products for the obese population samples. Dotted line indicates the presence of 
intermediate steps. 
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Figure 3-6: Comparison of the number of identified biotransformation products over 
colonic dialysis time between the lean (grey) and obese (white) GIDM-Colon 
experiment. 

 

3.4.2.2.2 Chlorogenic acid 

Isomerization of 5-CQA to isomers 3-CQA and 4-CQA ([M - H]-, m/z 353.0863), occurred 

in the small intestinal phase. Identification of the isomers was based on the injection 

of an analytical reference standard (5-CQA) and MS/MS spectra as described by 

Wianowska and Gil (2018) (Figure SI- 3-1). The chlorogenic acid isomers were no longer 

detected after 24 h dialysis in the lean population experiment, while all 3 isomers were 

still present in the obese 24 h replicates confirming less microbiotic biotransformation 

of chlorogenic acid in the obese population (Figure SI- 3-2-B,C). 

The proposed biotransformation pathways of chlorogenic acid in the lean and obese 

population are presented in Figure 3-4 and Figure 3-5 respectively. 
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3.4.2.2.3 Caffeic acid pathway 

Caffeic acid showed an increase in relative area over the first 6 h of dialysis in the lean 

population samples (Figure 3-7-A). The increase in signal of caffeic acid in the obese 

samples was not clear and remained stable after 2 h of dialysis. Caffeic acid was further 

metabolized into 1-caffeoylglycerol and dihydrocaffeic acid, which in turn gave rise to 

the formation of 3-phenyllactic acid and 4-ethylcatechol for the lean population. The 

biotransformation rate observed for the obese population appeared to be lower as 

caffeic acid was still detected in the obese 24 h samples. The signal of dihydrocaffeic 

acid in the obese samples (0.012 ± 0.001) was negligible in comparison to the signal in 

the lean 24 h replicates (4.7 ± 1.4) and a similar result was observed for 3-phenyllactic 

acid (Figure 3-8-A,C). Furthermore, 1-caffeoylglycerol and 4-ethylcatechol were not 

detected in the obese replicates.  

3.4.2.2.4 Feruoylquinic acid pathway 

Feruoylquinic acid was the precursor of ferulic acid. Similar to caffeic acid, an increase 

in relative area over the first 6 h of dialysis was observed in the lean population 

samples, while the same trend was not observed for the obese samples (Figure 3-7-B). 

The relative area of feruoylquinic acid (Figure 3-7-E) was stable over 6 h of dialysis in 

the obese population, with a slight drop in signal after 24 h dialysis. Lower relative 

areas of feruoylquinic acid were detected in the lean population samples starting from 

2 h dialysis in comparison to the obese population. Given the higher relative areas of 

ferulic acid in the lean samples, a more pronounced formation of ferulic acid could 

lead to the lower signals of feruoylquinic acid.  

Both feruoylquinic acid and ferulic acid were no longer detected in the lean 24 h 

samples. Successive biotransformation of ferulic acid to M20 is reasonable 

explanation, but for which no definite proof has been found. Biotransformation 

product M20, with structural formula C10H12O4, could correspond to dihydroferulic 

acid. The identification was not conclusively based on the MS/MS spectra. The 
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detected product ion m/z 121.0291 [C7H5O2]- corresponded to the hydroxy-

methoxyphenyl moiety. However, the major product ion according to the spectra of 

the MassBank of North America (MoNA), m/z 136.0452 [C8H8O2]- was not present in 

the acquired MS/MS spectra.  

3.4.2.2.5 Quinic acid pathway 

For both quinic acid and M5, an increase in relative area over colonic dialysis time was 

observed in the obese population while the signal declined after 4 h of dialysis in the 

lean GIDM-Colon samples (Figure 3-7-C,D). This decline in signal of quinic acid and M5 

can be explained by the formation of trihydroxycyclohexane carboxylic acid and M2 

respectively at 6 h of colonic dialysis (Figure SI- 3-3) in the lean population. The lower 

biotransformation rate of the obese gut microbiome was once more confirmed by the 

pathway resulting from quinic acid as precursor: (i) relative areas of M2, 

trihydroxycyclohexane carboxylic acid and hydroxybenzaldehyde were clearly higher 

in the lean replicates (Figure 3-8-B,D,E), (ii) in comparison to the obese 24 h samples, 

M5 was no longer detected in the lean replicates (Figure 3-4) and (iii) M7 was only 

detected in the lean replicates (Figure 3-4). 
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Figure 3-7: The relative area of biotransformation products caffeic acid (A), ferulic acid 
(B), quinic acid (C), M5 (D) and feruoylquinic acid (E), in the lean (grey) and obese 
(white) population, plotted against colonic dialysis time. 
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Figure 3-8: Relative areas of dihydrocaffeic acid (A), M2 (B), 3-phenyllactic acid (C), 
hydroxybenzaldehyde (D) and trihydroxycylcohexane carboxylic acid (E) in the 24 h 
replicates of the lean (grey) and obese (white) GIDM-Colon experiment respectively. 

3.4.2.2.6 M17 

Although M17 was detected in the 24 h replicates of both the lean and obese 

population samples, differences were observed between the two groups. Concerning 

M17, two peaks were present in the EIC of C16H18O8 (m/z 337.0923) for both 

populations. The peak at 18.6 min corresponded to M17, while the peak at 20.9 min 

was identified as coumaroylquinic acid based on the MS/MS spectrum (Figure SI- 3-7-

A,B,E). Coumaroylquinic acid was however present in the negative control sample 

meaning it may not be interpretated as a microbial biotransformation product (Figure 

SI- 3-7-C). The signal of coumaroylquinic acid in the obese 24 h samples was similar to 

the negative control sample. The signal in the lean 24 h replicates was clearly lower in 

comparison to the negative control, suggesting further biotransformation of 

coumaroylquinic acid (Figure SI- 3-7-A,B,C). The peak at 18.6 min (M17) was not 

identified as coumaroylquinic acid based on the absence of product ion m/z 191.0567 
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and the presence of m/z 179.0336. Product ion m/z 179.0336 corresponds to the 

caffeic acid fragment suggesting the loss of a hydroxylgroup on the quinic acid moiety 

in comparison to chlorogenic acid (Figure 3-4, Figure SI- 3-7-D). 

3.4.2.3 Association with health-promoting effects of chlorogenic acid 

in lean and obese patients 

Multiple studies have proposed possible mode of actions for the health-promoting 

effects of chlorogenic acid such as scavenging of reactive oxygen species (ROS) and 

inhibition of hepatic peroxisome proliferators’-activated receptor g (PPARg), causing a 

lower expression of inflammation and reduced uptake of fatty acids in the liver 

respectively (Naveed et al. 2018). As chlorogenic acid is less subjected to microbiotic 

biotransformation by the obese gut microbiome, a larger fraction of the parent 

compound is available for absorption resulting in increased systemic chlorogenic acid 

concentrations in the obese in comparison to the lean population. This could possible 

lead to enhanced health-promoting effects in the obese patients, however, further 

research is needed as microbial biotransformation products of chlorogenic acid, 

enhanced in the lean population, may also possess biological effects. Our findings 

however present a promising basis for further research on personalized medicine.  

3.4.2.4 Comparison to the literature 

Based on the results discussed above, a clearly lower biotransformation rate of 

chlorogenic acid by the obese gut microbiome was observed in comparison to a lean 

population. This is in disagreement with the proposed highly efficient metabolic 

pathways of the obese microbiota in extracting energy from food (Ley et al. 2005, Ley 

et al. 2006, Turnbaugh et al. 2008, Turnbaugh et al. 2009). Aguirre et al (2016) 

observed deviating fermentation kinetics of arabinogalactan and inulin in terms of 

short chain fatty acid (SCFA) production between an obese and lean population 

suggesting the metabolic activity of the gut microbiome may be substrate-dependent, 

which may explain the results obtained for chlorogenic acid.  
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A similar study has been conducted by Zhou et al. (2017) on the microbiotic 

biotransformation of saponins present in Siraitia fructus by the gut microbiome of type 

2 diabetic (T2D) and non-diabetic patients. This study reported a higher number of 

identified biotransformation products for the T2D population in comparison to the 

non-diabetic population. Furthermore, oxidation and isomerization biotransformation 

reactions were more pronounced in the T2D population (Zhou et al. 2017). This study 

confirmed interpopulation differences in microbiotic biotransformation of xenobiotics 

which is in agreement with the reported findings in this chapter. 

3.4.2.5 Limitations of the study 

There are some limitations to the presented study that have to be pointed out. Firstly, 

this study included a limited number of lean (n=9) and obese patients (n=4). Including 

a higher number of donors in the fecal suspension pools of both populations will result 

in a more representative microbiota for the whole lean or obese population (Aguirre 

et al. 2014). Secondly, GIDM-Colon samples were analyzed by LC-Q-TOF-MS. The high 

resolution of the applied analysis aids in the identification, however, it does not 

provide quantitative data on the detected biotransformation products. Analyzing the 

samples by liquid chromatography coupled to triple quadrupole mass spectrometry 

(LC-MS/MS) would provide absolute concentrations of the identified 

biotransformation products which could supply additional information on 

biotransformation trends and timing differences and aid in improving the knowledge 

on the microbiotic biotransformation pathway of chlorogenic acid. The conclusions on 

differences in biotransformation trends based on relative areas should be 

interpretated with caution as the LC-Q-TOF-MS dynamic linear range, the range over 

which the ion signal has a linear trend with analyte concentration, is reported to be 

less compared to LC-MS/MS (Allen and McWhinney 2019). 
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Table 3-3: Overview of identified biotransformation products and additional information: metabolite ID, compound name, molecular 
formula, level of confirmation as proposed by Schymanski et al. (Figure SI-2-4) (Schymanski et al. 2014), retention time, exact mass, 
detected parent ion, mass difference. Level 1 (L1): Structure confirmed by analytical reference standard; level 2a (L2a): Probable 
structure by library spectrum match; level 3 (L3): tentative candidates based on experimental data; level 4 (L4): Unequivocal molecular 
formula based on MS1 and isotope ratios. NA: not acquired. A: Confirmed using mzCloud.org. B: Confirmed based on Kang et al. (Kang 
et al. 2016) 

ID 
Compound name 

Molecular 

formula 

Level of 

confirmation 

tr 

(min) 

Exact mass 

(g/mol) 

Parent ion 

(m/z) 

Δ Mass 

(ppm) 
MS/MS product ions 

M1 Trihydroxycyclohexane carboxylic acid C7H12O5 L3 1.1 176.0685 175.0611 -0.71 

157.0493 [C7H9O4]-; 113.0609 

[C6H9O2]-; 95.0493 [C6H7O]-; 73.0297 

[C3H5O2]-; 44.9992 [CHO2]- 

M2 

3-[(carboxyethynyl)oxy]-1,4-

dihydroxycyclohexane-1-carboxylic 

acid 

C10H12O7 L3 1.1 244.0599 243.0474 6.45 
175.0601 [C7H11O5]-; 95.0494 [C6H7O]-

; 44.9978 [CHO2]- 

M3 Quinic acid C7H12O6 L1 1.1 192.0635 191.0560 -0.94 
85.0297 [C4H5O2]-; 73.0271 [C3H5O2]-; 

59.0157 [C2H3O2]- 

M4 Dihydroxycyclohexane carboxylic acid C7H12O4 L3 1.6 160.0733 159.0661 -6.16 113.0594 [C6H9O2]- 

M5 

3-[(carboxyethynyl)oxy]-1,4,5-

trihydroxycyclohexane-1-carboxylic 

acid 

C10H12O8 L3 1.1 260.0516 259.0456 -1.46 

191.0583 [C7H11O6]-; 173.0427 

[C7H9O5]-; 127.0424 [C6H7O3]-; 

111.0222 [C6H7O2]- 
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Table 3-3 (continued) 
ID Compound name 

Molecular 
formula 

Level of 
confirmation* 

tr 
(min) 

Exact mass 
(g/mol) 

Parent ion 
(m/z) 

Δ Mass 
(ppm) MS/MS product ions 

M6 NA C12H16O9 L4 1.1 304.078 303.0752 -1.84 

191.0556 [C7H11O6]-; 135.0848 

[C9H11O]-; 111.0449 [C6H7O2]-; 

109.0260 [C6H5O2]-; 89.0141 

[C3H5O3]-; 85.0311 [C4H5O2]-; 

60.9936 [CHO3]- 

M7 NA C10H12O6 L4 9.6 228.0617 227.0564 0.5 NA 

M8 

Methyl 3-((3-(3,4-

dihydroxyphenyl)propanoyl)oxy}-4-hydroxy-5-

methoxycyclohexa-1,5-diene-1-carboxylate 

C18H20O8 L3 9.6 364.115 363.1082 -0.85 

181.0496 [C9H9O4]-; 137.0596 

[C8H9O2]-; 121.0289 [C7H5O2]-; 

59.0151 [C2H3O2]- 

M9 
6-(3-(3,4-dihydroxyphenyl)-1-

hydroxypropoxy)cyclohexane-1,2,4-triol 
C15H22O7 L3 9.6 314.1352 313.1299 2.13 

181.0496 [C9H9O4]-; 135.0442 

[C8H7O2]-; 131.0704 [C6H11O3]-; 

107.0490 [C7H7O]- 

M10 Dihydrocaffeic acid C9H10O4 L1 9.6 182.0579 181.0508 0.48 

137.0593 [C8H9O2]-; 121.0286 

[C7H5O2]-; 119.0465 [C8H7O]-; 

109.0287 [C6H5O2]-; 59.0138 

[C2H3O2]- 
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Table 3-3 (continued) 
ID Compound name 

Molecular 
formula 

Level of 
confirmation* 

tr 
(min) 

Exact mass 
(g/mol) 

Parent ion 
(m/z) 

Δ Mass 
(ppm) MS/MS product ions 

M11 Hydroxybenzaldehyde C7H6O2 L2aA 11 122.0367 121.0304 8.94 93.0310 [C6H5O]- 

M12 Caffeic acid C9H8O4 L1 13.5 180.0414 179.035 -0.55 

135.0431 [C8H7O2]-; 117.0353 

[C8H5O]-; 91.0000 [C6H3O]-; 

44.9992 [CHO2]- 

M13 Hydroxycoumaroylquinic acid C16H18O9 L3 14.6 354.095 353.0866 7.38 
191.0561 [C7H11O6]-; 173.0455 

[C7H9O5]-; 93.0351 [C6H5O]- 

M14 Dihydrochlorogenic acid C16H20O9 L3 14.6 356.1094 355.1019 -4.19 
191.0540 [C7H11O6]-; 173.0446 

[C7H9O5]-; 137.0630 [C8H9O2]- 

M15 Hydroxydihydrocaffeoylquinic acid C16H20O10 L3 14.6 372.1045 371.098 -0.91 
353.0867 [C16H17O9]-; 191.0556 

[C7H11O6]- 

M16 3-Phenyllactic acid C9H10O3 L2aA 14.9 166.0628 165.0554 -1.68 

147.0415 [C9H7O2]-; 119.0472 

[C8H7O]-; 103.0533 [C8H7]-; 

91.0547 [C7H7]-; 72.9901 

[C2HO3]-; 44.9972 [CHO2]- 

M17 

methyl 3-((3-(3,4-

dihydroxyphenyl)propanoy))oxy}-4-hydroxy-5-

methoxycyclohexa-1,5-diene-1-carboxylate 

C16H18O8 L3 18.6 338.1002 337.0923 -1.85 
179.0336 [C9H7O4]-; 161.0267 

[C9HO3]-; 135.0435 [C8H7O2]- 
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Table 3-3 (continued) 

ID Compound name 
Molecular 

formula 
Level of 

confirmation* 
tr (min) 

Exact 
mass 

(g/mol) 

Parent 
ion (m/z) 

Δ 
Mass 
(ppm) 

MS/MS product ions 

M18 

3-((3-(3,4-

dihydroxyphenyl)propanoyl)oxy}-

1,4-dihydroxycyclohexane-1-

carboxylic acid 

C16H20O8 L3 18.6 340.1158 339.1077 -3.57 
181.0490 [C9H9O4]-; 157.0487 [C7H9O4]-; 137.0602 

[C8H9O2]- 

M19 1-Caffeoylglycerol C12H14O6 L2aB 18.7 254.0791 253.0717 -0.08 
179.0328 [C9H7O4]-; 161.0236 [C9H5O3]-; 135.0443 

[C8H7O2]-; 133.0298 [C8H5O2]- 

M20 NA C10H12O4 L4 20.7 196.0729 195.0658 -3.15 160.8407; 121.0291 [C7H5O2]- 

M21 4-ethyl-catechol C8H10O2 L3 20.5 138.0679 137.0600 -5.4 122.0374 [C7H6O2]- 

M22 Feruoylquinic acid C17H20O9 L3 21.7 368.1107 367.102 -2.84 
191.0585 [C7H11O6]-; 179.0344 [C9H7O4]-; 

161.0276 [C9H5O3]-; 135.0458 [C8H7O2]- 

M23 NA C12H14O5 L4 22 238.0838 237.0765 -0.47 
179.0340 [C9H7O4]-; 161.0231 [C9H5O3]-; 135.0441 

[C8H7O2]- 

M24 Ferulic acid C10H10O4 L1 22.3 194.058 193.0505 -0.19 
178,0270 [C9H6O4]-; 161,0273 [C9H5O3]-; 134,0373 

[C8H6O2]-; 133,0292 [C8H5O2]- 

Parent Chlorogenic acid C16H18O9 L1 17.1 354.095 353.0863 -4.38 
191.0546 [C7H11O6]-; 173.0451 [C7H9O5]-; 

161.0214 [C9H5O3]-; 135.0413 [C8H7O2]- 
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Table 3-4: Overview of the presence (green) or absence (orange) of the identified biotransformation products in the lean (L) or obese 
(O) GIDM-Colon experiments at the different sampling time-points. 

Biotransformation product Population Stomach Small int. Colon 0 h Colon 2 h Colon 4 h Colon 6 h Colon 24 h 

3-phenyllactic acid 
L        

O        

4-ethylcatechol 
L        

O        

Chlorogenic acid 
L        

O        

Caffeic acid 
L        

O        

Caffeoylglycerol 
L        

O        

Dihydrocaffeic acid 
L        

O        

Dihydrochlorogenic acid 
L        

O        

Dihydrocyclohexane carboxylic 
acid 

L        

O        
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Table-3-4 (continued) 
Biotransformation product Population Stomach Small int. Colon 0 h Colon 2 h Colon 4 h Colon 6 h Colon 24 h 

Feruoylquinic acid 
L        

O        

Ferulic acid 
L        

O        

Hydroxybenzaldehyde 
L        

O        

Hydroxycoumaroylquinic acid 
L        

O        

Hydroxydihydrocaffeoylquinic 
acid 

L        

O        

M2 
L        

O        

M5 
L        

O        

M6 
L        

O        
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Table-3-4 (continued) 
Biotransformation product Population Stomach Small int. Colon 0 h Colon 2 h Colon 4 h Colon 6 h Colon 24 h 

M7 
L        

O        

M8 
L        

O        

M9 
L        

O        

M18 
L        

O        

M19 
L        

O        

M20 
L        

O        

M23 
L        

O        

Quinic acid 
L        

O        

Trihydroxycyclo carboxylic acid 
L        

O        
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3.5 Conclusions 

Differences in gut microbiome composition, bacterial diversity and bacterial 

concentration were observed between the obese and lean samples. Unique OTUs 

were identified for both populations. The previously reported increased 

Firmicutes/Bacteroidetes ratio was not observed. Lower bacterial concentrations were 

observed for the obese population in comparison to the lean population samples.  

Clear differences in microbial biotransformation of chlorogenic acid between a lean 

and obese population were observed. 23 and 13 biotransformation products were 

identified in the samples of the lean and obese GIDM-Colon experiment respectively. 

11 biotransformation products were unique for the lean population, while only 1 

biotransformation product was unique for the obese samples. Furthermore, a clearly 

higher metabolic activity of the lean gut microbiome was observed. The reported 

differences in biotransformation between the populations provide new research 

opportunities for other scientific fields and perspectives such as drug development and 

pharmacokinetic studies. 

  



CHAPTER 3 

 
123 

3.6 Supplementary information 

Table SI- 3-1:Unique operational taxonomic units (OTUs) in the lean (n=9) and obese 
(n=4) population. LDA: Linear discriminant analysis. 

Population Taxonomy LDA-score p-value 

Lean 

Lactococcus (Genus) 2.2 0.043 

Lactobacillus (Genus) 3.0 0.024 

Enterococcus (Genus) 2.7 0.012 

Odoribacter (Genus) 3.3 0.021 

Oschillospira (Genus) 3.5 0.021 

Mogibacteriaceae (Family) 2.9 0.013 

Bacteroidales (Order) 3.3 0.044 

Tenericutes (Phylum) 3.0 0.024 

Obese 

Blautia (Genus) 4.4 0.013 

Megamonas (Genus) 3.0 0.011 

Collinsella (Genus) 3.4 0.034 

Acetobacter (Genus) 2.9 0.001 

Eggerthella (Genus) 2.3 0.032 
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Figure SI- 3-1: MS/MS spectra of 3-caffeoylquinic acid (A), 5-caffeoylquinic acid (B) and 
4-caffeoylquinic acid (C) in accordance with Wianowska and Gil. (Wianowska and Gil 
2018) 

 

A)

B)

C)
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Identification of chlorogenic acid isomers 

Identification of the individual caffeoylquinic acid isomers was confirmed based on the 

identification scheme proposed by Wianowska and Gil (2018). Confirmation of 3-CQA 

was based on the main product ion m/z 191.0582 and m/z 179.0336 as secondary 

product ion (relative abundance ± 50 %). 4-CQA was identified based on the primary 

product ion m/z 173.0345. The presence of product ion m/z 191.0558 and the absence 

of product ion m/z 179.0336 is confirmative for the identification of 5-CQA. 

Hydroxycoumaroylquinic acid 

An additional isomer, hydroxycoumaroylquinic acid ([M - H]-, m/z 353.0866), was only 

detected in the lean population samples after 24 h dialysis (Figure SI- 3-2-B). The main 

product ion was m/z 191.0561 which corresponded to the quinic acid moiety. Product 

ion m/z 173.0455 corresponded to the quinic acid moiety with loss of H2O. Finally, 

product ion m/z 93.0351 corresponded to a hydroxylated benzene ring. 

 

Figure SI- 3-2: Extracted ion chromatogram (EIC) of m/z 353.0878 (C16H17O9-, [M - H]-) which presents the 
number of counts of the extracted ion over acquisition time (min). The three chlorogenic acid isomers (3-
CQA, 4-CQA and 5-CQA) were identified in the negative control sample (A) and the 24 h obese replicates 
(C). 3-CQA, 4-CQA and 5-CQA were no longer detected in the 24 h lean population replicate (B). 
Hydroxycoumaroylquinic acid (RT = 14.7 min) was only detected in the 24h lean samples. 
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Figure SI- 3-3:Microbial biotransformation pathway of chlorogenic acid in the lean population samples from 0 h to 6 h colonic dialysis. 
Structures highlighted in green represent unique biotransformation products for the lean population samples. The dotted line indicates 
the time of formation of the biotransformation products. Structures not marked were present at the start of colonic dialysis. 

Chlorogenic acid

Quinic acid

M5

Feruoylquinic acid Ferulic acid

Caffeic acid

1-caffeoylglycerol M2

Trihydroxycyclohexane
carboxylic acid

6 h4 h

2 h
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Figure SI- 3-4: Microbial biotransformation pathway of chlorogenic acid in the obese population samples from 0 h to 6 h of colonic 
dialysis. The dotted line indicates the time of formation of the biotransformation products. Structures not marked were present at the 
start of colonic dialysis.

Chlorogenic acid

Quinic acid

M5

Feruoylquinic acid Ferulic acid

Caffeic acid

2 h
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Figure SI- 3-5: Relative area of M2 over colonic dialysis time in the lean (grey) or obese 
(white) GIDM-Colon samples 

 

Figure SI- 3-6: Relative area of trihydroxycyclohexane carboxylic acid over colonic 
dialysis time in the lean (grey) or obese (white) GIDM-Colon samples 
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Figure SI- 3-7: The extracted ion chromatogram (EIC) of C16H18O9 in the 24 h retentate 
replicates of the lean (A) and obese (B) GIDM-Colon experiment. C: EIC of C16H18O9 in 
the negative control 24 h retentate sample. D and E correspond to the MS/MS spectra 
of the peak at 18.6 and 20.9 min respectively. 

 

  

A B C

D
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CHAPTER 4: INVESTIGATING THE INTESTINAL 
ABSORPTION OF CHLOROGENIC ACID AND 

ONE OF ITS MAJOR MICROBIAL 
BIOTRANSFORMATION PRODUCTS, QUINIC 

ACID, USING A CACO-2 BIDIRECTIONAL 
PERMEABILITY ASSAY 

 

Based on following paper: 

Mortelé O, Jörissen J, Spacova I, Lebeer S, van Nuijs A L N, Hermans N. Demonstrating 

the involvement of an active efflux mechanism in the intestinal absorption of 

chlorogenic acid and quinic acid using a Caco-2 bidirectional permeability assay. Food 

& Function 2021, DOI: 10.1039/D0FO02629H.  
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4.1 Introduction 

Multiple in vivo animal studies and human clinical trials have attributed chlorogenic 

acid, the target compound of chapter two and three, health-promoting properties 

such as anti-inflammatory (dos Santos et al. 2006, Liang and Kitts 2018), antioxidative 

(Agudelo-Ochoa et al. 2016), antidiabetic (Hunyadi et al. 2012) and antihypertensive 

effects (Mubarak et al. 2012). These beneficial effects are dependent on its 

bioavailability, which is determined by the pharmacokinetic properties: absorption, 

distribution, metabolism and excretion (ADME). Our earlier results, and multiple other 

studies have shown that chlorogenic acid is subjected to microbiotic biotransformation 

in the colon, meaning that the biological properties of chlorogenic acid could be 

influenced by the ADME properties of the microbiotic biotransformation products 

(Gonthier MP 2003, Tomas-Barberan et al. 2014, Breynaert et al. 2015, Pinta et al. 

2018). Quinic acid, one of the most prominent microbiotic biotransformation products 

of chlorogenic acid, is attributed indirect antioxidative effects as it is able to induce the 

antioxidant metabolism by enhancing the synthesis of tryptophan and nicotinamide in 

the gastrointestinal tract. Increased production of these compounds will lead to DNA 

repair enhancement and NF-kB inhibition (Pero et al. 2009, Pero and Lund 2011). 

Furthermore, neuroprotective effects on aluminum chloride-induced dementia have 

been described for quinic acid when administered to rats (Liu et al. 2020). 

In order to have a more profound understanding of the biological properties of 

chlorogenic acid and to optimize formulation and dosing strategies of chlorogenic acid-

containing food supplements, detailed information on the absorption of chlorogenic 

acid and its microbial biotransformation products is imperative. Multiple studies have 

investigated the in vivo bioavailability in humans and rats after coffee consumption 

(Dupas et al. 2006, Stalmach et al. 2009, Stalmach et al. 2010), oral ingestion of a green 

coffee extract (Farah et al. 2008) or a chlorogenic acid supplemented diet (Gonthier et 

al. 2003). In vivo bioavailability studies, however, do not provide the necessary 

information to make statements on the intestinal absorption of chlorogenic acid and 
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its microbial biotransformation products. Firstly, chlorogenic acid is susceptible to 

microbial biotransformation by the gut microflora leading to multiple phenolic 

biotransformation products and quinic acid derivatives, meaning that a low recovery 

of chlorogenic acid in plasma or urine cannot be necessarily linked to a low intestinal 

absorption. Furthermore, the measured analytes in plasma can also result from 

hepatic biotransformation (Gonthier et al. 2006). Secondly, instant/brewing coffee 

and coffee extracts, frequently used in in vivo studies, contain multiple chlorogenic 

acids including caffeoylquinic acids, dicaffeoylquinic acids, feruloylquinic acids and p-

coumaroylquinic acids (Farah et al. 2008, Stalmach et al. 2009, Stalmach et al. 2010). 

Biotransformation of these chlorogenic acids could lead to common microbial 

biotransformation products and therefore to misleading conclusions on the intestinal 

absorption of chlorogenic acid and/or its microbial biotransformation products.  

In vitro permeability studies can provide information on the absorption of chlorogenic 

acid and microbial biotransformation products without influence of the other 

pharmacokinetic ADME properties. The human intestinal epithelial Caco-2 cell-line, 

derived from a colorectal adenocarcinoma, is widely used to mimic the intestinal 

barrier in vitro (Lea 2015). Caco-2 cells have the ability to spontaneously differentiate 

towards a cell monolayer with the characteristic apical brush border with microvilli 

and adjacent cells with tight junctions (Lea 2015) (Figure 4-1).  

 

 

Figure 4-1: Differentiation of the Caco-2 cells on a cell culture insert. Middle: Caco-2 
cells reach confluence after which they will start to spontaneously differentiate. Right: 
After 21 days culture period, the Caco-2 cells will appear as a cell monolayer with the 
characteristic apical brush border with microvilli and tight junctions with adjacent 
cells. From Lea (2015). 
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Multiple studies have shown a high correlation between Caco-2 permeability results 

and in vivo small intestinal and colonic absorption of orally ingested compounds, which 

makes them a suitable tool for evaluation and estimation of colonic absorption of 

chlorogenic acid and its microbial biotransformation products (Rubas et al. 1996, Foger 

et al. 2008, Tannergren et al. 2009, Obringer et al. 2016). Additionally, Caco-2 cells lack 

the expression of cytochrome P450 enzymes, which should prevent further 

biotransformation of the tested compounds during the permeability assay (Küblbeck 

et al. 2016). Positive control compounds should be included in the experimental setup 

of bidirectional Caco-2 permeability studies as between-experiments variations in Papp 

values have been reported. These variations could result from differences in cell 

characteristics (age, passage number, etc.), cell culture conditions and/or varying 

experimental conditions (Grès et al. 1998, Volpe 2008, Lea 2015, Stockdale et al. 2019). 
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4.2 Aims and preface 

This chapter aims to expand our in vitro gastrointestinal platform with an in vitro 

permeability assay to study the intestinal absorption of chlorogenic acid and microbial 

biotransformation products. The intestinal absorption of chlorogenic acid in its native 

form and quinic acid, one of its most prominent intestinal biotransformation products, 

was investigated by an in vitro permeability assay using the Caco-2 cell line. 

Investigating the absorption of chlorogenic acid and quinic acid can aid in a more 

comprehensive evaluation of the health-promoting effects of chlorogenic acid and 

eventually a better formulation and/or dosage of chlorogenic acid-containing food 

supplements. 

 

4.3 Material and methods 

4.3.1 Chemicals and reagents 

Chlorogenic acid (96.63 % (w/w)) was acquired from LGC standards (Teddington, 

United Kingdom). Ferulic acid-D3, digoxin (98% (w/w) and digoxin-D3 (97%) were 

acquired from Toronto Research Chemicals (Ontario, Canada). Quinic acid (98%), 

propranolol-D7 (100 µg/mL in MeOH with 5% 1 M HCl), propranolol HCl (1.0 mg/mL in 

MeOH), ammonium acetate (³ 98%), Hank’s balanced salt solution (HBSS) and MEM 

(Eagle’s minimum essential medium) non-essential amino acid solution (100x) were 

obtained from Sigma-Aldrich (St Louis, MO, USA). DMEM (Dulbecco’s Modified Eagle 

Medium; high glucose, no glutamine, no phenol red), heat-inactivated foetal calf 

serum (FCS), GlutaMAXTM and Trypsin-EDTA (0.05%, with phenol red) were acquired 

from Gibco (Thermo Scientific, Massachusetts, US). PenStrep (10 000 U/mL penicillin 

and 10 000 µg/mL streptomycin mix) was obtained from Life Technologies (California, 

US). Caco-2 cells (HTB-37TM) were obtained from ATCC (Rockville, MD, USA). Formic 

acid (98-100%, Suprapur) was purchased from Merck (Darmstadt, Germany). 
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Acetonitrile (ACN) and methanol (MeOH, ≥ 99.9%, LC-MS grade) were obtained from 

Fisher Scientific (Hampton, New Hampshire, USA). Ultrapure water (Purelab flex 

apparat) was acquired from ELGA Veolia (UK). 

  

4.3.2 Materials 

Cellstar® 12-well plates, ThinCertTM Cell Culture Inserts for 12-well plates, and 75 cm2 

cell culture flasks were acquired from Greiner (Vilvoorde, Belgium). The EVETM 

Automatic Cell Counter was purchased from NanoEnTek (South-Korea). The centrifuge 

used during handling of the Caco-2 cells was acquired from Eppendorf (Type 5702, 

Hamburg, Germany). A Sigma 1-15PK centrifuge (sample preparation) and centrifugal 

filters (modified nylon membrane, 0.2 µm, 500 µL sample capacity) were obtained 

respectively from Sigma Laborzentrifugen GmbH (Germany) and VWR (Radnor, 

Pennsylvania, USA). Trans epithelial resistance (TEER) values were measured with the 

Voltmètre-Ohmmètre Millicell-ERS from Merck (New Jersey, US). Cells were 

maintained in a C150 E2 CO2 incubator from Binder and a MaxQ Mini 4450 incubator 

from Thermo Scientific was used during the permeability experiment. 

 

4.3.3 Cultivation of the cells 

Caco-2 cells were cultured in 75 cm2 cell culture flasks containing 20 mL DMEM 

supplemented with 10% FCS and 1x nonessential amino acids (hereafter referred to as 

supplemented DMEM medium) and maintained in a humidified 5% CO2	incubator at 37 

°C. The medium was changed every 3 days and the cells were passaged every 5-7 days 

at a 1:4 to 1:6 split ratio (depending on growth) using 0.05% trypsin-EDTA for 

detachment. 
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The cultivated Caco-2 cells were seeded on the ThinCerts when 70-90% confluent, 

between 21 and 29 days before the bidirectional transport experiment. First, the cells 

were rinsed with a 0.05% trypsin solution followed by an incubation of maximal 15 min 

(5% CO2,	37 °C) in fresh trypsin solution to detach the cells from the cell culture flask. 

The reaction was stopped by the addition of 10 mL supplemented DMEM medium. The 

content of the flask was transferred to a Falcon tube and cells were pelleted by 

centrifugation (7 min, 300 relative centrifugal force (rcf)). The pellet was resuspended 

in 6.5 mL supplemented DMEM medium with PenStrep and cell density and viability 

were calculated with the EVE cell counter after addition of 0.2% Trypan Blue. Cell 

suspensions were diluted to 0.6 x 106 viable cells/mL in supplemented DMEM medium 

with PenStrep. ThinCerts were pre-wetted with 100 µL supplemented DMEM medium 

with PenStrep at least two minutes before addition of 500 µL cell suspension and 

basolateral chambers were filled with 1.5 mL of the same medium. After six hours 

incubation at 37 °C, 5% CO2, the apical medium was replaced with 500 µL fresh 

supplemented DMEM medium with PenStrep to remove the non-adherent cells in 

order to reduce the risk of multilayer formation. Apical and basolateral media were 

replaced every second day and between 12 and 24 h before the permeability 

experiment.  

 

4.3.4 Tested compounds 

Chlorogenic acid, as parent compound, and quinic acid, one of the most prominent 

intestinal biotransformation products were selected as test compounds during the 

permeability experiment. The chlorogenic acid (10 µM and 50 µM) and quinic acid (10 

µM) concentrations were chosen based on the work of Hubatsch et al. (2007) which 

states that concentrations of 10 µM or less should be used when studying possible 

active transport to prevent transport protein saturation. The 50 µM concentration-

level of chlorogenic acid was included in the experimental setup to evaluate, (i) if active 
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transport was involved, (ii) if the transport was concentration-dependent and/or (iii) 

saturated (Hubatsch et al. 2007). Furthermore, two positive control compounds were 

included in the experimental setup: (i) digoxin (10 µM) was used as positive control for 

the active P-glycoprotein (P-gp, MDR1) efflux mechanism and (ii) propranolol (50 µM) 

as a positive control for high passive permeability. Used concentrations were based on 

the available literature (Zheng et al. 2015, Obringer et al. 2016). Test solutions were 

prepared starting from standard solutions in MeOH using HBSS as dilution medium. 

The total volume of organic solvent did not exceed 1% to ensure the integrity of the 

cell monolayer (Hubatsch et al. 2007). Chemical structures of all compounds included 

in the permeability assay are shown in Figure 4-2. Previous experiments were 

performed investigating (i) possible adverse effects of chlorogenic acid and quinic acid 

on the Caco-2 cell monolayer integrity and (ii) degradation or biotransformation of 

chlorogenic acid and quinic acid during the permeability assay (4.6 Supplementary 

information). 

 

4.3.5 Permeability experiment 

The following protocol was based on the procedure described by Hubatsch et al. 

(2007). Before the experiment, the cell monolayer was washed with prewarmed HBSS 

to remove the residual medium. The medium was decanted from the ThinCerts and 

the filter supports were placed in a new 12 well plate containing fresh prewarmed 

HBSS (37 °C, 1.5 mL per well). 500 µL fresh HBSS was added to the apical side. The cells 

were incubated with gentle shaking (70 rpm) for 15 min at 37 °C in a humidified 

atmosphere.  

The transportation experiments were carried out in both directions; from the apical to 

basolateral (A-B) and from basolateral to apical side (B-A), including three replicates 

for each compound and/or concentration level. An overview of the experimental setup 

is shown in Figure 4-2. The preincubation medium was removed and replaced with test 
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solutions. 400 µL prewarmed donor solutions was added to the apical side of the A-B 

ThinCerts, while the basolateral compartment contained 1200 µL prewarmed HBSS 

containing the same percentage of methanol as the donor solutions to prevent 

precipitation during the experiment. For the B-A wells, 1200 µL donor solution was 

added to the basolateral side while 400 µL HBSS with an equal methanol-percentage 

was added to the apical compartment. Well plates were incubated under gentle 

shaking (70 rpm), to minimize the effect of an unstirred water layer, at 37 °C in a 

humidified atmosphere. Inadequate stirring will result in a lower permeability of highly 

permeable compounds. However, too high rpm settings can affect the cell monolayer 

integrity. A preliminary experiment demonstrated that the applied shaking-intensity 

in this study had no adverse effect on the Caco-2 cell monolayer integrity (4.6 

Supplementary information). Samples, 600 µL for the A-B experiment and 200 µL for 

B-A experiment, were taken after 30, 60, 90 and 120 min from the receiving 

compartment and replaced with the same volume of fresh HBSS medium containing 

the same percentage of methanol as the donor solutions. Samples were immediately 

stored at -80 °C until analysis. Cell monolayer integrity of all wells was confirmed 

before and after the permeability experiment using the transepithelial electrical 

resistance (TEER) values. 
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Figure 4-2: Overview of the experimental setup during the permeability assay with (i) 
chlorogenic acid and (ii) quinic acid in Caco-2 monolayers. Propranolol and digoxin 
were included as positive control (C) compounds. A-B: Apical to basolateral side 
transport. B-A: Basolateral to apical side transport.  

 

4.3.6 Sample preparation 

20 µL internal standard solution (1 µg/mL) was added to 200 µL sample aliquots 

followed by addition of 180 µL MeOH. Samples were vortexed for 30 s, transferred to 

a 0.2 µm nylon centrifugal filter and centrifuged for 5 min at 8000 rpm. The filtrates 

were transferred to an LC vial before analysis with liquid chromatography coupled to 

triple quadrupole mass spectrometry (LC-MS/MS).  
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4.3.7 LC-MS/MS analysis 

Samples were analyzed using an Agilent 1290 Infinity II liquid chromatography 

instrument coupled to an Agilent 6495 triple quadrupole mass spectrometer (Agilent 

Technologies) with electrospray ionization (ESI) source. Chromatographic separation 

was performed on a Luna Omega PS C18 column (100 x 2.1 mm; 3 µm) from 

Phenomenex (Utrecht, the Netherlands). A multiple reaction monitoring (MRM) 

method was applied for all analytes. An overview of the ionization mode parameters 

and MRM transitions of the analytes are shown in Table 4-1. Details on mobile phase 

composition, gradient elution and source parameters for the different analytes are 

described further.  

Table 4-1: Overview of the used internal standard (IS), polarity and MRM transitions 
for the compounds included in the in vitro permeability assay (CE= collision energy). 
Precursor ion, MRM transitions of the IS are mentioned between brackets. 
Q:quantifier, q:qualifier.  

Compound IS Polarity Precursor 

ion (m/z) 

Product ions (m/z) CE (V) 

Chlorogenic 

acid 

Ferulic acid-

D3 

Negative 353.1 

(196.0) 

191.0Q; 85.0q 

(178.0q; 151.9q; 

133.9Q) 

17; 52 

(10; 10; 15) 

Quinic acid Ferulic acid- 

D3 

Negative 191.0 

(196.0) 

93.0q; 85.0Q; 43.2q 

(178.0q; 151.9q; 

133.9Q) 

25; 25; 40 

(10; 10; 15) 

Propranolol Propranolol-

D7 

Positive 260.1 

(267.2) 

183.0q; 116.1Q; 56.2q 

(116.1q; 72.1q; 56.1Q) 

20; 20; 35 

(20; 25;35) 

Digoxin Digoxin-D3 Positive 798.3 

(801.3) 

651.2q; 112.9q; 96.8Q 

(654.3q; 96.8Q) 

10; 40; 33 

(10; 30) 
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4.3.7.1 Chlorogenic acid and ferulic acid-D3 

The used mobile phase compositions were ultrapure water with 0.1 % (v/v) formic acid 

(A) and MeOH (B) with a constant flow of 0.3 mL/min. The gradient was constructed 

as follows: for 1 min B was used at 2%, followed by an increase to 98% B over 3.5 min. 

The column was rinsed for 6 min with 98% B and re-equilibrated at 2% B for 6 min. The 

LC-stream was directed to the waste after 6 min to limit source contamination. 

Chlorogenic acid, and ferulic acid-D3 as internal standard, were measured in negative 

MRM mode (Table 4-1). Gas temperature and flow were set at 200 °C and 14 L/min 

respectively. A nebulizer pressure of 20 psi was chosen, while sheath gas temperature 

and flow were optimized to 400 °C and 11 L/min. A capillary and nozzle voltage of 4000 

V and 2000 V respectively were chosen. 

4.3.7.2 Quinic acid 

The mobile phase compositions were ultrapure water with 0.04% (v/v) formic acid (A) 

and MeOH (B) with a constant flow of 0.3 mL/min. Mobile phase B started at 1% for 2 

min, followed by an increase to 98% B over 8 min. The column was rinsed for 6 min 

before 4 min re-equilibration at 1% B. The LC-stream was directed to the waste after 

6 min. 

Quinic acid was analyzed in negative MRM mode. Ferulic acid-D3 was used as the 

internal standard (Table 4-1). Optimized source parameters were as follows: gas 

temperature of 200 °C, gas flow of 14 L/min, nebulizer pressure of 50 psi, sheath gas 

temperature of 400 °C, sheath gas flow of 12 L/min, capillary voltage of 2500 V and a 

nozzle voltage of 2000 V. 

4.3.7.3 Propranolol and digoxin 

Mobile phase A consisted of 20 mM ammoniumacetate in ultrapure water. Acetonitrile 

was used as mobile phase B. The chromatographic run started at 10% B for 1 min, 
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followed by an increase to 95% B over 9 min. The column was rinsed for 5 min at 95 % 

B before 5 min re-equilibration at 10% B. The LC-stream was directed to the waste 

after 8 min to limit source contamination. 

Propranolol, propranolol-D7 (internal standard), digoxin and digoxin-D3 (internal 

standard) were analyzed in positive mode (Table 4-1). Gas temperature, flow and 

nebulizer pressure were identical to the parameters described for chlorogenic acid. 

Sheath gas temperature was set to 200 °C with a flow of 11 L/min. Capillary and nozzle 

voltages were 3500 V and 1500 V. 

 

4.3.8 Papp and efflux ratio calculations 

The apparent permeability coefficient (Papp, cm/s) was calculated using Equation 1. A 

is the area of the used ThinCerts (1.131 cm2), C0 is the dosing concentration of the 

tested compound expressed as µmol/mL and dQ/dt is the steady-state-flux (µmol/sec) 

which is the slope of the regression curve when plotting the cumulative amount of 

detected compound (mol) over time (s). The Papp (A-B) values of the tested compounds 

were divided by the Papp (A-B) value of propranolol obtained in the same permeability 

assay. The following Papp(A-B)target/Papp(A-B)PROP ratios relate to the fraction test 

compound absorbed, as propranolol is almost completely absorbed in vivo (Obringer 

et al. 2016). 

Equation 1: Formula used to calculate Papp 

!!"" = #$%$& ' (	
1

+	(	,#
 

The efflux ratio was calculated by dividing the Papp of the B-A direction by the Papp of 

the A-B direction (Equation 2). An efflux ratio greater or equal to two indicates the 

involvement of an active efflux transport mechanism (Hubatsch et al. 2007). 
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Equation 2: Efflux ratio formula 

-../0(	12&34 = 	!!""(6 − +)!!""(+ − 6)
 

 

4.3.9 Validation of analytical methods 

Validation of the LC-MS/MS methods was carried out over three days based on the 

guidelines provided by the European Medicines Agency (EMA 2011). Performance 

parameters such as intra-day and inter-day precision and accuracy, linearity, 

calibration range, selectivity and carry-over were evaluated.  

A nine-point multi-component calibration curve, with a concentration range from 5 

ng/mL to 1000 ng/mL, was prepared in HBSS. A broad calibration range was chosen 

since the expected concentrations of the assay samples were unknown. The linearity-

range was evaluated for each compound. Calibration curves were 1/x or 1/x2 weighted. 

The concentration of the lowest calibration curve was referred to as the lowest limit 

of quantification (LLOQ). The area of the LLOQ sample should be at least five times 

higher than the signal of the blank. Accuracy of all calibration levels had to be within 

20% of the nominal value.  

Four concentration levels of quality control (QC) samples were prepared in HBSS 

following the sample preparation procedure described in section 4.3.6: LLOQ (5 

ng/mL), low QC (QCL, 15 ng/mL), mid QC (QCM, 400 ng/mL) and high QC (QCH, 900 

ng/mL).  

Carry-over was evaluated by injection of a solvent blank (HBSS without addition of 

standards or internal standards) after the highest calibration point. The peak area of 

the blank sample should not exceed 20% of the peak area of the LLOQ sample and 5% 

of the internal standard peak. Selectivity was evaluated by injection of a solvent blank 
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(HBSS, without addition of standards or internal standard). Peak areas in the solvent 

blank should not be more than 20% of the peak area at LLOQ level and < 5% of the 

internal standard peak area. 

The within- and between-day accuracy and precision were evaluated by analysis of 5 

replicates of the 4 QC-levels over a 3-day period. Accuracy was evaluated as the 

deviation from the nominal spiked value (% bias). Precision was calculated as the 

relative standard deviation (RSD) of the mean quantified concentration. Acceptance 

criteria for both precision and accuracy were set at 20% for the LLOQ-level and 15% 

for low, mid and high QC-levels. 
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4.4 Results and discussion 

4.4.1 Validation of analytical methods 

A linear calibration curve was obtained for all compounds with a concentration range 

from 5 to 1000 ng/mL (Table 4-2, Figure SI- 4-4). Table 4-2 summarizes the within-run 

and between-run accuracy and precision results. The results at LLOQ-level were within 

the range of <20% bias and <20% RSD for all compounds. Chlorogenic acid, quinic acid 

and propranolol met the criteria of < 15% bias and < 15% RSD respectively at QCL, QCM 

and QCH. Digoxin did not meet the accuracy criteria at the QC high level, with an intra- 

and inter-day accuracy of 20% and 18% respectively. However, concentrations of all 

digoxin permeability assay samples were below 200 ng/mL, which made the method 

suitable for analysis of the permeability samples. 

All compounds met the required carry-over EMA guidelines criteria as peak areas of 

blanks analyzed after the highest calibration level did not exceed 20% of the LLOQ 

standard peak area and 5% of the internal standard. Furthermore, the 

chromatographic methods of all compounds were in compliance with the EMA 

selectivity guidelines as no peaks with a peak area above 20% of the LLOQ and 5% of 

the peak area of the internal standard were detected in the blank samples.
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Table 4-2: Overview of the method validation data for all compounds: Linear range, R2, intra- and interday accuracy and precision. 
Lower limit of quantification, LLOQ; Quality control low, QCL; Quality control mid, QCM and Quality control high, QCH. 

Compound Linear 
range 

(ng/mL) 

R2 Accuracy (in % bias)  Precision (%RSD) 

Intraday (n=5)  Interday (n=15)  Intraday (n=5)  Interday (n=15) 

LLOQ QCL QCM QCH  LLOQ QCL QCM QCH  LLOQ QCL QCM QCH  LLOQ QCL QCM QCH 

Chlorogenic 
acid 

5-1000 0.995 12.2 14.5 7.8 12.4  12.2 14.5 7.0 12.4  4.6 3.0 4.8 3.9  5.3 4.8 7.2 4.7 

Quinic acid 5-1000 0.992 4.4 9.3 9.0 6.9  5.4 9.0 8.3 5.6  9.8 7.6 4.9 2.7  9.8 8.0 7.8 6.5 

Propranolol 5-1000 0.995 5.2 2.5 7.5 4.3  5.2 2.5 7.5 3.8  4.0 4.2 6.6 4.7  4.8 4.9 6.7 6.3 

Digoxin 5-1000 0.991 7.3 7.9 2.8 19.8  7.3 4.4 2.8 17.7  7.8 7.4 5.9 6.2  8.3 9.7 6.1 7.5 
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4.4.2 Chlorogenic acid permeability experiment 

4.4.2.1 Positive control compounds 

Positive control compounds were included in the experimental setup as between-

experiments variations in Papp values can be observed using a Caco-2 cell experimental 

setup. These variations could result from differences in cell characteristics (age, 

passage number, etc.), cell culture conditions and/or varying experimental conditions 

(Grès et al. 1998, Volpe 2008, Lea 2015, Stockdale et al. 2019). As suggested by 

Stockdale et al. (2019), the acquired Papp values of the tested compounds should be 

compared with the permeability values of the positive control compounds included in 

the same permeability assay. This methodology was also previously used by Obringer 

et al. (2016), who divided the Papp (A-B) of the tested compounds by the measured Papp 

(A-B) of propranolol in the same assay. As propranolol is completely absorbed in vivo, 

the absorption rate of compounds with a ratio greater than 1 was equal to 100%. In 

this study, propranolol and digoxin were included as reference compounds for a high 

passive permeability and P-gp mediated efflux, respectively (Obringer et al. 2016, 

Stockdale et al. 2019). 

Permeability coefficients of 5.45 x 10-6 cm/s (A-B) and 8.40 x 10-6 cm/s (B-A) were 

calculated for propranolol. These values can be used as reference values for high 

passive permeability as propranolol is almost completely absorbed in vivo (Grès et al. 

1998). As depicted in Figure 4-3 and Table SI- 4-2, no clear differences were observed 

for propranolol permeability in the A-B and B-A direction. This led to an efflux ratio of 

1.5, which does not indicate the involvement of an active transport mechanism. This 

is in agreement with the findings of Zheng et al. (2015).  

A clear difference in permeability between the A-B and B-A direction was observed for 

digoxin. In the A-B direction, a Papp of 0.36 x 10-6 cm/s was calculated, which is a factor 

15 lower in comparison to propranolol, while the Papp in B-A direction was 7.91 x 10-6 

cm/s. As digoxin is known to be a substrate of the active efflux P-gp protein, a higher 
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permeability coefficient from the basolateral to apical side was expected. Accordingly, 

the calculated efflux ratio of digoxin was 22. The results obtained for both propranolol 

and digoxin confirm the reliability of the assay. 

 

4.4.2.2 Chlorogenic acid 

Papp (A-B) values of 2.42 x 10-6 cm/s and 2.61 x 10-6 cm/s were calculated for the 10 µM 

and 50 µM concentrations respectively, with corresponding Papp(A-B)CHL/Papp(A-B)PROP 

ratios of 44% and 48% which suggests a moderate intestinal absorption of chlorogenic 

acid. However, the data clearly show a higher apparent permeability coefficient in the 

basolateral to apical direction in comparison to the A-B direction (Figure 4-3-A, Table 

SI- 4-2). In the B-A direction, permeability coefficients of 8.01 x 10-6 cm/s (10 µM) and 

8.41 x 10-6 cm/s (50 µM) were measured for chlorogenic acid which results in 

respective efflux ratios of 3.3 and 3.2 (Table SI- 4-2). The results, consistent for both 

applied concentrations, suggest the involvement of active transport from the 

basolateral to apical side, leading to an overall poor absorption of chlorogenic acid. 

However, the effect is less pronounced than for the positive control digoxin. 

Furthermore, no effect of the applied concentrations on the bidirectional permeability 

was observed which shows that the active transport proteins involved in the transport 

of chlorogenic acid were not saturated.  
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Figure 4-3: Overview of the mean Papp values (n=3) ± standard deviation (SD), both in 
the apical to basolateral side (A-B) and basolateral to apical side direction (B-A), of 
chlorogenic acid (A), propranolol (B) and digoxin (C) obtained after the permeability 
experiment evaluating chlorogenic acid. 

 

The reported involvement of an active efflux in the absorption mechanism of 

chlorogenic acid in this study is in agreement with the findings of Erk et al. (Erk et al. 

2014) who reported an active efflux for chlorogenic acid using a pig jejunal mucosa in 

an Ussing chamber model. A 3.8-fold higher transport rate from basolateral to apical 

side was reported which corresponds to the presented efflux ratios in this work. Erk et 

al. proposed P-gp as the responsible protein for the active efflux as the secretion of 

chlorogenic acid was affected by the P-gp inhibitor sodiumazide (NaN3) (Erk et al. 

2014). Dupas et al. (2006) and Monente et al. (2015) studied the in vitro absorption of 

chlorogenic acid in Caco-2 cells in the apical to basolateral direction and reported a 

0.14% and 0.3% recovery of the initial quantity respectively (Dupas et al. 2006, 

Monente et al. 2015). The basolateral to apical transport was neglected in these 

studies and the involvement of an active efflux mechanism as observed in our 
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experiments was not studied. Konishi et al. (2004) and Farrell et al. (2012) investigated 

the bidirectional in vitro transepithelial transport of chlorogenic acid using Caco-2 cells 

and did not report a higher permeation in the B-A direction. However, Konishi et al. 

used a concentration of 5 mM which is a factor 500 above the threshold of 10 µM 

described by Hubatsch et al. for active transport studies. Saturation of the active 

transport proteins could occur and explain the deviating results (Konishi and Kobayashi 

2004, Hubatsch et al. 2007). A possible explanation of the deviating results reported 

by Farrell et al. may be varying expression of efflux proteins due to variations of Caco-

2 cell age, passage number or culture conditions (Grès et al. 1998, Volpe 2008, Farrell 

et al. 2012, Lea 2015, Stockdale et al. 2019). 

 

4.4.3 Quinic acid permeability experiment 

4.4.3.1 Positive control compounds 

An overview of the results of the positive control compounds can be found in Table SI- 

4-3 and Figure 4-4. For propranolol, permeability values of 5.14 x 10-6 cm/s (A-B) and 

5.22 x 10-6 cm/s (B-A) were obtained. The calculated Papp values of digoxin in A-B and 

B-A direction were 0.7 x 10-6 cm/s and 6.17 x 10-6 cm/s respectively, leading to an efflux 

ratio of 9.01. As mentioned in section 3.2.1, variations in permeability values could be 

observed between different experiments. Digoxin showed a lower efflux ratio in 

comparison to the chlorogenic acid experiment. This shows the importance of 

including positive control compounds in each experiment to ensure correct 

interpretation of the acquired results. 

4.4.3.2 Quinic acid 

The mean Papp values of quinic acid are summarized in Table SI- 4-3. Quinic acid 

presented a Papp(A-B) of 3.8 x 10-6 cm/s with a corresponding Papp(A-B)QA/ Papp(A-B)PROP 
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ratio of 74%. An apparent permeability coefficient of 22.6 x 10-6 cm/s was detected for 

the basolateral to apical direction, resulting in an efflux ratio of 5.9 (Figure 4-4-A, Table 

SI- 4-3). Given the obtained efflux ratio for quinic acid is above the cut-off value of two 

and the comparison with digoxin (efflux ratio of 9.01), the involvement of an active 

efflux mechanism for quinic acid is demonstrated. Although quinic acid demonstrated 

a high permeability (74% of the propranolol permeability coefficient), the overall 

intestinal absorption will be moderately low due to the involved active efflux 

mechanism.  

High concentrations of quinic acid in human plasma and urine following coffee 

consumption have been described (Erk et al. 2012). However, no statements on the 

absorption of quinic acid can be made based on these data as (i) in vivo studies 

represent the bioavailability of a certain compound including all ADME aspects and (ii) 

coffee contains multiple quinic acid containing hydroxycinnamic esters. Thus, high 

concentrations of quinic acid in plasma and/or urine are not necessarily linked to a 

high absorption of the compound. To our knowledge this is the first study to 

investigate the in vitro gastrointestinal absorption of quinic acid using a Caco-2 

permeability assay and reporting the involvement of an active efflux transporter. The 

major efflux transporters located in the intestine are the ATP binding cassette (ABC)-

transporters like P-gp, BCRP (breast cancer resistance protein) and MRP2 (multidrug 

resistance-associated protein 2) (Schinkel and Jonker 2003). In order to identify the 

protein responsible for the active-efflux, additional experiments with suitable 

transport-inhibitors or Caco-2 Efflux Transporter Knockout Cells should be carried out.  
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Figure 4-4: Overview of the mean Papp values (n=3) ± SD, both in the apical to 
basolateral side (A-B) and basolateral to apical side direction (B-A), of quinic acid (A), 
propranolol (B) and digoxin (C) obtained after the permeability experiment evaluating 
quinic acid. 

 

4.5 Conclusions 

In this chapter, the intestinal absorption of chlorogenic acid and one of its most 

prominent intestinal biotransformation products, quinic acid, was investigated using a 

bidirectional Caco-2 permeability assay. The data demonstrate the presence of an 

active efflux transport for both chlorogenic acid and quinic acid leading to an overall 

low intestinal absorption of both compounds. This could be of interest for (i) studies 

investigating the health-promoting effects of chlorogenic acid and its 

biotransformation products and (ii) the optimal formulation and dosing of chlorogenic 

acid in food supplements in order to obtain beneficial health effects.   
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4.6 Supplementary information 

Investigating the effects of chlorogenic acid and quinic acid on the Caco-2 cell 

monolayer-integrity 

Methodology 

Caco-2 cells were cultivated as previously described and seeded in a Cellstar® 12-well 

plate. The cell monolayers were exposed to 1 mL of a 1 mM, 5 mM, 10 mM or 20 mM 

concentration level of chlorogenic acid or quinic acid, which were prepared in HBSS. 

Final methanol-concentrations were 0.1%, 0.5%, 1% and 2% respectively for the 

chlorogenic acid solutions, while no methanol was present in the quinic acid solutions. 

The 12-well plate was placed in a CO2 incubator (C150 E2, Binder) for 7 h with a visual 

check of the cell monolayer by microscopy after 2 h, 4 h and 7 h.  

Results and discussion 

No adverse effects on the Caco-2 cell monolayer were observed after 2 h incubation 

for all concentration-levels for both chlorogenic acid and quinic acid with exception of 

the 5 mM quinic acid well. However, the disruption was caused during the change of 

medium when maintaining the cells and thus was already present at the start of the 

exposure-experiment. Therefore, it should not be included in the interpretation of the 

results. Starting from 4 h exposure, disruption of the cell monolayer was observed for 

the 20 mM chlorogenic acid well (Figure SI- 4-1). Similar disruptions in the monolayer 

were observed for the 10 mM chlorogenic acid concentration after 7 h exposure. No 

adverse effects were observed for the 1 mM and 5 mM chlorogenic acid concentration 

levels (Figure SI- 4-2). No loss of cell monolayer-integrity was observed for the 1 mM, 

10 mM and 20 mM quinic acid concentration-levels after 7 h exposure (Figure SI- 4-2). 

As no loss of cell monolayer-integrity was observed after 2 h exposure for all wells, 

which corresponds to the duration of the in vitro permeability assay, adverse effects 
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due to chlorogenic acid or quinic acid during the in vitro assay are ruled out. 

Furthermore, the used concentration-levels during the assay will be a factor 2000 (10 

µM) and 400 (50 µM) lower than the highest concentration-level included in this 

exposure-experiment. This study evaluated the toxicity visually. Future experiments 

should aim to include viability parameters as markers of toxicity (e.g. specific 

endogenous Caco-2 metabolites using metabolomics approaches).  

Conclusions 

Based on the acquired results it can be concluded that the use of 10 and 50 µM 

chlorogenic acid and 10 µM quinic acid concentration-levels during the permeability 

assay will not lead to disruptions of the Caco-2 cell monolayer integrity.  

 

Figure SI- 4-1: Microscopic image of the 20 mM chlorogenic acid well after 7 h 
exposure. A loss of Caco-2 cell monolayer integrity was observed for this well. 
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Figure SI- 4-2: Top: Overview of the exposed concentration-level and compound 
(chlorogenic acid (CHL)/quinic acid (QA)) to the specific well. Wells highlighted in red 
showed disruptions in the Caco-2 cell monolayer after 7 h in the CO2 incubator. 
Bottom: Picture of the 12-well plate after 7 h exposure to the test solutions. Damages 
to the Caco-2 cell monolayer are clear for the 5 mM QA, 10 mM and 20 mM CHL wells. 
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No degradation or biotransformation of chlorogenic acid and quinic acid 

Methodology 

After the 7 h exposure-experiment described above, the supernatants of the 5 mM 

exposed chlorogenic acid well and the 1 mM quinic acid well were collected. The 12-

well plate was flash frozen in liquid nitrogen and transferred to the lab on dry ice.  

Detachment and extraction of the Caco-2 cells from the well 

The Caco-2 cell monolayers were detached from the well based on the protocol of 

Cuykx et al. (2017). The cells were quenched using a -80 °C methanol solution: 400 µL 

of the cooled methanol was added to the well and cells were detached using a cell 

scraper (Corning Inc., NY, USA), after which the supernatant was collected (Cuykx et 

al. 2017). This step was repeated once more an both fractions were pooled followed 

by vortexing for 30 s and centrifugation (0.2 µm centrifugal filter, 5 min, 8000 rpm).  

Sample preparation 

20 µL of the 5 mM chlorogenic acid supernatants was diluted in 480 µL mQ containing 

0.04% formic acid. 100 µL of the 1 mM quinic acid sample was diluted in 400 µL mQ 

containing 0.04% formic acid. The samples were vortexed (30 s) and transferred to a 

0.2 µm centrifugal filter and centrifuged 5 min at 8000 rpm. 150 µL of the filtered 

sample was transferred to a LC-vial.  

The 200 µL supernatants of the centrifuged cell-extracts was transferred to a new 

Eppendorf and evaporated to dryness followed by reconstitution in 100 µL mQ 

containing 0.04% formic acid.  

Instrumental and data-analysis 

Samples were analyzed according to the LC-Q-TOF-MS method described in chapter 

two on an Agilent 1290 Infinity ultra-high-performance liquid chromatography 
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instrument coupled to an Agilent 6530 Accurate-Mass Q-TOF. Suspect screening, with 

a database based on biotransformation products described in literature, Meteor Nexus 

(Lhasa Limited, v2.1) and Biotransformer (Biotransformer.ca, v1.0.0) for chlorogenic 

acid and quinic acid respectively, was performed to identify the presence of 

degradation or biotransformation products. 

Results and discussion 

No degradation or biotransformation products were identified for both chlorogenic 

acid and quinic acid after applying the suspect screening to the data. Dawidowicz et al. 

(2010) described 9 possible degradation products of chlorogenic acid (5-caffeoylquinic 

acid) when dissolved in aqueous solution and heated. Apart from isomerization to 3- 

and 4-caffeoylquinic acid, no other degradation products of chlorogenic acid were 

observed. (Dawidowicz and Typek 2010). Furthermore, the chlorogenic acid-isomers 

were measured as a whole as they co-eluted as 1 peak with the LC-MS/MS method 

applied to the Caco-2 samples, given the different gradient in comparison to the LC-Q-

TOF-MS method described in chapter two, minimizing the effect of the isomerization 

on the outcome.  

Conclusion 

No biotransformation or extensive degradation of the tested compounds occurred 

when exposing chlorogenic acid and quinic acid for a duration of 7 h to the Caco-2 cell 

monolayer in a CO2 incubator at 37 °C.  
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Evaluation of shaking-intensity and sampling procedure on Caco-2 cell monolayer 

integrity 

Methodology 

Caco-2 cells were cultured and seeded on ThinCerts as previously described. The cell 

monolayers grown on ThinCerts were divided over two Cellstar® 12-well plates (Figure 

SI- 4-3). The first well plate was placed in the shaking MaxQ Mini 4450 incubator from 

Thermo Scientific while the second plate was not exposed to shaking. The shaking 

intensity was set at 70 rpm which was the maximal setting possible without the risk of 

medium loss from the wells. The procedure of sampling with a 30 min interval 

(according to the procedure in 4.3.5) was performed on three replicates from each 

well plate while the remaining three replicates were not handled during incubation. 

The 2 h duration of the experiment was in correspondence with the duration of the 

permeability assay. TEER of each well was measured at the beginning and end the 

experiment using the Voltmètre-Ohmmètre Millicell-ERS from Merck. 

Results and discussion 

Table SI- 4-1 summarizes the TEER values for the tested conditions before and after 

the 2 h incubation. The wells exposed to 70 rpm shaking and sampling had a mean 

TEER value of 640 Ωcm2 after 2 h incubation while the wells not exposed to shaking 

and sampling featured a mean TEER of 678 Ωcm2. No clear effects of the used shaking 

intensity and the sampling procedure could be observed based on the TEER 

measurements. As TEER values are dependent of multiple factors such as culture 

conditions, passage number of the cells, temperature, etc., establishing a clear cut-off 

for the TEER is difficult (Lea 2015).  
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Figure SI- 4-3: Overview of the experimental set-up and the test conditions: shaking or 
no shaking and simulation of sampling or no sampling. 

Table SI- 4-1: Mean transepithelial electrical resistance (TEER) values (n=3) for the 
tested conditions before (TEERstart) and after (TEERend) 2 h incubation. 

Test condition 
Mean TEERstart (Ωcm2)  

(± SD) (n=3) 

Mean TEERend (Ωcm2)  

(± SD) (n=3) 

No shaking + no sampling 806 (± 24) 678 (± 45) 

Shaking + no sampling 832 (± 24) 603 (± 47) 

No shaking + sampling 836 (± 85) 648 (± 43) 

Shaking + sampling 825 (± 81) 640 (± 107) 

Conclusion 

The sampling procedure and shaking of the well plates at 70 rpm did not affect the cell 

monolayer integrity.   
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Figure SI- 4-4: Overview of the calibration curves of chlorogenic acid (A), quinic acid 
(B), propranolol (C) and digoxin (D). 
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Table SI- 4-2: Overview of the calculated Papp values and efflux ratios for chlorogenic 
acid and the positive control compounds. 

Compound 
Papp(A-B) (cm/s) (± SD)  

x 10-6 (n=3) 

Papp(B-A) (cm/s) (± SD) 

 x 10-6 (n=3) 
Efflux ratio 

Chlorogenic acid 10 µM 2.42 (± 0.16) 8.01 (± 0.41) 3.3 (± 0.2) 

Chlorogenic acid 50 µM 2.61 (± 0.20) 8.41 (± 0.77) 3.2 (± 0.4) 

Propranolol 5.45 (± 0.86) 8.40 (± 0.56) 1.5 (± 0.3) 

Digoxin 0.36 (± 0.02) 7.91 (± 0.73) 22.0 (± 2.4) 

 

Table SI- 4-3: Overview of the calculated Papp values and efflux ratios for quinic acid 
and the positive control compounds. 

Compound 
Papp(A-B) (cm/s) (± SD)  

x 10-6 (n=3) 

Papp(B-A) (cm/s) (± SD) 

 x 10-6 (n=3) 
Efflux ratio 

Quinic acid 3.8 (± 0.69) 22.6 (± 1.8) 5.9 (± 1.2) 

Propranolol 5.14 (± 0.35) 5.22 (± 0.35) 1.0 (± 0.1) 

Digoxin 0.70 (± 0.16) 6.17 (± 0.23) 8.7 (± 2.1) 
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CHAPTER 5: OPTIMIZATION AND APPLICATION 
OF AN IN VITRO INTESTINAL FIRST-PASS 

ASSAY INVESTIGATING CHLOROGENIC ACID 
AND ITS MICROBIAL BIOTRANSFORMATION 

PRODUCTS 
 

 

Based on following paper: 

Mortelé O, van Nuijs A L N and Hermans N. Optimization and application of an in vitro 

intestinal first-pass assay investigating chlorogenic acid and its microbial 

biotransformation products. Journal of Food and Drug Metabolism (Under Review) 
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5.1 Introduction 

The intestinal first-pass effect refers to the intestinal biotransformation reactions 

expressed in the intestinal cell wall, able to transform xenobiotics before they reach 

the systemic circulation. The intestinal first-pass biotransformation can be cytochrome 

P450 enzymes (CYP450)-mediated, but uridine 5’-diphospho(UDP)-

glucuronosyltransferases (UGTs)- and sulfotransferases (SULTs)-mediated 

glucuronidation and sulfation have also been reported (Peters et al. 2016). Xenobiotics 

susceptible to extensive intestinal biotransformation will be characterized by a low 

oral bioavailability and will be subjected to drug-drug interactions in combination with 

CYP450 inducers and inhibitors (Xie et al. 2016). Furthermore, first-pass 

biotransformation could influence the bio efficacy of the xenobiotics. Related to the 

model compound chlorogenic acid, the antioxidant capacity of hydroxycinnamic 

microbial biotransformation products such as caffeic acid, is reported to be linked to 

the presence of free hydroxyl groups, which are also the primary sites of 

glucuronidation and sulfation biotransformation reactions (Giacomelli et al. 2004, 

Wong et al. 2010).  

Several studies have reported on the differences in intestinal and hepatic 

biotransformation. Methylation, hydrogenation, glucuronidation and sulfation have 

been reported for both intestinal and hepatic biotransformation, however, glycine 

conjugation has been solely described in the liver (Clifford et al. 2020). CYP3A4 and 

CYP2C9 are the most prominent expressed CYP450 isotypes in the intestinal epithelia 

cells, accounting for 80% and 14% of the present CYP450 enzymes, respectively. Minor 

expressed CYP450 isoforms are CYP2C19, CYP2J2 and CYP2D6 (Xie et al. 2016). In 

general, more isoforms are expressed in the liver including CYP3A4, CYP2C9, CYP2C8, 

CYP2E1 and CYP1A2 as major isoenzymes. CYP2J2 is mainly present extrahepatically 

(Zanger and Schwab 2013). Human intestinal microsomes (HIM) and human intestinal 

cytosol (HICYT) are suitable sources of enzymes for examination of the in vitro human 

intestinal first-pass effect of xenobiotics. The HIM fraction contains the CYP450 
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isoenzymes and the UGTs, while the HICYT contains SULTs responsible for sulfation 

conjugation reactions (Hatley et al. 2017). In comparison to human liver microsomes 

(HLM), lower enzymatic activity has been reported for the HIM fractions linked to the 

isolation method of the subcellular fractions. The development of new isolation 

methods and the use of protease inhibitors during the isolation process has resulted 

in enhanced stability and activity of the drug biotransforming enzymes (Wong et al. 

2010, Hatley et al. 2017). 
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5.2 Aims and preface 

This chapter aims to study the first-pass biotransformation of chlorogenic acid and two 

of its most prominent microbial biotransformation products, caffeic acid and quinic 

acid, in the intestinal cell wall using an in vitro assay based on HIM and HICYT. The 

intestinal biotransformation of xenobiotics in the intestinal cell wall is essential 

information to completely unravel the gastrointestinal behavior of chlorogenic acid 

and have more detailed information on its bioavailability.  

5.3 Material and methods 

5.3.1 Chemicals and reagents 

HIMs (10 mg/mL, mixed gender, n = 15) and HICYT (4 mg/mL, mixed gender, n = 15) 

were acquired from Tebu-Bio (Boechout, Belgium). Caffeic acid (≥98%), chlorogenic 

acid (≥ 95%), quinic acid (98%) theophylline (anhydrous, > 99%), 2,5-

uridinediphosphate glucuronic acid (UDPGA), adenosine-3ʹ-phosphate 5ʹ-

phosphosulfate (PAPS, > 60%) lithium salt hydrate, alamethicin (neat, > 98%), dimethyl 

sulfoxide (DMSO), and 4-nitrophenol (4-NP) were obtained from Sigma-Aldrich (St 

Louis, MO, USA). Nicotinamide adenine dinucleotide phosphate (NADPH) tetrasodium 

salt hydrate (> 96%) was purchased from Acros (Geel, Belgium). Acetonitrile (ACN, 

HPLC-grade) and methanol (MeOH, ≥ 99.9 % LC–MS grade) were acquired from Fisher 

Chemical (Loughborough, UK), formic acid (> 98 %) and hydrochloric acid (HCl, 37 %) 

from Merck KGaA (Darmstadt, Germany). Fentanyl (> 99%) was acquired from LGC 

standards (Teddington, United Kingdom). Valsartan was purchased from Novartis 

(Basel, Switserland). A 100 mM TRIS-buffer was prepared by dissolving 12.11 g Trizma 

base (Janssen Chimica, Beerse, Belgium) and 1.02 g MgCl2 (Merck KGaA, Darmstadt, 

Germany) in 1 L ultrapure water. The pH was adjusted to 7.4 by adding 1 M HCl 

solution. Ultra-pure water was produced in-house with a PURELAB-purifier system of 

Elga Labwater (Tienen, Belgium). 
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5.3.2 In vitro biotransformation assay 

5.3.2.1 Optimization of HIM and HICYT concentrations 

The applied in vitro assay was adapted from an in-house developed and validated 

protocol of in vitro liver metabolism assays using HLM and cytosol (HLCYT) (Mortele et 

al. 2018, Vervliet et al. 2018). The HIM and HICYT concentrations used during phase I 

and phase II incubation protocols were previously optimized using the positive control 

compounds phenacetin and 4-NP.  

5.3.2.1.1 Phase I incubations 

Five µL of a 5 µg/mL phenacetin solution was incubated with 250, 500 and 1000 µg/mL 

HIM (10 mg/mL) in TRIS buffer (total volume reaction mixture: 500 µL). Both 500 and 

1000 µg/mL concentration levels were incubated for 3h and 8 h. Five µL of 

nicotinamide adenine dinucleotide phosphate (NADPH, 100 mM in TRIS buffer) was 

added after 5, 60 and 120 min incubation for the 3 h samples. The 8 h incubation 

samples used NADPH regenerating system. Phase I reactions were stopped after 3 h 

and 8 h by addition of 125 µL ACN containing 1% (v/v) FA and 5 µg/mL valsartan and 

theophylline (stop solution). A negative control sample without HIM was included. The 

formation of phase I biotransformation products N-(4-hydroxyphenyl)-acetamide and 

N-(4-ethoxy-2-hydroxyphenyl)-acetamide was monitored. 

5.3.2.1.2 Glucuronidation incubations 

The optimal concentration of HIM in the reaction mixture was determined by 

incubation of 4-NP with 250, 500 and 1000 µg/mL HIM (10 mg/mL). Five µL of a 1 mM 

4-NP and 5 µL alamethicin (1 mg/mL in DMSO) were added to the reaction mixture. 5 

µL of uridinediphosphate glucuronic acid (UDPGA, 100 mM in TRIS buffer) was added 

after 5, 60 and 120 min incubation in a warm water bath (37 °C). Glucuronidation was 

stopped after 180 min by addition of 125 µL ACN containing 1% (v/v) FA and 5 µg/mL 
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valsartan and theophylline (stop solution). A negative control sample without HIM and 

a positive control sample using HLM (end concentration: 1000 µg/mL) instead of HIM 

were included.  

5.3.2.1.3 Sulfation incubations 

The optimal concentration of HICYT in the reaction mixture was determined by 

incubation of 4-NP with 500, 750 and 1000 µg/mL HICYT (4 mg/mL). Five µL of a 1 mM 

4-NP was added to the reaction mixture. Five µL of adenosine-3’-phosphate 5’-

phosphosulfate (PAPs) (10 mM in TRIS buffer) was added after 5, 60 and 120 min 

incubation in a warm water bath (37 °C). Sulfation was stopped after 180 min by 

addition of 125 µL ACN containing 1% (v/v) FA and 5 µg/mL valsartan and theophylline 

(stop solution). A negative control sample without HICYT and positive control samples 

using HLCYT at the same concentration-levels as HICYT were included.  

5.3.2.2 Optimized in vitro biotransformation assay 

5.3.2.2.1 Phase I incubations 

An overview of the experimental setup can be found in Figure 5-1. A reaction mixture 

containing 440 µL (1 h incubation) or 430 µL (3 h incubation) TRIS-buffer (pH 7.4, 100 

mM), 50 μL of HIMs (10 mg/mL in 250 mM sucrose in water) and 5 μL of a 0.5 mM 

stock solution of chlorogenic acid, caffeic acid or quinic acid was incubated in an 

Eppendorf tube at 37 °C. Three replicates were included for each sample set (Figure 

5-1). Five μL of the cofactor NADPH (100 mM in TRIS-buffer) was added after 5, 60 and 

120 minutes. During incubation the total volume of organic solvent did not exceed 1% 

in order to avoid any effects on microsomal activity (Jia and Liu 2007). Three different 

negative control samples (i.e. without substrate, HIMs or NADPH) were prepared in 

parallel. The reaction was stopped after 1 h or 3 hours by the addition of 125 μL ice-

cold ACN containing 1% formic acid and 5 µg/mL of the internal standards theophylline 

and valsartan (phase I experiments) or by putting the samples on ice for 3 minutes 



CHAPTER 5 

 
178 

(samples for further phase II experiments, see further). Fentanyl (0.3 mM in MeOH), a 

substrate of CYP3A4, was included in the experimental setup as a positive control for 

phase I enzymatic activity. The formation of norfentanyl and β-hydroxyfentanyl was 

monitored. 

5.3.2.2.2 Phase II incubations 

Following the phase I experiments, samples were exposed to phase II conjugation 

through glucuronidation and sulfation. Three replicates were included for each sample 

set (Figure 5-1). For glucuronidation experiments, 430 μL of the supernatant 

originating from phase I samples was incubated with 50 μL of HIMs and 5 μL of 

alamethicin (1 mg/mL in DMSO). Five μL of UDPGA (100 mM in TRIS-buffer) was added 

as cofactor after 5, 60, and 120 minutes. Sulfation samples consisted of a mixture of 

422.5 μL supernatant and 62.5 μL HICYT (4 mg/mL in buffer containing 150 mM 

potassium chloride and 50 mM TRIS, pH 7.5, with 2 mM EDTA), with addition of 5 μL 

PAPs (10 mM in TRIS-buffer) as cofactor after 5, 60, and 120 minutes of incubation. 

Negative control samples were prepared by omitting substrate, intestinal 

microsomes/cytosol or the cofactor (UDPGA and PAPs) in order to exclude false-

positive results. A positive control was included by incubating 4-NP (5 μL of 10 mM in 

TRIS-buffer) and monitoring the formation of 4-NP glucuronide (4-NP-Gluc) and 4-NP 

sulfate (4-NP-Sulf). For both glucuronidation and sulfation, one replicate was included 

without previous phase I incubation (gluc-direct and sulf-direct). Reactions were 

stopped as described earlier for the phase I incubations. 

Samples from both phase I and phase II incubations were centrifuged for 5 minutes at 

8000 rpm (5900 g). 500 µL of the supernatant was transferred to a clean glass tube, 

evaporated under nitrogen at 38 °C, and reconstituted in 100 μL of the starting mobile 

phase for liquid chromatography coupled to quadrupole time-of-flight mass 

spectrometry (LC–Q-TOF–MS) analysis.
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Figure 5-1: Overview of the experimental setup of the in vitro biotransformation assay. HIM: Human intestinal microsomes, FA: formic 
acid, ACN: acetonitrile, NADPH: nicotinamide adenine dinucleotide phosphate, UDPGA: 2,5-uridinediphosphate glucuronic acid, PAPS: 
adenosine-3ʹ-phosphate 5ʹ-phosphosulfate, GLUC: glucuronidation, SULF: sulfation. Gluc-direct and sulf-direct: GLUC and SULF 
replicate without previous phase I incubation. 
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5.3.3 LC-Q-TOF-MS 

Extracts form the chlorogenic acid and caffeic acid incubations were analyzed by LC-

Q-TOF-MS as earlier described in 2.3.1.6.2.  

The applied chromatographic method for quinic acid samples was based on the 

untargeted LC-MS platform developed by Iturrospe and Da Silva et al. (in preparation) 

to investigate hydrophilic metabolites in biological matrices. Quinic acid eluted at 

retention time 1.1 min using the chromatographic method applied for chlorogenic acid 

and caffeic acid, due to its polar structure, which is not desirable when aiming to 

separate and analyze polar biotransformation products. Chromatographic separation 

was performed on an iHILICÒ-Fusion(+) (100 x 2.1 mm, 1.8 µm) from Hilicon AB (Umeå, 

Sweden) using a mobile phase consisting of ultrapure water with 0.1% formic acid (A) 

and acetonitrile (B) at a flow rate of 0.2 mL/min. The first minute starts with 1 min 

isocratic at 5% A, after which A increased until 80% at 10 min. The percentage of A was 

held constant during 4 min after which A returned to 5% over 1 min. Finally, the column 

was re-equilibrated at 95% B for 5 min before the next injection. The column 

temperature was set at 30 °C and the injection volume was 3 µL. The eluent was 

directed to the waste during the first 0.5 min and from 18 min analysis (Iturrospe et al. 

In preparation). 

Samples were analyzed in negative ionization mode with following parameters: 250 °C 

drying gas temperature, 10 L/min drying gas flow, 45 psig nebulizer pressure, 250 °C 

sheat gas temperature, 10 L/min sheat gas flow, 3500 V capillary voltage and 500 V 

nozzle voltage. Operation mode, calibration, acquisition parameters and collision 

energies of the QTOF mass spectrometer-method were identical to the procedure 

described in 2.3.1.6.2.  
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5.3.4 Data-analysis workflows 

Raw data were analyzed as previously described in 2.3.1.6.3 using the three 

complementary data-analysis workflows. The suspect lists of chlorogenic acid, caffeic 

acid and quinic acid were constructed based on available literature and in silico 

prediction tools Biotransformer (Biotransformer.ca, v1.0.0) and Meteor Nexus (Lhasa 

Limited, v2.1).  
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5.4 Results and discussion 

5.4.1 Optimization of the in vitro intestinal biotransformation assay 

5.4.1.1 Phase I assay 

N-(4-hydroxyphenyl)-acetamide and N-(4-ethoxy-2-hydroxyphenyl)-acetamide were 

not detected in all HIM concentration and incubation-duration samples suggesting no 

biotransformation of phenacetin. A slight decrease in relative area of phenacetin over 

increasing HIM concentrations and incubation duration was observed, as well as a 

difference in phenacetin intensity with the negative control sample, however, 

interpretation of the results is limited as only one replicate is included in the assay 

Figure 5-2. 

CYP3A4 and CYP2C9 account for 80% and 14% respectively of the total intestinal 

expressed CYP450 enzymes. CYP1A2, the CYP450 enzyme responsible for phenacetin 

biotransformation, is not present in the intestinal cells which explains the lack of phase 

I biotransformation products (Huang et al. 2012, Xie et al. 2016). Future in vitro 

intestinal biotransformation assays should include a CYP3A4 or CYP2C9 substrate as 

positive control compound for phase I. Optimization of the HIM concentration using a 

CYP3A4 substrate (e.g. fentanyl) was no longer feasible within the timeframe of this 

thesis and should be performed in the future. In accordance with the HLM 

experiments, the same microsome concentration was used for the glucuronidation 

and phase I incubations. 
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Figure 5-2: Relative area of phase I positive control compound phenacetin in the 
different test conditions. HIM: human intestinal microsomes, NC: negative control 
sample. 

5.4.1.2 Glucuronidation assay 

Although only one replicate per sample composition was included, a clear effect of 

HIM-concentration on the biotransformation rate of 4-NP were observed. Increasing 

HIM-concentrations gave rise to higher 4-NP-Gluc relative areas. A lower 

glucuronidation activity was observed for the HIM in comparison to the HLM as (i) 4-

NP was no longer detected after 3 h incubation when using 1000 µg/mL HLM, while it 

was still detected at the same HIM concentration (Figure 5-3-A) and (ii) clearly lower 

relative area of the biotransformation product 4-NP-Gluc were detected in the HIM 

samples (Figure 5-3-B). No 4-NP-Gluc was detected in the negative control sample. 

Based on these results, 1000 µg/mL was chosen as optimal HIM concentration for the 

phase II glucuronidation incubations. The glucuronidation rate of intestinal S9 

homogenates was previously reported to be comparatively lower to liver S9 

homogenates (Wong et al. 2010). 
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Figure 5-3: Relative areas of 4-nitrophenol (4-NP, A) and 4-NP-glucuronide (4-NP-Gluc, 
B) in the samples with varying human intestinal microsome (HIM) concentrations, the 
sample containing 1000 µg/mL human liver microsomes (HLM) and the negative 
control (NC) sample. 

5.4.1.3 Sulfation assay 

No clear differences in enzymatic activity between HICYT and HLCYT were observed 

(Figure 5-4). Increasing concentrations of HICYT and HLCYT gave rise to in decreasing 

relative areas of 4-NP. Based on these results, 500 µg/mL was chosen as optimal HICYT 

concentration as 500 µg/mL corresponds to the concentration of HLCYT previously 

used in in vitro liver biotransformation assays and the observed sulfation-rate of the 

HICYT is comparable.  
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Figure 5-4: Relative areas of 4-nitrophenol (4-NP, A) and 4-NP-sulfate (4-NP-Sulf, B) in 
the samples with varying human intestinal cytosol (HICYT) and human liver cytosol 
(HLCYT) concentrations. 

 

5.4.2 Phase I biotransformation 

5.4.2.1 Positive control 

Phase I biotransformation products norfentanyl and β-hydroxyfentanyl were 

monitored as positive control for the phase I assay. Fentanyl, substrate of CYP3A4, was 

still present after 3 h phase I incubation, however, both norfentanyl and β-

hydroxyfentanyl were detected confirming the phase I enzymatic activity (Figure 5-5). 

Identification of fentanyl and its biotransformation products was based on the MS/MS 

spectra and comparison with the online spectra database mzCloud. (mzcloud.org). 

These results have confirmed the activity of isoenzyme CYP3A4 in the phase I assay. 
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Figure 5-5: A) Chromatogram of fentanyl (red) and biotransformation products 
norfentanyl and β-hydroxyfentanyl (green) with corresponding structural formulas. A 
more detailed chromatogram is shown in (B). 

5.4.2.2 Chlorogenic acid, caffeic acid and quinic acid 

No phase I biotransformation products were detected for the three tested xenobiotics 

suggesting no phase I biotransformation of these compounds in the intestinal cell wall. 

Figure 5-6 presents the relative areas of chlorogenic acid, caffeic acid and quinic acid 

in the negative control samples and 1 h (n=3) and 3 h (n=3) phase I replicates. For all 

three tested xenobiotics, no differences in relative area were observed between 1 h 

and 3 h incubation, suggesting no further biotransformation. Higher relative 

abundances were observed for chlorogenic acid and caffeic acid negative control 

samples without cofactor (NO COF), however differences in relative area between the 

negative control without HIM (NO HIM) and the replicates were negligible, suggesting 

a negative influence of the cofactor on the relative area of the xenobiotics. The signal 

in the quinic acid NC COF sample was clearly lower in comparison to the replicates due 

to high signal of internal standard valsartan. The same trend was observed for internal 

Fentanyl

Norfentanyl β-hydroxyfentanyl

A)

B)



CHAPTER 5 

 
187 

standard theofyllin and thus the deviating results may be caused by an error during 

addition of the internal standard-containing stop-solution. 

 Lafay et al. (2006) reported the recovery of caffeic acid due to esterase activity of the 

gut mucosa when chlorogenic acid was perfused in an in situ rat perfusion model. The 

applied HIM in this assay were eluted using the esterase inhibitor 

phenylmethylsulfonyl-fluoride (PMSF), necessary to protect CYP450 enzymatic activity 

during the isolation of the microsomes. PMSF-free HIM fractions should be used to 

study esterase biotransformation-pathways. Furthermore, the reported intestinal 

biotransformation of caffeic acid into ferulic acid was not observed in this study.  

As no phase I biotransformation products were detected, the results suggest that the 

CYP450 isotypes responsible for chlorogenic acid, caffeic acid and quinic acid 

biotransformation are not expressed in the HIM. CYP3A4 and CYP2C9 are the most 

prominent expressed isotypes in the intestinal epithelia cells, accounting for 80% and 

14% of the present CYP450 enzymes. Minor CYP450 isoforms are CYP2C19, CYP2J2 and 

CYP2D6 (Xie et al. 2016). Furthermore, caffeic acid has been reported to feature 

inhibitory effects on CYP1A2, CYP2C9, CYP2C19 and CYP3A4 isotypes in HLM which 

could interfere with the enzymatic activity of the CYP450 isotypes expressed in the 

HIM and thus may explain the lack of biotransformation products (Rastogi and Jana 

2014). 
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Figure 5-6: Relative area of chlorogenic acid (A), caffeic acid (B) and quinic acid (C) in 
the negative control samples without cofactor (NO COF) and human intestinal 
microsomes (NO HIM) and in the 1 h (n=3) and 3 h (n=3) phase I replicates (Repl 1 
h,Repl 3 h). 

 

5.4.3 Phase II biotransformation 

5.4.3.1 Positive control 

4-NP-Gluc and 4-NP-Sulf were monitored as positive control compounds for the phase 

II enzymatic activity. 4-NP-Gluc and 4-NP-Sulf were both detected in the positive 

control samples. 4-NP was no longer detected in the sulfate positive control sample, 

while 4-NP was still detected in the glucuronide positive control sample. These results 

confirm the reliability of both the glucuronidation and sulfation assay. 



CHAPTER 5 

 
189 

 

Figure 5-7: A) Chromatogram of the glucuronide positive control sample with 4-
nitrophenol (4-NP) and 4-NP-glucuronide (4-NP-Gluc). B) Chromatogram of the sulfate 
positive control sample with 4-NP-sulfate (4-NP-Sulf). 

5.4.3.2 Chlorogenic acid 

Two features with molecular formula C22H26O15 ([M - H]-, m/z 433.0432), corresponding 

to chlorogenic acid-glucuronide were detected at 19.3 and 21.0 min in all three 

replicates and the gluc-direct sample. However, the abundance was low in all 

replicates and thus no MS/MS spectra could be recorded (Table 5-1, Figure SI- 5-1-A). 

Identification corresponds to confirmation level 4 as proposed by Schimansky et al. 

(2014) (Figure SI-2-4). Two isomers of chlorogenic acid-sulfate ([M - H]-, m/z 433.0432, 

Figure 5-9) were mainly detected in the sulf-direct sample (Figure 5-8-A, Table 5-1). 

The relative areas in the replicates including phase I incubation (relative area of 0.021 

± 0.005) were negligible in comparison to the sulf-direct sample (relative area of 0.12). 

These results suggest that prior phase I incubations influence the amount of 

chlorogenic acid-sulfate formation. However, the underlying mechanism remains 

unclear.  Identification was based on the acquired MS/MS spectra. Product ion m/z 

353.0878 corresponded to the loss of the sulfate-group, m/z 191.0549 corresponded 

to the quinic acid moiety (Figure 5-8-B). 

A)

B)
4-NP-Sulf

4-NP4-NP-Gluc
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The reported data are in agreement with the findings of an in vivo study in ileostomy 

patients, which detected both chlorogenic acid-glucuronide and -sulfate in the ileal 

fluid after coffee consumption (Stalmach et al. 2010).  

 

Figure 5-8: A) Extracted ion chromatogram (EIC) of chlorogenic acid-sulfate (m/z 
433.0432, C16H17O12S-, [M - H]-) which presents the number of counts of the extracted 
ion over acquisition time (min). B) The acquired MS/MS spectrum of chlorogenic acid-
sulfate. 

5.4.3.3 Caffeic acid 

Similar results as reported for chlorogenic acid were observed for caffeic acid. Two 

features ([M - H]-, m/z 355.0694) with molecular formula C15H16O10, corresponding to 

the glucuronidation of caffeic acid, were detected in the caffeic acid-glucuronide 

replicates. However, detected abundances were low and no MS/MS spectra were 

recorded (L4-confirmation, Table 5-1, Figure SI- 5-1). Two caffeic acid-sulfate isomers, 

corresponding to caffeic acid-3- and 4-O-sulfate ([M - H]-, m/z 258.9918, Figure 5-9) 

were detected in the sulfate samples and identification was confirmed based on the 

acquired MS/MS spectra (L3-confirmation, Figure 5-10). Product ion m/z 179.038 

A)

B)
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corresponded to the loss of the sulfate group and product ion m/z was a mutual 

product ion with caffeic acid. The relative areas of caffeic acid-sulfate were lower in 

the replicates in comparison to the sulf-direct sample, however, the difference was 

less pronounced as observed for chlorogenic acid: relative area of 0.6 ± 0.2 (replicates) 

vs. 1.0 (sulf-direct). Caffeic acid-3’- and 4’-O-sulfate were detected by Stalmach et al. 

(2010) with caffeic acid-3’-O-sulfate as the major isomer.  

The findings reported for chlorogenic acid and caffeic acid are in correspondence with 

the study of Wong et al. (2010) who studied the phase II conjugation 

biotransformation pathways of hydroxycinnamic acids using intestinal S9 

homogenates and recombinant UGTs and SULTs. The study reported sulfate-

conjugates accounted for 95% of the detected phase II conjugation biotransformation 

products. Furthermore, sulfation was favored on the 3’-hydroxyl over the 4’-hydroxyl 

position, suggesting chlorogenic acid-3’-sulfate and caffeic acid-3’-sulfate 

corresponded to the features with retention times 23.2 and 22.3 min respectively. 

Caffeic acid-glucuronide isomers were detected however at low levels (Wong et al. 

2010). In vivo studies investigating the caffeic acid biotransformation products in urine 

and ileal fluid of human volunteers after coffee consumption identified caffeic acid-

sulfate isomers. Free caffeic acid and caffeic acid-glucuronides were not detected 

(Stalmach et al. 2010, Wong et al. 2010). 

  



CHAPTER 5 

 
192 

 

Figure 5-9: Chemical structures of the identified sulfate-conjugation biotransformation 
products of caffeic acid and chlorogenic acid. 

 

Figure 5-10: A) Extracted ion chromatogram (EIC) of caffeic acid-sulfate (m/z 258.9918, 
C9H7O7S-, [M - H]-) which presents the number of counts of the extracted ion over 
acquisition time (min). B) The acquired MS/MS spectrum of caffeic acid-sulfate.
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Table 5-1: Overview of identified biotransformation products and additional information: compound name, molecular formula, level 
of confirmation as proposed by Schymanski et al.(Figure SI- 2-4) (Schymanski et al. 2014), retention time (tr), exact mass, detected 
parent ion, mass difference. Level 3 (L3): tentative candidates based on experimental data; level 4 (L4): Unequivocal molecular formula 
based on MS1 and isotope ratios. NA: not acquired. 

Compound name Molecular 
formula 

Level of 
confirmation 

tr 
(min) 

Exact mass 
(g/mol) 

Parent ion 
(m/z) 

Δ Mass 
(ppm) MS/MS product ions 

Chlorogenic acid-
glucuronide isomer 1 

C22H26O15 L4 19.3 530.1272 529.1202 1.65 NA 

Chlorogenic acid-
glucuronide isomer 2 

C22H26O15 L4 21.0 530.1272 529.1196 3.2 NA 

Chlorogenic acid-3’-
sulfate 

C16H18O12S L3 23.2 434.0519 433.0447 0.26 
353.0878 [C16H17O9]-; 
191.0549 [C7H11O6]- 

Chlorogenic acid-4’-
sulfate 

C16H18O12S L3 21.1 434.0519 433.0444 -0.23 
353.0878 [C16H17O9]-; 
191.0549 [C7H11O6]- 

Caffeic acid-
glucuronide  

isomer 1 
C15H16O10 L4 12.8 356.0743 355.0694 1.26 NA 

Caffeic acid-
glucuronide  

isomer 2 
C15H16O10 L4 16.1 356.0743 355.0660 -3.25 NA 

Caffeic acid-3’-sulfate C9H8O7S L3 22.3 259.9991 258.9925 2.61 
179.0348 [C9H7O4]-; 

135.0449 [C8H7O2]-; 96.9598 
[SO4H]- 

Caffeic acid-4’-sulfate C9H8O7S L3 21.9 259.9991 258.9918 -0.15 
179.0346 [C9H7O4]-; 

135.0450 [C8H7O2]-; 96.9598 
[SO4H]- 
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5.4.3.4 Quinic acid 

No phase II biotransformation products of quinic acid were detected. Although a 

decrease in relative area of quinic acid was observed in the sulfate replicates in 

comparison to the negative control, no sulfate-conjugates were detected using the 

complementary data-analysis workflows. No clear difference in relative area of quinic 

acid was observed for the glucuronide replicates and negative control (Figure 5-11). 

Quinic acid and phase II biotransformation products were not reported by Stalmach et 

al. (2010) and Wong et al. (2010). However, it is not clear if quinic acid and related 

biotransformation products were not detected or not investigated by the authors. To 

the best of our knowledge, no glucuronide or sulfate-conjugates of quinic acid have 

been reported in the literature. 

 

Figure 5-11: Relative area of quinic acid in the glucuronide negative control (NC Gluc) 
sample, glucuronide replicates (Gluc, n=3), sulfate negative control sample (NC Sulf) 
and sulfate replicates (Sulf, n=3) 
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5.4.3.5 Regional differences in expression of drug biotransforming 

enzymes 

The reported results present the first-pass biotransformation of chlorogenic acid, 

caffeic acid and quinic acid in the small intestinal gut wall as HIM are isolated from 

enterocytes. However, although regional differences across the gastrointestinal tract 

on the expression of some drug biotransforming enzymes have been reported 

(Bergheim et al. 2005, Teubner et al. 2007), results can be correlated to the colonic 

first-pass biotransformation. It has been shown that the total CYP450 content 

decreases in the ileum and colon in comparison to the proximal parts of the 

gastrointestinal tract limiting the importance of the phase I biotransformation 

pathways in this regions (Bergheim et al. 2005). Regarding the phase II enzymes, 

expression of UGTs isoforms have been reported to be constant over the small 

intestine and the colon (Wu et al. 2011, Peters et al. 2016), while differences in SULTs 

have been described (Teubner et al. 2007). However, SULT1A1 and SULT1A3, present 

in both small intestine and colon, have been reported to be the major isoforms 

responsible for sulfation of caffeic acid (Teubner et al. 2007, Wong et al. 2010).  

 

5.5 Conclusions 

No phase I biotransformation products of chlorogenic acid, caffeic acid or quinic acid 

were detected in the intestinal in vitro biotransformation assay incubations. For both 

chlorogenic acid and caffeic acid (i) two isomers of the sulfate-conjugates were 

identified and (ii) low-abundance features corresponding to chlorogenic acid-

glucuronide and caffeic acid-glucuronide were detected. No phase II 

biotransformation products of quinic acid were identified. These first-pass results can 

aid in a better understanding of the oral bioavailability of chlorogenic acid and its 

biotransformation products together with other variables such as fraction absorbed 

and fraction subjected to hepatic biotransformation.   
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5.6 Supplementary information 

 

Figure SI- 5-1: Extracted ion chromatogram (EIC) of features m/z 529.1196 (A) and m/z 
355.0694 (B) corresponding to glucuronide-conjugates of chlorogenic acid and caffeic 
acid respectively.  

  

A)

B)
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6.1 General discussion 

The main objective of this PhD project was to gain a more in-depth understanding on 

the role of the gut microbiome on the gastrointestinal fate of orally ingested 

xenobiotics. Three sub-objectives were defined (Table 6-1): (i) optimize a ready-to-use 

in vitro gastrointestinal platform including the gastrointestinal dialysis model with 

colon phase (GIDM-Colon) and bioanalytical strategies to investigate and elucidate the 

gastrointestinal biotransformation of xenobiotics, (ii) application of the in vitro 

gastrointestinal platform to investigate inter-population differences in microbiotic 

biotransformation of xenobiotics between a lean and obese population and (iii) 

expand the in vitro gastrointestinal platform with an in vitro intestinal absorption and 

in vitro intestinal first-pass assay using a Caco-2 cell line and human intestinal 

microsomes (HIM)/human intestinal cytosol (HICYT) respectively. 

6.1.1 In vitro gastrointestinal biotransformation platform 

In order to obtain a high level of physiological significance, in vitro platforms should be 

optimized to be representative for the in vivo conditions. Chapter 2 illustrated the 

optimization of a ready-to-use in vitro gastrointestinal platform including the GIDM-

Colon to study the microbiotic biotransformation of xenobiotics. Incubation medium 

and incubation time of the pooled fecal slurry suspension, a bioanalytical platform to 

elucidate microbiotic biotransformation products and dialysis-timing were optimized. 

6.1.1.1 Incubation medium 

The GIDM-Colon, previously developed and validated by Breynaert et al. (2010), was 

applied throughout the PhD project as in vitro gastrointestinal model. This model 

included a 17 h incubation step of the pooled fecal slurry suspension in Wilkin-

Chalgren Anaerobe broth (WCB) before use as inoculum in the colon stage. The results 

illustrated in chapter 2 showed that 17 h incubation of the pooled fecal slurry 

suspension in WCB led to a change in bacterial composition which compromised 
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comparability with the in vivo situation. Incubation of the pooled fecal slurry 

suspension in sterile phosphate buffer as medium guaranteed a closer resemblance to 

the in vivo situation. Sterile phosphate buffer was chosen as alternative medium as a 

shift in bacterial composition would be less likely as it does not contain any nutrients 

and as it was previously applied in other gut microbiome biotransformation studies 

(Tomas-Barberan et al. 2014, Amaretti et al. 2015). Other available in vitro 

gastrointestinal models such as the SHIME include the use of growth medium. The use 

of growth medium throughout SHIME is justified as these experiments last a few weeks 

(2 weeks stabilization, 2 weeks basal period and 2-4 weeks treatment period) and thus 

nutrients are required to ensure the viability of the bacteria, while the colon stage of 

the GIDM-Colon only lasts 24 h (Breynaert et al. 2015, Van de Wiele et al. 2015). 

Viability of the bacteria in phosphate buffer over the duration for the GIDM-Colon 

experiment was confirmed as presented in chapter 2. Furthermore, biotransformation 

activity of the bacteria using the optimized protocol was ensured by application of 

model compound chlorogenic acid, which should be included as positive control 

compound in future experiments (Mortelé et al. 2019).  

6.1.1.2 Bioanalytical platform 

Multiple bioanalytical aspects of the in vitro gastrointestinal biotransformation 

platform were optimized. The presented liquid chromatography column screening is 

compound-dependent and should be performed for each tested xenobiotic based on 

available literature and physicochemical properties of the compound. The effect of 4 

sample preparation procedures on the biotransformation product extraction 

efficiency was evaluated. The centrifugation sample preparation procedure 

immediately removed the bacteria from the sample thus neglecting possible 

intracellular biotransformation products. No significant differences were observed 

when applying the extraction and sonication sample preparation procedures 

suggesting the procedures did not result in additional leakage of intracellular 

biotransformation products. The freeze-drying procedure could clearly be considered 
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the minor option. The inferiority of the latter could be explained by irreversible binding 

of hydrophilic biotransformation products to matrix components during the process 

of lyophilization (Gromova and Roby 2010, Wu et al. 2010). The extraction method was 

chosen as optimal procedure due to the limited time needed for sample preparation, 

leading to an increased throughput of samples. 

Combining suspect and non-targeted data-analysis workflows has proven to have an 

added value on the elucidation and identification of biotransformation products. None 

of the data-analysis workflows was able to identify all reported biotransformation 

products and thus combination of workflows is advisable to obtain an increased 

output. The reported findings are in agreement with previous in vitro human liver 

microsome (HLM) biotransformation studies (Mortele et al. 2018, Vervliet et al. 2018). 

Elucidating the origin of the observed differences in number of identified 

biotransformation products between the different data-analysis workflows remains a 

challenge as the underlying algorithms of data-analysis software are not fully known. 

Hohrenk et al. (2020) applied multiple non-targeted screening data-analysis workflows 

to the same raw data files and observed dissimilarities in the final feature list, although 

all workflows include similar steps (e.g. peak picking, blank subtraction). Further 

research is necessary to unravel the influence of different processing steps and 

parameters on the outcome (Hohrenk et al. 2020).  

6.1.1.3 Dialysis 

The GIDM-Colon protocol includes dialysis of small intestinal and colonic fluids. Dialysis 

have been reported to be an essential tool to maintain highly active microbiota and 

representative microbial metabolite-concentrations during gut microbiota 

biotransformation experiments (Venema 2015). However, dialysis was not performed 

overnight (between 6 h and 24 h colonic stage) in the original GIDM-Colon protocol 

due to the risk of too much fluid loss from the dialysis cells. Not performing dialysis 

could lead to accumulation of xenobiotic biotransformation products or bacterial 



CHAPTER 6 

 
204 

metabolites (Venema 2015). Chapter 2.4 illustrated that parallel GIDM-Colon 

experiments covering different sampling timepoints and dialysis-timing were not 

complementary. As the timing of the dialysis was the only variable, it was concluded 

that performing dialysis influences the microbial biotransformation activity and thus 

the detected biotransformation products. The exact cause of the observed differences 

is not known, however, (i) saturation of microbial enzymes due to accumulation of 

chlorogenic acid biotransformation products and (ii) a different starting point of the 

dialysis are possible hypotheses. Future GIDM-Colon experiments should include 

continuous dialysis as this will ensure a stable biotransformation activity of the gut 

microbiota during the colonic stage and will allow analysis of biotransformation 

reactions over the timeframe of 0 h and 24 h incubation. The instrumental adaptations 

necessary to allow 24 h dialysis throughout the GIDM-Colon are available and can be 

implemented and optimized for future experiments.  

 

6.1.2 Gut microbiome dysbiosis is associated with differences in 
microbiotic biotransformation of xenobiotics 

6.1.2.1 Gut microbiome dysbiosis in obesity 

The number of fecal samples included in this thesis was limited and thus hampering 

the evaluation of gut microbiome dysbiosis between an obese and lean population. A 

study by Falony et al. (2016) reported 865 lean and obese volunteers would be 

necessary to evaluate obesity-related microbiota compositional changes with 5% 

significance level and statistical power of 80%. Sample size could be reduced to 535 

individuals of both populations when gender and age were taken into account (Falony 

et al. 2016). Very stringent inclusion criteria were included in the recruitment process 

of this study to exclude variables, other than obesity, possibly influencing the gut 

microbiome. Downside of this procedure was the difficulty of finding suitable 

volunteers willing to donate a fecal sample. Despite the limited number of samples, 
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differences in gut microbiota composition and bacterial concentration were observed 

between the obese and lean population. Reduced bacterial diversity has been 

previously associated with obesity (Turnbaugh et al. 2009, Davis 2016). The illustrated 

data in this thesis showed a similar trend. Less diversity of bacterial species was 

observed in the obese samples (Figure 6-1), as well as a lower concentration of 

anaerobic bacteria. Furthermore, unique operational taxonomic units (OTUs) were 

reported for both the lean and obese population. The increased 

Firmicutes/Bacteroidetes ratio repeatedly associated with obesity was not detected in 

the samples, but again, this may be explained by the low number of samples (Ley et al. 

2005, Ley et al. 2006, Turnbaugh et al. 2008, Turnbaugh et al. 2009). Future 

experiments should include metagenomic shotgun sequencing as it provides 

information on the potential functions of the gut microbiome (Davis 2016).  

 

Figure 6-1: Mean gut microbiota composition of the lean (A, n=9) and obese (B, n=4) 
population on phylum-level. 

A) B)
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6.1.2.2 Differences in microbiotic biotransformation 

Using the optimized in vitro gastrointestinal platform, interindividual differences in 

number of biotransformation products and biotransformation rate between a lean and 

obese population were detected. The reported lower biotransformation rate of 

chlorogenic acid by the obese population is in disagreement with the proposed highly 

efficient energy extracting metabolic pathways of the obese gut microbiome (Ley et 

al. 2005, Ley et al. 2006, Turnbaugh et al. 2008, Turnbaugh et al. 2009). However, as 

reported for CYP450 enzymes, the microbiotic biotransformation reactions are 

substrate-dependent (Aguirre et al. 2016b). This may explain the observed results and 

emphasizes the importance of investigating the differences in microbiotic 

biotransformation between populations for each xenobiotic individually. Further 

research should reveal if the observed differences are due to the differences in number 

of bacteria, diversity and/or the presence or absence of specific bacterial strains. No 

conclusions on the cause of the observed differences could be drawn based on the 

data presented in this thesis. Knowledge on the underlying cause will aid in a better 

understanding and future development of the research field of personalized medicine. 

One of the limitations of the study is the limited number of included lean (n=9) and 

obese donors (n=4). Aguirre et al. (2014) previously stated that the use of pooled fecal 

samples as inoculum brings important advantages for in vitro fermentation studies, as 

pooling will increase the biodiversity and will lead to a more representative microbiota 

for the tested population. Thus, suggesting that increasing the number of obese and 

lean donors would improve the representation of both populations. Until now, no 

general guideline on the number of donors needed for a representative fecal pool has 

been published, and varying protocols are reported in literature. A study on the 

fermentation differences of arabinogalactan and inulin between lean and obese 

subjects included 8 and 7 donors respectively (Aguirre et al. 2016a). Studies reporting 

protocols for standardized fecal inocula included 4 (Aguirre et al. 2015) and 6 

(O'Donnell et al. 2016) donors. 
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The presented results in this thesis confirmed that changes in gut microbiota related 

to obesity are associated with differences in microbiotic biotransformation of 

xenobiotics and thus possibly influencing the activity, bioavailability and toxicity of 

orally administered xenobiotics. This was, to the best of our knowledge, the first study 

investigating differences in microbiotic biotransformation of xenobiotics between 

obese and lean volunteers. Differences in microbiotic biotransformation of saponins 

between T2D and non-diabetic patients have previously been reported, suggesting 

differences could also be observed for other diseases (Zhou et al. 2017). Multiple 

human diseases, including type 2 diabetes (T2D) (Larsen et al. 2010, Qin et al. 2012, 

Sedighi et al. 2017), inflammatory bowel disease (Machiels et al. 2014, Schirmer et al. 

2018) and colorectal cancer (Wang et al. 2012, Wu et al. 2013) are associated with gut 

microbiome-dysbiosis and should be included in future research. 

 

6.1.3 Expansion of the in vitro gastrointestinal platform 

The in vitro gastrointestinal platform was expanded using model compound 

chlorogenic acid and two of its most abundant gastrointestinal biotransformation 

products caffeic acid and quinic acid.  

6.1.3.1 In vitro intestinal absorption 

Intestinal absorption of chlorogenic acid and quinic acid was studied using the human 

intestinal epithelial Caco-2 cell line derived form a colorectal adenocarcinoma (Lea 

2015). Although the cell line differentiates towards a cell monolayer with characteristic 

apical brush border with microvilli, studies have shown that Caco-2 cells are a suitable 

tool for the estimation of colonic absorption of xenobiotics (Rubas et al. 1996, 

Tannergren et al. 2009). The absorption of lipophilic compounds, which is not 

applicable for chlorogenic acid and its microbial biotransformation products, may be 

underestimated in the current setup due to the absence of bile acids (Lea 2015, 



CHAPTER 6 

 
208 

Pavlović et al. 2018). This should be kept in mind for future experiments and may be 

solved by the use of samples resulting from the GIDM-Colon experiments as donor 

solutions in the Caco-2 permeability assay. The use of GIDM-Colon samples would 

enhance the representation to the in vivo situation in comparison to the use of 

standard-solutions as currently applied in the assay: (i) the composition of the donor 

solution, including bile acids and pH will be more representative for the in vivo 

composition, and (ii) the donor solution will contain the test xenobiotic and/or 

multiple microbiotic biotransformation products which will result in competition for 

protein binding sites. The use of extracts resulting from the SHIME as donor solutions 

in Caco-2 assays have been previously reported and should be included in future 

experiments for the GIDM-Colon (Garcia-Villalba et al. 2017, Réquilé et al. 2018). 

Difficulties and challenges related to the utilization of GIDM-Colon samples in the 

Caco-2 assay are further addressed in the future perspectives (6.3).Including positive 

control compounds in the experimental setup are essential for reliability of the assay 

and proper interpretation of the data as variability between Caco-2 permeability 

experiments have been described (Grès et al. 1998, Volpe 2008, Lea 2015, Stockdale 

et al. 2019). The use of propranolol and digoxin as reference compounds for a high 

passive permeability and P-glycoprotein (P-gp) mediated efflux confirmed the 

reliability of the in vitro permeability assay and the acquired results. 

6.1.3.2 In vitro intestinal first-pass metabolism 

Poor reproducibility and low abundances of CYP450 enzymes and low enzymatic 

activity have been reported for human intestinal microsomes (HIM). Factors causing 

these difficulties include degradation of enzymes during the isolation process and 

greater heterogeneity of the intestine in comparison to the liver. Past few years, 

improvements have been made due to the use of protease inhibitors, limiting the 

degradation of enzymes, and new isolation methodologies. However, a wide range of 

different HIM-preparation protocols are still applied and further standardization, 

which will enhance inter-experiment comparability, is needed (Hatley et al. 2017).  
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The HIM and HICYT concentrations of the applied in vitro biotransformation assay, 

based on an in-house developed protocol using human liver microsomes (HLM) and 

cytosol (HLCYT), were optimized using positive control compounds for phase I and II 

biotransformation (Mortele et al. 2018, Vervliet et al. 2018). The absence of phase I 

biotransformation products of phenacetin confirmed the differences in CYP450 

isotypes expression between HLM and HIM. CYP1A2, mainly responsible for 

phenacetin biotransformation and expressed in the liver, is not expressed in the 

intestinal cell wall (Zanger and Schwab 2013, Xie et al. 2016). Fentanyl was successfully 

included in the experimental setup as positive control for CYP3A4 enzymatic activity 

to check the reliability of the assay. The experimental assay should be further 

expanded with a CYP2C9 substrate (e.g. diclofenac) as positive control. The lower 

reported glucuronidation rate observed for 4-nitrophenol (4-NP), in comparison to 

HLM, was in agreement with previous experiments using intestinal and liver S9 

fractions (Wong et al. 2010). The expression of sulfotransferases (SULTs) was reported 

to be slightly higher in the enterocytes in comparison to hepatocytes (Riches et al. 

2009). Subsequently no differences in 4-NP sulfation were observed. As HIM and HICYT 

are isolated from the small intestinal enterocytes, extrapolation of the assay results to 

the colonic first-pass should take differences in enzymatic expression, as described for 

CYP450 and SULTs, into consideration as demonstrated for chlorogenic acid, caffeic 

acid and quinic acid in chapter 5 (Bergheim et al. 2005, Teubner et al. 2007).  

 

6.1.4 The gastrointestinal behavior of chlorogenic acid and 

microbial biotransformation products 

The oral bioavailability (F) of a xenobiotic is calculated according to equation 1, where 

Fa corresponds to the fraction absorbed and FG and FH correspond to the fractions 

escaping gastrointestinal and hepatic biotransformation respectively (Peters et al. 

2016). 
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Equation 1: Formula defining the oral bioavailability (F) of a xenobiotic 

F = F!	x	F"	x	F# 

This thesis aimed to evaluate the influence of the gut microbiome on the oral 

bioavailability and thus absorption and biotransformation using chlorogenic acid as a 

model compound. Factors Fa and FG of chlorogenic acid were investigated using the 

GIDM-Colon, in vitro intestinal biotransformation and first-pass assays. The fraction 

chlorogenic acid available for intestinal absorption (Fa) will mainly be determined by 

the microbiotic biotransformation, together with other factors such as solubility, 

stability and formulation dissolution if applicable. As seen for the lean population, 

chlorogenic acid will be biotransformed in numerous biotransformation products, all 

of which will be subjected to absorption and intestinal first-pass enzymes.  

6.1.4.1 In vitro intestinal absorption 

The absorption experiments included in the thesis were restricted to chlorogenic acid 

and quinic acid, however, all microbiotic biotransformation products should be 

investigated to characterize the gastrointestinal behavior of chlorogenic acid. Due to 

time constraints, the in vitro intestinal absorption of only two compounds could be 

tested. Quinic acid was chosen over caffeic acid as the intestinal absorption of the 

latter has been previously investigated using a Caco-2 permeability assay (Konishi and 

Kobayashi 2004, Farrell et al. 2012, Monente et al. 2015). The illustrated results in 

chapter 4 suggest an active efflux mechanism involved in the intestinal absorption of 

chlorogenic acid and quinic acid. The involvement of an active efflux mechanism is of 

importance for the oral bioavailability as it will influence the fraction absorbed and will 

result in reduced intracellular xenobiotic concentrations, thus influencing the 

intestinal first-pass biotransformation (Peters et al. 2016). The involvement of the 

active efflux protein P-gp in the intestinal absorption of chlorogenic acid was 

previously reported by Erk et al. (2014) using a pig jejunal mucosa in an Ussing chamber 

model. However, previous studies investigating the absorption of chlorogenic acid 
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using a Caco-2 permeability assay did not report the involvement of an active efflux 

protein (Konishi and Kobayashi 2004, Farrell et al. 2012). Deviating results of Konishi 

et al. (2004) could be explained by high chlorogenic acid concentrations leading to 

saturation of the efflux protein (Hubatsch et al. 2007). Deviating results reported by 

Farrell et al. (2012) may be explained by variations in protein-expression related to 

Caco-2 cell characteristics (age, passage number) or cell culture conditions (Grès et al. 

1998, Volpe 2008, Lea 2015, Stockdale et al. 2019). Dupas et al. (2006) and Monente 

et al. (2015) both neglected the basolateral to apical transport and thus the presence 

of an active efflux mechanism was not studied, however, both studies reported a poor 

apical to basolateral transport of chlorogenic acid which is in agreement with the 

reported results in this thesis.  

The intestinal absorption of quinic acid was studied for the first time. Although high 

quinic acid concentrations were reported in human plasma after coffee consumption 

(Erk et al. 2012), these data do not provide information on the intestinal absorption of 

quinic acid. Additional experiments should be carried out to unravel the efflux protein 

involved in the transport of quinic acid.  

Farrell et al. (2011) studied the intestinal absorption of chlorogenic acid microbial 

biotransformation products caffeic acid and ferulic acid across a Caco-2 cell 

monolayer. Ferulic acid showed higher basolateral recoveries in comparison to caffeic 

acid suggesting methylation positively correlates with enhanced intestinal absorption. 

These results were confirmed by Monente et al. (2015) who reported similar results 

including for dihydrocaffeic acid and dihydroferulic acid. No efflux mechanisms were 

reported for caffeic acid and ferulic acid (Farrell et al. 2012). Since, unlike chlorogenic 

acid and quinic acid, no active efflux was reported for caffeic acid and ferulic acid, the 

quinic acid moiety may be the determining factor for active efflux. This hypothesis 

presents a basis for further research. 
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6.1.4.2 In vitro intestinal first-pass 

The lack of identified phase I biotransformation products suggests CYP450 isoenzymes 

responsible for biotransformation of chlorogenic acid, caffeic acid or quinic acid are 

not expressed in the human intestinal microsomes. CYP3A4 (80%) and CYP2C9 (14%) 

are the major expressed isoenzymes in the intestinal epithelial cells. Minor CYP450 

expressed isoforms are CYP2C19, CYP2J2 and CYP2D6 (Xie et al. 2016). Phase I CYP450 

mediated biotransformation in the intestinal cell wall will be limited to substrates of 

the expressed isoforms as illustrated with lack and presence of biotransformation 

products of phenacetin (CYP1A2 substrate) and fentanyl (CYP3A4 substrate) 

respectively.  

The reported phase II biotransformation results of chlorogenic acid and caffeic acid 

were in agreement with previous in vitro and in vivo studies (Stalmach et al. 2010, 

Wong et al. 2010). Sulfation was the major observed conjugation reaction by Wong et 

al. (2010) when investigating the phase II biotransformation of caffeic acid. Only low 

levels of caffeic acid-glucuronide were detected in vitro. Stalmach et al. (2010) only 

reported sulfate conjugation products in the ileal fluid and urine of human volunteers 

after coffee consumption. Apart from conjugates of the parent compounds, no other 

phase II biotransformation products were identified for chlorogenic acid and caffeic 

acid. This can be explained by the absence of any phase I biotransformation products. 

No phase II conjugates of quinic acid were identified. No previous data on quinic acid 

conjugation biotransformation products could be retrieved from the literature. 

Furthermore, the in vitro and in vivo studies by Wong et al. (2010) and Stalmach et al. 

(2010) did not report quinic acid or biotransformation products.  

Our results show that both chlorogenic acid and microbial biotransformation product 

quinic acid exhibit a low intestinal absorption due to the involvement of an active 

efflux mechanism (Figure 6-2). Low absorption has also been reported for caffeic acid 

in the literature (Farrell et al. 2012). The fraction absorbed of chlorogenic acid and 
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caffeic acid, however, will be exposed to intestinal phase II conjugation reactions, 

while no intestinal first-pass has been detected for quinic acid.
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Table 6-1: Overview of the predefined objectives, the main findings resulting from this PhD thesis and the related future perspectives. CA: caffeic 

acid, CHL: chlorogenic acid, GIDM-Colon: gastrointestinal dialysis model with colon-stage, OTUs: operational taxonomic units, QA: quinic acid, WCB: 

Wilkin-Chalgren Anaerobe Broth.  

Objectives Main findings Future perspectives 
1. Optimize a ready-to-use in vitro platform 

including the GIDM-Colon and 

bioanalytical strategies to investigate the 

gastrointestinal biotransformation of 

xenobiotics. 

Chapter 2 
 

• Incubation medium WCB was replaced by 

sterile phosphate buffer: closer 

resemblance to the in vivo situation. 

• 17 h incubation step: no advantages over a 

1 h adaptation period.  

• Optimization of sample preparation 

procedure of GIDM-Colon extracts 

• Confirming the added value of combining 

suspect and non-targeted screening data-
analysis workflows 

• GIDM-Colon experiments with deviating 

dialysis- and sampling intervals were not 

complementary. 

• Optimize protocol for 24 h continuous 

dialysis GIDM-Colon experiments 

2. Application of the optimized in vitro 

platform to study interindividual 

differences in microbiotic 

biotransformation of xenobiotics between 

lean and obese populations, using CHL as 

model compound. 

Chapter 3 

• Differences in alfa- and beta-diversity 

between the lean and obese gut 

microbiome.  

• Lower concentration of bacteria in the 

obese samples 

• Lower biotransformation rate of the obese 

gut microbiome in comparison to the lean 

gut microbiome.  

• Unravel cause of the observed 

differences between the lean and obese 

population: number of bacteria or 

unique OTUs. 

• Obese/lean experiment with 24 h 

continuous dialysis experiment. 

• Study interpopulation differences in 

microbiotic biotransformation of other 

human diseases associated with gut 

microbiome dysbiosis 
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Table 6-1 (continued) 

Objectives Main findings Future perspectives 
3. Expansion of the in vitro gastrointestinal 

platform with an in vitro intestinal 

absorption and in vitro intestinal first pass 

assay using CHL as model compound. 

Chapter 4 and Chapter 5 

• Presence of an active efflux transport for 

CHL and QA intestinal absorption. 

• No intestinal phase I biotransformation 

products of CHL, CA and QA. 

• CHL and CA: glucuronidation and sulfation 

• Study the in vitro intestinal absorption 

and first-pass effect of all microbiotic 

biotransformation products of CHL  

• Identify the protein responsible for QA 

active efflux. 

• Optimize the in vitro permeability assay 

to allow the use of GIDM-Colon extracts 

as donor solutions 
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Figure 6-2: Overview of the gastrointestinal behavior of chlorogenic acid and two of its 

microbiotic biotransformation products including microbiotic biotransformation, 

intestinal absorption and intestinal first-pass effect.  
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6.2 Conclusions 

This thesis reports the optimization of a complete and ready-to-use in vitro 

bioanalytical platform to study the gastrointestinal biotransformation of xenobiotics 

starting from the GIDM-Colon using chlorogenic acid as model compound. In vivo 

representation of the pooled fecal slurry suspension was enhanced by changing the 

incubation medium from Wilkin-Chalgren Anaerobe Broth (WCB) to a sterile 

phosphate buffer. Incubation time of the pooled fecal slurry before use in the GIDM-

Colon was limited to one hour as longer incubation times did not prove to be of added 

value. Optimization of the GIDM-Colon procedure, sample preparation procedures 

and the addition of complementary data-analysis workflows resulted in a ready-to-use 

in vitro platform to elucidate colonic biotransformation of xenobiotics. The platform 

can be used to study the influence of the physiological conditions of the 

gastrointestinal tract and the gut microbiome on orally administered xenobiotics.  

The platform has been successfully applied on investigating interpopulation 

differences in microbiotic biotransformation of chlorogenic acid between a lean and 

obese population. 16S rDNA analysis and CFU/g-determination observed differences 

in gut microbiome-diversity and composition between the two populations. 

Differences in microbiotic biotransformation were observed on the number of 

identified biotransformation products and biotransformation rate. A clearly higher 

microbiotic biotransformation activity was observed for the healthy population. The 

observed differences confirmed that changes in gut microbiota related to obesity are 

associated to differences in microbiotic biotransformation of xenobiotics and thus 

possibly influencing the activity, bioavailability and toxicity of orally administered 

xenobiotics. 

Finally, the in vitro gastrointestinal platform was expanded with in vitro absorption and 

first-pass assays by using chlorogenic acid and microbial biotransformation products 

quinic acid and caffeic acid. The involvement of an active efflux mechanism in the 
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absorption of chlorogenic acid and quinic acid was established resulting in an overall 

low intestinal absorption. Quinic acid was not subjected to intestinal first-pass 

biotransformation, while for both chlorogenic acid and caffeic acid sulfation and 

glucuronidation, with the first representing the major pathway, were observed. 
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6.3 Future perspectives 

Several recommendations for future research, mentioned throughout the thesis and 

within the general discussion have been summarized below and in Table 6-1.  

Future GIDM-Colon experiments aiming to study the colonic behavior of ingested 

xenobiotics over a timeframe of 24 h should perform dialysis throughout the whole 

colonic phase. This adjusted protocol will allow a representative 24 h overview of the 

microbiotic biotransformation of the xenobiotic. This optimized workflow should be 

applied to the obese and lean population with 2 h sampling intervals between 0 h and 

24 h in order to obtain a more in-depth understanding of differences in microbiotic 

biotransformation of chlorogenic acid. Furthermore, the obese/lean GIDM-Colon 

experiments should be repeated including more donors of both populations to verify 

if the obtained results can be reproduced or additional differences could be observed. 

Guidelines on the number of donors needed to provide a population-representative 

gut microbiome should be formulated as they will increase the comparability between 

experiments. 

Future research should be conducted to unravel the cause of the observed differences 

in microbiotic biotransformation between the lean and obese population. Two 

variables have been observed between the lean and obese population: unique OTUs 

for both populations and less anaerobic bacteria for the obese. Performing the GIDM-

Colon experiment using a diluted lean pooled fecal slurry suspension with a bacterial 

concentration similar to the obese pooled fecal slurry suspension could provide 

additional information. If differences are observed resulting from latter experiment, 

these will rather originate from the OTUs-differences. This experiment has been 

conducted and the diluted lean pooled fecal slurry suspension barely showed 

biotransformation activity. There are, however, a few points of attention that need to 

be taken into account: (i) additional dilution of the lean pooled fecal slurry suspension 

will lead to changes in matrix-composition between the experiments which could 
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influence the ionization efficiency of biotransformation products in the source of the 

mass spectrometer and (ii) viability of the bacteria in the diluted lean pooled fecal 

slurry suspension is unknown and should be investigated.  

This PhD project limited the study on interpopulation differences in microbiotic 

biotransformation of xenobiotics to obese and lean individuals, however, multiple 

human diseases, including T2D, inflammatory bowel disease and colorectal cancer, are 

associated with gut microbiota dysbiosis and provide an opportunity for further 

research. In order to include a large number of donors in the experimental setup, and 

provide a representative fecal pool, collection of fecal samples should start well in 

advance as this appeared to be a bottleneck in the presented study. Furthermore, 

multiple studies have shown that systemic diseases can influence the physiology of the 

GIT and thus alter the pharmacokinetic properties of xenobiotics leading to significant 

differences in comparison to the healthy population (Stillhart et al. 2020). Delayed 

gastric emptying (diabetic gastroparesis), increased gastric pH and increased 

permeability of the mucosal barrier (leaky gut) have been reported with T2D patients. 

Future GIDM-Colon experiments should be carried out with the gastrointestinal 

physiological conditions of the tested population if applicable. 

The intestinal absorption of chlorogenic acid and its microbial biotransformation 

quinic acid has been investigated and reported in chapter 4. Additional experiments 

with transport-inhibitors or Caco-2 Efflux Transporter Knockout Cells should be carried 

out to identify the protein responsible for the quinic acid active efflux. The use of 

extracts resulting from the GIDM-Colon as donor solutions in the in vitro permeability 

assay would improve the comparability to the in vivo conditions. Firstly, the presence 

of bile acids could positively influence the absorption of lipophilic compounds. 

Secondly, the GIDM-Colon samples will contain multiple biotransformation products 

which is representative to the in vivo situation in the colonic lumen. This will require 

optimization of the assay concerning viability of the Caco-2 cells in combination of 

extracts resulting from the GIDM-Colon. The use of extracts resulting from the SHIME 
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as donor solutions in Caco-2 assays have been previously reported, however, the 

authors experienced a loss of monolayer integrity. Suggested future experiments to 

enhance the viability and cell monolayer integrity were (i) centrifugation, (ii) filtration 

through a 0.2 µm pore membrane and/or dilution of the samples in medium before 

addition to the Caco-2 cells (Réquilé et al. 2018). The in vitro intestinal absorption and 

first-pass biotransformation assays should be performed for the remaining 

biotransformation products of chlorogenic acid for a more comprehensive knowledge 

on the gastrointestinal fate of chlorogenic acid. 

This thesis provided insights on the impact of the gastrointestinal tract and in specific 

the gut microbiome on the bioavailability of orally ingested xenobiotics. In vitro 

gastrointestinal platforms including the gut microbiome should be included in future 

drug/food supplement development strategies. Inter-populational differences in the 

gastrointestinal behavior of oral administered xenobiotics should be further 

investigated and can aid in the development of the personalized medicine research 

field.  
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The gastrointestinal tract accommodates between 1012-1013 microorganisms with 

species diversity increasing longitudinally from mouth to colon, the latter harboring 

the most bacteria of the whole gastrointestinal tract also known as the gut microbiota. 

Until recently, it was believed that the biotransformation of xenobiotics occurs mainly 

by the cytochrome P450 enzyme system (CYP450) in the liver. Recent data clearly show 

that also the gut microbiota play a significant role in the biotransformation of oral 

administered xenobiotics, leading to a potential influence of this microbiotic 

biotransformation on activation, inactivation and possible toxicity of these 

compounds. Most new pharmaceutical drug candidates experience biopharmaceutical 

problems like low solubility and/or low permeability leading to longer contact with the 

gut microbiome. Furthermore, there is currently a lack of knowledge on how the 

microbiotic biotransformation varies between individuals and different disease-states. 

This shows the need for more biotransformation studies including the role of the gut 

microbiome.  

The main objective of this PhD project was to gain a more in-depth understanding on 

the role of the gut microbiome on the gastrointestinal fate of orally ingested 

xenobiotics using chlorogenic acid as model compound. In vitro models are often used 

to study the colonic biotransformation of xenobiotics by the gut microbiome, as they 

allow dynamic and multiple sampling overtime. However, the pre-analytical phase 

should be carefully optimized to enable biotransformation product identification 

representative for the in vivo situation. Chapter 2 presents the optimization of a ready-

to-use in vitro gastrointestinal platform including the gastrointestinal dialysis model 

with colon phase (GIDM-Colon) and bioanalytical strategies to investigate and 

elucidate the gastrointestinal biotransformation of xenobiotics. Firstly, the effect of 

storage conditions (-80 °C) over time on the bacterial composition was evaluated over 

a period of 24 months. Bacterial composition remained stable over a period of 24 

months, confirming the in vivo representation of the fecal samples after 24 months of 

storage. Secondly, the influence of different incubation media, Wilkins-Chalgren 
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Anaerobic Broth (WCB) and a sterile phosphate buffer, and different incubation times 

on fecal bacterial composition and concentration were evaluated. A substantial 

variation in bacterial composition of the pooled fecal slurry suspension was observed 

with WCB, while the phosphate buffer ensured a closer resemblance to the in vivo 

composition. Incubation time was limited to one-hour as longer incubation times did 

not prove to be of added value. Furthermore, 4 different sample preparation 

procedures were evaluated. No significant differences were observed when applying 

the centrifugation, extraction or sonication sample preparation procedures. The 

freeze-drying procedure could clearly be considered as the minor procedure. The 

extraction procedure was selected as optimal sample preparation method given the 

quick execution together with a good instrumental sensitivity. Next, combining suspect 

and non-targeted screening workflows (MZmine + R and MassProfiler Professional 

(Agilent Technologies)) has proven to have an added value on the elucidation and 

identification of microbial biotransformation products. Based on these results 

combination of workflows is advisable to obtain an increased output. Finally, the 

dialysis procedure of the GIDM-Colon was optimized. Dialysis have been reported to 

be an essential tool to maintain highly active microbiota and representative microbial 

metabolite-concentrations during gut microbiota biotransformation experiments. 

Parallel GIDM-Colon experiments with varying dialysis- and sampling intervals resulted 

in deviating results, limiting the complementarity. Future GIDM-Colon experiments 

aiming to study the colonic behavior of ingested xenobiotics over a timeframe of 24 h 

should perform dialysis throughout the whole colonic phase. This adjusted protocol 

will allow a representative 24 h overview of the microbiotic biotransformation of the 

xenobiotic. 

The in vitro gastrointestinal platform was successfully applied to investigate inter-

population differences in microbiotic biotransformation of xenobiotics between a lean 

and obese population (Chapter 3). Gut microbiome dysbiosis has been associated with 

obesity, however, little was known on the effect of the dysbiosis on the microbiotic 
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biotransformation of xenobiotics. Fecal samples of lean (n=9) and obese (n=4) 

volunteers were collected and characterized by 16S rDNA sequencing. Differences in 

gut microbiome composition, bacterial diversity and bacterial concentration were 

observed between the two populations. The lean and obese microbiotic 

biotransformation of chlorogenic acid was studied using the collected fecal samples in 

the colon stage of the GIDM-Colon. The obese gut microbiome presented a lower 

metabolic activity in comparison to the lean population. Chlorogenic acid was 

completely biotransformed after 24 h colonic dialysis in the lean population while it 

was still present in the obese population. Furthermore, 23 and 13 biotransformation 

products were identified in the lean and obese population respectively. The presented 

results in this thesis confirmed that changes in gut microbiota related to obesity are 

associated with differences in microbiotic biotransformation of xenobiotics and thus 

possibly influencing the activity, bioavailability and toxicity of orally administered 

xenobiotics. This was, to the best of our knowledge, the first study investigating 

differences in microbiotic biotransformation of xenobiotics between obese and lean 

volunteers. 

Chapter 4 and Chapter 5 present the expansion of the in vitro gastrointestinal platform 

with an in vitro intestinal permeability assay and an in vitro first-pass 

biotransformation assay. Model compound chlorogenic acid and two of its most 

abundant gastrointestinal biotransformation products caffeic acid and quinic acid 

were included in the assays in order to obtain an in-depth understanding of the 

gastrointestinal behavior of chlorogenic acid. Intestinal absorption of chlorogenic acid 

and quinic acid was studied using the human intestinal epithelial Caco-2 cell line 

derived form a colorectal adenocarcinoma (Chapter 4). Analytical assays based on 

liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) for the 

quantification of chlorogenic acid, quinic acid, propranolol and digoxin were optimized 

and validated according to the European Medicines Agency (EMA) guidelines. 

Propranolol and digoxin were included in the in vitro permeability assay as positive 
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control compounds for high passive permeability and active efflux respectively and 

confirmed the reliability of the assay and acquired results. The involvement of an 

active efflux mechanism was observed for the intestinal absorption of both 

chlorogenic acid and quinic acid. The involvement of active efflux protein P-

glycoprotein (P-gp) in the intestinal absorption of chlorogenic acid was previously 

reported in the literature. The intestinal absorption of quinic acid was studied for the 

first time.  

Finally, the intestinal first-pass effect of chlorogenic acid, caffeic acid and quinic acid 

was investigated using an in vitro intestinal biotransformation assay using human 

intestinal microsomes (HIM) and human intestinal cytosol (HICYT) (Chapter 5). The in 

vitro assay, based on an in-house developed protocol using human liver microsomes 

(HLM) and cytosol (HLCYT), was optimized using positive control compounds for phase 

I and II biotransformation. HIM and HICYT concentrations of 1000 µg/mL and 500 

µg/mL were applied in the optimized assay. Furthermore, fentanyl was included as 

positive control compound for enzymatic activity of CYP450 isotype CYP3A4. No phase 

I biotransformation products of chlorogenic acid, caffeic acid and quinic acid were 

observed. For both chlorogenic acid and caffeic acid two sulfate-conjugate isomers and 

low-abundance features corresponding to the glucuronide-conjugates were identified. 

No phase II biotransformation products of quinic acid were detected. 

This thesis provided insights on the impact of the gastrointestinal tract and in specific 

the gut microbiome on the bioavailability of orally ingested xenobiotics. Future 

drug/food supplement development strategies should include In vitro gastrointestinal 

platforms including the gut microbiome. Inter-populational differences in the 

gastrointestinal behavior of oral administered xenobiotics should be further 

investigated and can aid in the development of the personalized medicine research 

field.
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Het gastro-intestinaal stelsel herbergt tussen de 1012-1013 micro-organismen met een 

toenemede diversiteit in species van de mond tot de dikke darm, waarbij de laatst 

genoemde de meeste bacteriën van het hele gastro-intestinaal stelsel herbergt, ook 

wel bekend als het darmmicrobioom. Tot voor kort werd aangenomen dat de 

biotransformatie van xenobiotica voornamelijk plaatsvond in de lever door het 

cytochroom P450 enzymsysteem (CYP450). Recente studies tonen echter duidelijk aan 

dat ook het darmmicrobioom een belangrijke rol spelen in de biotransformatie van 

oraal toegediende xenobiotica, wat leidt tot een potentiële invloed van de 

microbiotische biotransformatie op de activiteit, inactiviteit en mogelijke toxiciteit van 

deze verbindingen. Een merendeel nieuwe farmaceutische kandidaat-geneesmiddelen 

ervaren biofarmaceutische problemen zoals lage oplosbaarheid en/of lage 

permeabiliteit wat leidt tot een toegenomen contactduur met het darmmicrobioom. 

Bovendien is er momenteel een gebrek aan kennis over hoe de microbiotische 

biotransformatie varieert tussen individuen en verschillende ziektebeelden. Dit 

benadrukt de behoefte voor meer biotransformatie studies naar de rol van het 

darmmicrobioom.  

Het hoofddoel van dit doctoraatsproject was het verkrijgen van een toegenomen 

kennis inzake de rol van het darmmicrobioom op het gastro-intestinale lot van 

xenobiotica na  orale toediening met behulp van chlorogeenzuur als modelverbinding. 

In vitro modellen worden vaak toegepast om de colonische biotransformatie van 

xenobiotica door het darmmicrobioom te bestuderen aangezien ze een dynamische 

en meervoudige staalname van over tijd mogelijk maken. De pre-analytische fase moet 

echter zorgvuldig geoptimaliseerd worden zodoende biotransformatie 

productidentificatie, representatief voor de in vivo situatie, mogelijk te maken. 

Hoofdstuk 2 presenteert de optimalisatie van een ready-to-use in vitro gastro-

intestinaal platform inclusief het gastro-intestinale dialyse model met colonfase 

(GIDM-Colon) en bio-analytische strategieën om de gastro-intestinale 

biotransformatie van xenobiotica te bestuderen. Eerst werd het effect van de 
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bewaringscondities (-80 °C) over een periode van 24 maanden op de bacteriële 

samenstelling geëvalueerd. De bacteriële samenstelling bleef stabiel over een periode 

van 24 maanden, wat de in vivo representatie van de fecale monsters na 24 maanden 

opslag bevestigde. Vervolgens, werd de invloed van verschillende incubatiemedia, 

Wilkins-Chalgren Anaerobic Broth (WCB) en een steriele fosfaatbuffer, en 

verschillende incubatietijden op de fecale bacteriële samenstelling en concentratie 

geëvalueerd. Een aanzienlijke variatie in de bacteriële samenstelling van de gepoolde 

fecale suspensie werd waargenomen met WCB, terwijl de fosfaatbuffer zorgde voor 

een nauwere gelijkenis met de in vivo samenstelling. De incubatietijd werd beperkt tot 

één uur aangezien langere incubatietijden niet over een toegevoegde waarde bleken 

te beschikken. Bovendien werden 4 verschillende staalvoorbereidingsprocedures 

geëvalueerd. Er werden geen significante verschillen waargenomen bij het toepassen 

van de centrifugatie, extractie of sonicatie staalvoorbereidingprocedures. De 

vriesdroogprocedure gaf duidelijk aanleiding tot de minst kwalitatieve resultaten. De 

extractieprocedure werd geselecteerd als optimale staalvoorbereidingsprocedure 

gezien de kortere proceduretijd in combinatie met een goede instrumentele 

gevoeligheid. Vervolgens heeft het combineren van suspect en niet-gerichte 

screeningsworkflows (non-targeted screening workflows, MZmine + R en MassProfiler 

Professional (Agilent Technologies)) bewezen een toegevoegde waarde te hebben 

voor de opheldering en identificatie van microbiële biotransformatieproducten. Op 

basis van deze resultaten is een combinatie van workflows aangeraden voor 

toekomstige experimenten om een verhoogde output te verkrijgen. Tot slot is de 

dialyseprocedure van het GIDM-Colon geoptimaliseerd. Het utvoeren van dialyse is 

essentieel om zeer actieve microbiota en representatieve microbiële 

metabolietconcentraties te behouden tijdens darmbiotransformatie-experimenten. 

Parallelle GIDM-Colon experimenten met variërende dialyse- en staalafname-

intervallen resulteerden in afwijkende resultaten, waardoor geconcludeerd kon 

worden dat parallelle experiment niet compatibel waren. Toekomstige GIDM-Colon 

experimenten, met als doel het gedrag van oraal toegediende xenobiotica in het colon 
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te bestuderen over een tijdsbestek van 24 uur, dienen dialyse gedurende de gehele 

colon fase uit te voeren. Dit aangepaste protocol zal een representatief 24 uurs 

overzicht van de microbiotische biotransformatie van het xenobioticum mogelijk 

maken. 

Het in vitro gastro-intestinale platform werd met succes toegepast om verschillen in 

microbiotische biotransformatie van xenobiotica tussen een slanke en obese populatie 

te onderzoeken (Hoofdstuk 3). Darmmicrobioom dysbiose is in verband gebracht met 

obesitas, maar tot op heden was er weinig geweten over het effect van de dysbiose op 

de microbiotische biotransformatie van xenobiotica. Fecale stalen van slanke (n=9) en 

obese (n=4) vrijwilligers werden verzameld en gekarakteriseerd door middel van 16S 

rDNA sequencing. Verschillen in darm-microbiële samenstelling, bacteriële diversiteit 

en bacteriële concentratie werden waargenomen tussen de twee populaties. De 

microbiotische biotransformatie van chlorogeenzuur door de slanke en obese 

populatie werd bestudeerd door middel van inoculatie van de colon fase van het 

GIDM-Colon met de verzamelde fecale monsters van beide populaties. Het 

darmmicrobiotoom van de obese populatie presenteerde een lagere metabolische 

activiteit in vergelijking met de slanke populatie. Chlorogeenzuur werd na 24 uur 

dialyse volledig gebiotransformeerd in de slanke populatie terwijl het wel nog steeds 

aanwezig was in de obese populatie. Bovendien werden 23 en 13 

biotransformatieproducten geïdentificeerd in respectievelijk de slanke en de obese 

populatie. De gepresenteerde resultaten in dit proefschrift bevestigen dat 

veranderingen in darmmicrobioom geassocieerd met obesitas geassocieerd zijn met 

verschillen in microbiotische biotransformatie van xenobiotica en dus mogelijk de 

activiteit, biologische beschikbaarheid en toxiciteit van oraal toegediende xenobiotica 

beïnvloeden. Dit was de eerste studie die de verschillen in microbiotische 

biotransformatie van xenobiotica tussen zwaarlijvige en magere vrijwilligers 

onderzocht. 
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In Hoofdstuk 4 en Hoofdstuk 5 wordt de uitbreiding van het in vitro gastro-intestinaal 

platform met een in vitro intestinale absorptie assay en een first-pass biotransformatie 

assay beschreven. Modelverbinding chlorogeenzuur en zijn twee voornaamste gastro-

intestinale biotransformatieproducten koffiezuur en kininezuur werden opgenomen in 

de assays om de kennis omtrent het  gastro-intestinale gedrag van chlorogeenzuur te 

verbeteren. De intestinale absorptie van chlorogeenzuur en kininezuur werd 

bestudeerd met behulp van de humane intestinale epitheliale Caco-2 cellijn afgeleid 

van een colorectaal adenocarcinoom (Hoofdstuk 4). Analyses op basis van 

vloeistofchromatografie gekoppeld aan tandem-massaspectrometrie (LC-MS/MS) 

voor de kwantificatie van chlorogeenzuur, kininezuur, propranolol en digoxine werden 

geoptimaliseerd en gevalideerd volgens de richtlijnen van het European Medicines 

Agency (EMA). Propranolol en digoxine werden geïncludeerd in de in vitro 

permeabiliteitstest als positieve controleverbindingen voor een hoge passieve 

permeabiliteit en actieve efflux respectievelijk. De resultatenv van de positieve 

controles bevestigden de betrouwbaarheid van de test en de verkregen resultaten. De 

betrokkenheid van een actief effluxmechanisme werd waargenomen voor de 

intestinale absorptie van zowel chlorogeenzuur als kininezuur. De betrokkenheid van 

het actieve efflux-eiwit P-glycoproteïne (P-gp) bij de intestinale absorptie van 

chlorogeenzuur werd eerder in de literatuur gerapporteerd. De darmabsorptie van 

kininezuur werd voor het eerst bestudeerd en gerapporteerd.  

Tenslotte werd het intestinale first-pass-effect van chlorogeenzuur, koffiezuur en 

kininezuur onderzocht met behulp van een in vitro darmbiotransformatietest met 

behulp van humane intestinale microsomen (HIM) en humaan intestinaal cytosol 

(HICYT) (Hoofdstuk 5). Het in vitro assay, gebaseerd op een intern ontwikkeld protocol 

met humane levermicrosomen (HLM) en cytosol (HLCYT), werd geoptimaliseerd met 

behulp van positieve controle verbindingen voor fase I en II biotransformatie. HIM en 

HICYT concentraties van 1000 µg/mL en 500 µg/mL werden toegepast in de 

geoptimaliseerde test. Fentanyl werd geïncludeerd als positieve controleverbinding 
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voor enzymatische activiteit van CYP450-isotype CYP3A4. Er werden geen fase I-

biotransformatieproducten van chlorogeenzuur, koffiezuur en kininezuur 

gedetecteerd. Voor zowel chlorogeenzuur als koffiezuur werden twee sulfaat-

conjugaat-isomeren en twee lage-abundantie features, die overeenkomen met de 

glucuronide-conjugaten, geïdentificeerd. Er werden geen fase II-

biotransformatieproducten van kininezuur gedetecteerd. 

Dit proefschrift gaf additioneel inzicht in de invloed van het gastro-intestinaal stelsel 

en in het bijzonder het darmmicrobioom op de biologische beschikbaarheid van oraal 

toegediende xenobiotica. Toekomstige geneesmiddelen/voedingssupplementen 

ontwikkelingsstrategieën dienen in vitro gastro-intestinale platformen, inclusief het 

darmmicrobioom, te includeren in hun preklinisch onderzoek. Verschillen in het 

gastro-intestinale gedrag van oraal toegediende xenobiotica tussen verschillende 

populaties dient verder onderzocht te worden. Dit kan op termijn bijbrengen tot de 

ontwikkeling van meer gepersonaliseerde theraptie-strategieën.
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