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Summary 
The use of herbal medicines to treat depression, anxiety and sleeping disorders is a tendency that has 

increased over the past decades. Valerian (Valeriana officinalis L., Caprifoliaceae), St. John’s wort 

(Hypericum perforatum L., Hypericaceae) and California poppy (Eschscholzia californica, Cham., 

Papaveraceae) are herbal medicines that are commonly used for the management of these disorders. 

They contain pharmacologically relevant compounds such as valerenic acid (valerian), hyperforin and 

hypericin (St. John’s wort), and californidine, escholtzine and protopine (California poppy). To date, 

the intestinal permeability of these herbal compounds has been poorly investigated. In addition, the 

reciprocal interactions between these compounds and the human gut microbiota have not been explored; 

in particular, their possible biotransformation by the gut microbiome, or a possible impact of the 

exposure of these herbal compounds or extracts on the microbial metabolism of short-chain fatty acids 

(SCFAs) and on the bacterial viability. In light of the growing number of studies describing the 

biotransformation of oral compounds (drugs, dietary compounds, or phytochemicals) by the gut 

microbiome, or the emerging evidence that gut microbial metabolites such as SCFAs play a significant 

role in the modulation of the central nervous system (CNS) via the microbiota-gut-brain axis, an 

assessment of these gut microbiota interactions is necessary. Finally, considering herbal medicines, 

unlike for valerian and St. John’s wort, only very few studies have determined the contents of 

pharmacologically active constituents in commercial preparations of California poppy (californidine, 

escholtzine and protopine), making it challenging to estimate the levels that can be anticipated in 

patients. 

Firstly, the intestinal permeability of herbal compounds valerenic acid, hyperforin, hypericin, 

californidine, escholtzine and protopine was studied, with filter-grown Caco-2 cell monolayers as a 

model of the human small intestinal epithelium. The model was validated with markers of low-to-

moderately and highly permeable compounds, atenolol and propranolol, respectively. The transport of 

all compounds was assessed in both directions, from apical to basolateral and vice versa.  

Thereafter, the gut microbiota interactions between herbal extracts and compounds were evaluated with 

short-term batch fermentation experiments (24 h) using an in vitro gut microbiota, the Polyfermentor 

Intestinal Model (PolyFermS). Experiments were conducted with effluents from two PolyFermS, each 

one generated from a different healthy fecal donor. The validity of both PolyFermS was confirmed by 

stable gut microbiota composition and steady metabolic activity (production of SCFAs), hallmarks of a 

healthy gut microbiome. Batch fermentation experiments allowed, on the one hand, the assessment of a 

microbiota-mediated biotransformation of herbal compounds, and on the other hand, the measurement 

of microbial metabolic activity (SCFAs production) and bacterial viability in the presence of herbal 

compounds and extracts. SCFAs were quantified by HPLC coupled with a refractive index detector and 

total viable and dead bacterial cells were determined by flow cytometry. 
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Furthermore, the contents of californidine, escholtzine and protopine were determined in eight 

commercial preparations of California poppy, sold as phytomedicines or food supplements. The 

preparations consisted of dry herbal powders, dry extracts or fluid extracts of flowering aerial parts of 

California poppy. 

For each herbal compound, a sensitive and selective UHPLC-MS/MS method was developed and 

validated for the analysis of Caco-2 cells, gut microbiota and California poppy samples. 

Valerenic acid, hyperforin, escholtzine and protopine were highly absorbed in the Caco-2 cell model. A 

carrier-mediated process was possibly involved in the transport of valerenic acid (uptake), escholtzine 

(efflux) and protopine (efflux), whereas hyperforin was likely transported by passive diffusion. In 

addition, the low recovery values (13 – 69%) obtained for valerenic acid, escholtzine and protopine 

suggest that the compounds might be metabolized in the Caco-2 cells. In turn, hypericin and 

californidine showed a low-to-moderate absorption, possibly with passive diffusion as transport process 

for hypericin and active transport for californidine (efflux). These data indicate that hypericin and 

californidine have the potential to be found at relevant concentrations in the colon segment, where the 

gut microbiome is the densest. 

All the herbal compounds showed a high stability in the batch fermentation experiments, suggesting that 

they are not biotransformed by the human gut microbiome. These results support that the disposition of 

these herbal compounds is not influenced by the gut microbiome. Furthermore, the exposure of herbal 

extracts and compounds did not markedly impact the bacterial metabolism of SCFAs or the bacterial 

viability. This suggests that valerian, St. John’s wort or California poppy, at the tested concentrations, 

may not exert an indirect effect on the CNS via modulation of bacterial SCFAs implicated in microbiota-

gut-brain axis signaling, at least not after a short-term exposure (24 h). Given the high inter-individual 

variabilities between human gut microbiota and short-term experiments setup, these findings need to be 

confirmed with a larger number of microbiota and with continuous fermentation models to further 

evaluate the possible impact on microbiota metabolic activity and bacterial viability, over a prolonged 

exposure. 

Alkaloid contents differed strongly between the commercial products of California poppy, ranging from 

0.13 – 2.55 mg/g for californidine, 0.05 – 0.63 mg/g for escholtzine and 0.008 – 0.200 mg/g for 

protopine. These marked variations are likely due, at least in part, to differing extraction procedures. 

Based on these data and the dosage recommended by manufacturers, maximum daily doses for the three 

alkaloids were calculated to range from 0.16 to 2.97, 0.10 to 1.11, and 0.02 to 0.31 mg/day, respectively. 

Thus, for patients using different California poppy preparations, significant variations in the daily intake 

of californidine, escholtzine and protopine, have to be expected. 
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Zusammenfassung 
Die Verwendung pflanzlicher Arzneimittel zur Behandlung von Depressionen, Angstzuständen und 

Schlafstörungen zeigt eine zunehmende Tendenz in den letzten Jahrzehnten. Baldrian (Valeriana 

officinalis L., Caprifoliaceae), Johanniskraut (Hypericum perforatum L., Hypericaceae) und 

Kalifornischer Mohn (Eschscholzia californica, Cham., Papaveraceae) sind pflanzliche Arzneimittel, 

die häufig zur Behandlung der oben genannten Krankheiten eingesetzt werden. Sie enthalten 

pharmakologisch relevante Verbindungen wie Valerensäure (Baldrian), Hyperforin und Hypericin 

(Johanniskraut) sowie Californidin, Escholtzin und Protopin (Kalifornischer Mohn). Bisher wurde die 

intestinale Permeabilität dieser pflanzlichen Verbindungen jedoch nur unzureichend untersucht. 

Ebenfalls wurden Wechselwirkungen zwischen den Stoffen und der menschlichen Darmflora nicht 

erforscht, insbesondere ihre mögliche Biotransformation durch das Darmmikrobiom sowie mögliche 

Auswirkungen auf den mikrobiellen Stoffwechsel kurzkettiger Fettsäuren (SCFAS) und die bakterielle 

Lebensfähigkeit durch die Exposition gegenüber den pflanzlichen Verbindungen oder Extrakten. 

Angesichts der zunehmenden Anzahl Studien, die die Biotransformation oraler Substanzen 

(Arzneimittel, Nahrungsbestandteile oder sekundäre Pflanzenstoffe) durch das Darmmikrobiom 

beschreiben und der sich abzeichnenden Hinweise darauf, dass Stoffwechselprodukte des 

Darmmikrobioms wie SCFAs eine wichtige Rolle spielen bei der Modulation des zentralen 

Nervensystems durch die Mikrobiota-Darm-Hirn-Achse, ist eine Aufarbeitung dieser Interaktionen mit 

dem Darmmikrobiom notwendig. Bezüglich pflanzlicher Arzneimittel sind im Unterschied zu Baldrian 

und dem Johanniskraut nur sehr wenige Studien zum Gehalt an pharmakologisch wirksamen 

Bestandteilen in kommerziellen Präparaten von Kalifornischem Mohn (Californidin, Escholtzin und 

Protopin) publiziert, weshalb es schwierig ist die zu erwartenden Spiegel in Patienten abzuschätzen.  

Zunächst wurde die intestinale Permeabilität der pflanzlichen Verbindungen Valerensäure, Hyperforin, 

Hypericin, Californidin, Escholtzin und Protopin untersucht, wobei als Modell für das menschliche 

Dünndarmepithel filtrierte Caco-2-Zellmonoschichten verwendet wurden. Das Modell wurde mit 

Markern für gering bis mittelmäßig und hoch durchlässige Verbindungen, Atenolol bzw. Propranolol 

validiert. Der Transport aller Verbindungen wurde jeweils in beide Richtungen untersucht, von apikal 

nach basolateral und umgekehrt. 

Anschließend wurden die Wechselwirkungen zwischen den pflanzlichen Extrakten und den 

Verbindungen mit der Darmmikrobiota in Kurzzeit-Batch-Fermentierungsexperimenten (24 Stunden) 

untersucht unter Verwendung einer In-vitro-Darmmikrobiota, dem Polyfermentor Intestinal Model 

(PolyfermS). Die Experimente wurden mit den künstlichen Mikrobiota von zwei PolyfermS 

durchgeführt, die jeweils von zwei unterschiedlichen gesunden Fäkalspender stammten. Die Validität 

beider PolyfermS wurde durch die stabile Zusammensetzung der Darmmikrobiota und der 

gleichbleibenden Stoffwechselaktivität (Produktion von SCFAs) bestätigt, beide Faktoren sind 

Kennzeichen für ein gesundes Darmmikrobiom. Die Batch-Fermentationsexperimente ermöglichten 
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zum einen die Beurteilung der durch Mikrobiota bedingten Biotransformation der pflanzlichen 

Verbindung und zum anderen die Messung der mikrobiellen metabolischen Aktivität (SCFAs 

Produktion) und der bakteriellen Lebensfähigkeit unter Anwesenheit der pflanzlichen Verbindungen 

und Extrakten. Die SCFAs wurde über einen HPLC quantifiziert, welche an einen 

Brechungsindexdetektor gekoppelt war. Die Gesamtzahl lebendiger und toter Bakterienzellen wurde 

mittels Durchflusszytometrie bestimmt.  

Des Weiteren wurde der Gehalt an Californidin, Escholtzin und Protopin in acht kommerziellen 

Präparaten aus Kalifornischem Mohn bestimmt. Alle Präparate werden als Phytopharmaka oder 

Nahrungsergänzungsmittel verkauft. Bei den Zubereitungen handelte es sich um getrocknete 

Pflanzenpulver, Trockenextrakte oder Flüssigextrakte der blühenden oberirdischen Teile des 

Kalifornischen Mohns. 

Für jede pflanzliche Verbindung wurde eine sensitive sowie selektive UHPLC-MS/MS-Methode 

entwickelt und validiert, welche für die Analyse der Caco-2-Zellen, dem Darmmikrobiota und der 

Kalifornischen Mohnproben verwendet wurde. 

Valerensäure, Hyperforin, Escholtzin und Protopin wurden im Caco-2-Zellmodell stark absorbiert. Die 

Absorption von Valerensäure (Aufnahme), Escholtzin (Efflux) und Protopin (Efflux) erfolgte 

möglicherweise durch einen Carrier-vermittelten Transportprozess, wogegen Hyperforin 

wahrscheinlich durch passive Diffusion transportiert wurde. Zudem deutet die niedrige 

Wiederfindungsrate (13 - 69 %) von Valerensäure, Escholtzin und Protopin darauf hin, dass die 

Verbindungen in den Caco-2-Zellen womöglich metabolisiert wurden. Hypericin und Californidin 

wiederum zeigten eine geringe bis mittelmässige Absorption, möglicherweise durch die passive 

Diffusion als Transportprozess für Hypericin und den aktiven Transport für Californidin (Efflux). Diese 

Daten zeigen auf, dass Hypericin und Californidin das Potenzial haben in relevanten Konzentrationen 

im Dickdarmsegment gefunden zu werden, wo das Darmmikrobiom am dichtesten ist. 

Alle pflanzlichen Verbindungen zeigten eine hohe Stabilität in den Batch-Fermentierungsexperimenten, 

was darauf hindeutet, dass sie nicht durch das menschliche Darmmikrobiom biotransformiert werden. 

Diese Ergebnisse unterstützen, dass die Verfügbarkeit dieser pflanzlichen Stoffe nicht durch das 

Darmmikrobiom beeinflusst wird. Zudem hatte die Exposition gegenüber pflanzlichen Extrakten und 

Stoffen keinen nennenswerten Einfluss auf den bakteriellen Metabolismus von SCFAs sowie die 

bakterielle Lebensfähigkeit. Dies lässt vermuten, dass Baldrian, Johanniskraut oder Kalifornischer 

Mohn in den getesteten Konzentrationen keine indirekte Wirkung auf das zentrale Nervensystem ausübt 

über die Modulation von bakteriellen SCFAs, die in die Mikrobiota-Darm-Hirn-Achse-Signalisierung 

involviert sind, zumindest nicht nach einer kurzzeitigen Exposition (24 Stunden). Angesichts der hohen 

interindividuellen Variabilität zwischen der menschlichen Darmmikrobiota und dem Aufbau der 

Kurzzeit-Experimente müssen diese Ergebnisse mit einer größeren Anzahl von Mikrobiota sowie 

kontinuierlichen Fermentationsmodellen bestätigt werden, um die möglichen Auswirkungen auf die 
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metabolische Aktivität der Mikrobiota und die bakterielle Lebensfähigkeit über eine längere Exposition 

aufzuzeigen. 

Der Gehalt an Alkaloiden in den kommerziellen Präparaten des Kalifornischen Mohns unterschied sich 

stark und reichte von 0,13 - 2,55 mg/g für Californidin, 0,05 - 0,63 mg/g für Escholtzin und 0,008 - 

0,200 mg/g für Protopin. Diese deutlichen Unterschiede lassen sich, zumindest teilweise, womöglich 

auf die unterschiedlichen Extraktionsverfahren zurückführen. Basierend auf diesen Daten und der von 

den Herstellern empfohlenen Dosierungen wurden für die drei Alkaloide Tageshöchstdosen von 0,16 

bis 2,97, 0,10 bis 1,11 bzw. 0,02 bis 0,31 mg/Tag berechnet. Bei Patienten mit unterschiedlichen 

Präparaten aus Kalifornischem Mohn ist folglich mit erheblichen Schwankungen bei der täglichen 

Einnahme von Californidin, Escholtzin und Protopin zu rechnen. 
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Phytomedicines such as valerian, St. John’s wort or California poppy are widely used to treat depressive, 

anxiety and sleeping disorders. Currently, little is known regarding the intestinal absorption of 

pharmacologically relevant constituents in these herbal drugs. Moreover, possible interactions of herbal 

extracts or herbal constituents with the human gut microbiota have not been investigated up to now. 

The first aim of this work was to evaluate the possibilities for the pharmacologically relevant 

constituents valerenic acid (from valerian), hyperforin and hypericin (from St. John’s wort), 

californidine, escholtzine and protopine (from California poppy), to be found at relevant concentrations 

inside the colon segment of the gastrointestinal (GI) tract, which hosts the most diverse and densest 

microbiota. Therefore, for each herbal compound, an assessment of the intestinal transport properties 

was conducted with the Caco-2 cell model. 

The second aim was to explore the reciprocal interactions between the human gut microbiome and these 

herbal compounds and extracts; i.e., on the one hand, an evaluation of the potential for the gut 

microbiome to metabolize the herbal compounds, and on the other hand, an assessment of the impact of 

herbal compounds and extracts exposure on the metabolic activity (SCFAs production) and bacterial 

viability of the gut microbiome. Hence, batch fermentation experiments with herbal compounds and 

extracts were performed with two different PolyFermS systems. 

Another objective of this work was to estimate the levels of californidine, escholtzine and protopine that 

can be expected in patients that use products containing California poppy. Thus, the contents of alkaloids 

californidine, escholtzine and protopine were determined in eight commercial products of California 

poppy. 
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2.1 The intestinal absorption of xenobiotics 
Oral ingestion is a common route for the entry in the human body of synthetic, phyto- or food chemicals 

(referred as xenobiotics, compounds or drugs in this work). When administered orally, the disposition 

of xenobiotics can be divided into four main steps: Absorption, distribution, metabolism, and excretion 

(ADME). The absorption phase corresponds to the entry of xenobiotics in the systemic circulation of 

the body. This phase mostly occurs in the GI tract, at the physical and physiological barrier segregating 

the human body from external environment, the intestinal barrier [1]. Distribution is the phase in which 

xenobiotics, once absorbed, may be distributed to the peripheral tissues via the bloodstream. The 

metabolism phase corresponds to the metabolism (also referred as biotransformation) of xenobiotics, 

occurring in the intestinal barrier and in the liver. Finally, the excretion is the step in which xenobiotics 

and their metabolites are cleared from the body. Excretion processes are mostly ensured by both kidneys 

and liver [2]. 

The intestinal absorption is critical in the bioavailability of orally ingested xenobiotics. Bioavailability 

refers to the portion of a xenobiotic that enters the systemic circulation of the body and reaches the site 

of action unchanged [3]. It is established that solubility in the physiological fluids, permeability across 

biologic membranes and pre-systemic metabolism (first-pass metabolism) of xenobiotics are major 

contributors of their bioavailability [3,4]. In early drug discovery programs, these properties are 

evaluated using various in silico or in vitro systems [3]. Due to its relative similarity to the human 

intestinal barrier, the use of the human colon carcinoma (Caco-2) cell monolayers has become an integral 

part of early drug discovery pipelines to investigate permeability properties of new chemical entities [3]. 

This system has also become useful to investigate permeability properties of phytochemical compounds. 

In this chapter, the structural and functional aspects of the human GI tract, intestinal barriers, 

mechanisms of permeation and intestinal metabolism are presented in the context of intestinal absorption 

of xenobiotics. Moreover, a focus is made on the Caco-2 cell model as a system to screen intestinal 

permeability properties of xenobiotics. 
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2.1.1 The gastrointestinal tract 

Upon oral ingestion, xenobiotics transit through the GI tract, and may permeate across the 

gastrointestinal mucosa. An estimate of 90% of compounds absorption is thought to occur in the small 

intestine [5]. With its nine meters length, the GI tract has a considerable absorptive surface of about 250 

– 400 m2 [6]. It can be divided in three main absorptive segments such as the stomach, the small intestine 

and the large intestine (colon) (Figure 1A). The GI tract is composed of distinct tissue layers: the mucosa, 

submucosa, muscularis propria and serosa (Figure 1B). The cellular structure of the mucosa differs 

between the GI segments, whereas the other layers are similar throughout the GI tract. Each segment 

possesses additional specific properties including morphology, length, absorptive area, surrounding pH, 

fluid composition, transit time, mucus thickness, transporters expression, permeability, metabolic 

enzymes activity, and resident microbiota [6,7]. 

 

 

Figure 1.  Structure of the small intestine [8]. The small intestine connects the stomach to the colon (A). 
The serosa, muscularis propria and submucosa constitute the baseline of the GI tract structure, whereas 
the mucosa is specific of each segment of the GI tract (B). The structural anatomy of the small intestine 
mucosa in plicae circulares, villi (C), and microvilli maximize the intestinal absorptive area (D). 

 

Stomach 

Following oral ingestion and transit throughout oesophagus, xenobiotics may reach the stomach where 

they become exposed to an environment combining mechanical forces, enzymatic degradation and 

acidic pH (pH 1.5 – 2) [6,9]. This environment together with a particularly thick mucus layer, a large 

capacity, and a relative short transit time (0 - 2 h) contribute to limit the absorption of xenobiotics in 

this segment [6]. The mucosa of the stomach has a morphology in vertical tubular indentations and has 

a high secretory activity [10]. Pepsinogen and hydrochloric acid represent the main secretions that allow 

the digestion and breakdown of foreign compounds [10]. 

A B C D 

18



 
 

Small intestine 

Following gastric residence, xenobiotics may reach the small intestine, the compartment where the 

majority of xenobiotics are absorbed [5]. It is estimated that from approximately 9 L of fluid reaching 

the small intestine daily, about 90% is absorbed in the small intestine, 8% downstream in the colon, and 

2% is excreted through feces [11]. The high absorption capacities of the small intestine are mainly due 

to its size (6 m in length and 2.5 – 3.0 cm in diameter) and to the morphology of its mucosa in circular 

folds (plicae circulares), in villi and microvilli (Figure 1BCD). Thin mucus layer, transit time (2 – 6 h) 

and motility are additional factors that contribute to the important absorption capacities of the small 

intestine [6]. Unlike the stomach, the local pH in the small intestine is around 6 – 7.4, which allow the 

absorption of larger range of compounds [9]. 

The small intestine can be compartmented in three substructures such as the duodenum, jejunum, and 

ileum. The hepatopancreatic duct arrives into the duodenum and allows the arrival of bile and pancreatic 

juice. The bile is a mixture secreted by the liver mostly composed of water, bile salts, and phospholipids 

which ensures the emulsion of lipids in the small intestine. Pancreatic juice consists of water, salts, 

sodium bicarbonate, and several digestive enzymes. Sodium bicarbonate contributes to increase the 

luminal pH which results in activating pH-sensitive digestive enzymes in the small intestine, whereas 

pancreatic enzymes mostly ensures the digestion of sugars, proteins, and fats [12,13]. 

 

Colon 

Xenobiotics which are not absorbed in the small intestine may reach the colon. The tubular colon can 

be divided into four segments; ascending, transverse, descending and sigmoid colon. It has a large 

volume (1.5 m in length and 6.0 – 7.5 cm in diameter), a transit time of approximately 51 h [14] and a 

luminal pH ranging from 6 to 6.7 [9,14]. Its main roles include the transport of water and electrolyte, 

the formation of feces and the fermentation of dietary fiber. The latter is ensured by the set of commensal 

microorganisms populating the colon, the microbiota. The microbiota is present all over the GI tract but 

in a higher extend in the colon, and account for most of the fermentation activity. This process can 

contribute to up to 15% of total energy requirements of humans [15]. 
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2.1.2 The mucosa of the intestines 

The intestinal mucosa is a physical and biochemical barrier between the external milieu and the human 

body. The main components of the intestinal mucosa are an outer mucus layer, a middle single layer of 

intestinal epithelial cells (the intestinal epithelium) and an inner layer of loose connective tissue (the 

lamina propria) which provide support and defense to the intestinal epithelium and where immune cells 

such as T cells, B cells, macrophages and dendritic cells (DCs) ensure an immunological defense role 

[10,16]. While these three building blocks constitute the elemental basis of the intestinal mucosa, certain 

differences such as the mucus layer formation or the morphology of the mucosa can be observed between 

the small intestine and the large intestine segments [16]. 

 

Intestinal mucus layer 

The mucus layer is the first line of the intestinal barrier. Its primary role is to prevent infiltration across 

the intestinal barrier of microorganisms, microbial by-products, digestive enzymes and acids, 

xenobiotics and toxins [17]. Intestinal mucus mainly comprises branched glycoproteins (mucins) 

forming a gel-like sieve structure which act as a lubricant for luminal contents and as a protective coat 

against luminal bacteria and antigenic substances [16]. Immune regulators including antimicrobial 

peptides (AMPs), secretory immunoglobulin A (sIgA) and trefoil factor 3 (TFF3) molecules are released 

into the mucus to maintain the immunological balance of the microbiota. While the main biological 

components of the mucus are similar throughout the gut, some structural differences can be found 

between the small intestine and the colon (Figure 2) [17]. 

In the small intestine, the mucus layer is single and discontinuous which enable the absorptive function 

and luminal release of digestive enzymes from the epithelial cells [17] (Figure 2). 

In the colon the mucus layer is divided into two layers; an outer layer that is loose and allows the 

proliferation of long-term commensal bacteria, the gut microbiota that is essential in the colon, and an 

inner layer largely devoid of bacteria (Figure 2) [16,18]. Whether these layers are adherent to the 

epithelium or the luminal content is under debate [17]. 

 

Intestinal epithelia 

The mucosa of the small intestine has a morphology in numerous subfolds, constituting the villi and 

intestinal crypts (intestinal glands) (Figure 1D, Figure 2), that are vascularized by a dense blood capillary 

and lymphatic network supplying the epithelial cells (Figure 1D). The epithelial cells are connected 

together by 3 main junctional complexes: desmosomes, adherens junctions and tight junctions [16,19]. 

An estimate of 80% of the intestinal epithelial cells are enterocytes, mainly specialized in nutrient uptake 

[11]. Enterocytes are polarized, with a brush border (microvilli) at the luminal side, which enlarge the 
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Figure 2.  Mucosa of the small and large intestine [20]. IECs, intestinal epithelial cells. IESC, intestinal 
epithelial stem cells. DC, dendritic cells. AMPs, antimicrobial peptides. sIgA, Secretory 
immunoglobulin A. TFF3, trefoil factor 3 
 
 

absorptive area of the small intestine [11]. The intestinal epithelium is also constituted by secretory cells 

including goblet cells that secrete the mucus (mucins) acting as a protective coat and lubricant, Paneth 

cells (immune cells) and enteroendocrine cells (mostly secreting gastrointestinal hormones). Paneth 

cells are found at the intestinal crypts whereas the other mature epithelial cells are localized at the villi 

[11]. 

The mucosa of the colon has a flat structure interspersed with crypts (Figure 2). A single layer of 

epithelial cells (as in the small intestine, connected together by similar adherent proteins) is contiguous 

to the lamina propria. The colon epithelial cells consist of colonocytes which have a comparable 

structural and absorptive role as enterocytes in the small intestine, mucus-producing goblet cells that 

represent around 25% of epithelial cells and enteroendocrine cells. The colon epithelium is devoid of 

Paneth cells [21,22]. 
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2.1.3 Permeation mechanisms of xenobiotics 
Orally ingested xenobiotics must cross several biological barriers and plasma membranes before 

becoming bioavailable. First, xenobiotics must traverse the intestinal epithelium to reach the lamina 

propria wherein they transit until they reach the fenestrated blood capillaries of the endothelium, 

allowing their entrance into the systemic circulation [23,24]. The disposition of xenobiotics involves the 

crossing of additional membranes including membranes of liver and kidney tissues [25]. 

Mechanisms of transcellular membrane permeation are generally allowed by two types of processes; 

transcellular passive diffusion and carrier-mediated transport (Figure 3). Paracellular crossing between 

cells is another route (Figure 3), which is ensured under passive diffusion process [26]. Whether the 

transport of xenobiotics is passive or active depends on the type of cell, and the physicochemical 

properties and structural characteristics of xenobiotics [25].  

 

 
Figure 3. Transport mechanisms allowing permeation of xenobiotics across the intestinal epithelium 
[26]. The apical side corresponds to the luminal compartment whereas basolateral side corresponds to 
the lamina propria compartment. 
 

Plasma membrane 

A transcellular transport corresponds to the crossing of the plasma membrane. The plasma membrane 

of cells is a dynamic and selective barrier to endogenous or exogenous substances. It is mainly composed 

of amphiphilic phospholipids and other lipids such as cholesterol and glycosphingolipids which form a 

lipid bilayer (Figure 4). It is further structured by globular integral proteins and glycoproteins which are 

intercalated into the lipid bilayer (Figure 4). Additional intercalated transporter proteins allow the 

transport of endogenous and exogenous substances [25,27]. 
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Figure 4. Structure of the bilayer membrane of cells [28]. 

 

Transcellular passive diffusion 

Transcellular passive diffusion can be defined as a mass transport of a compound, driven by a 

concentration gradient, from one side of a cellular membrane to the other, throughout a portion of the 

lipid bilayer [26]. As passive diffusion occurs in a portion of a membrane devoid of specific binding 

sites, it is usually not saturable, cannot be inhibited and is not affected by the stereochemistry of 

compounds. Compounds diffusing across lipid bilayer tend to be uncharged, desolvated, hydrophobic 

and with a relative low molecular weight [26]. 

  

Paracellular passive diffusion 

Paracellular diffusion corresponds to the transport of compounds between adjacent cells and is regulated 

by the tight junctions. Two paracellular pathways can be distinguished in normal physiological 

conditions, the pore pathway and the leak pathway [29]. The pore pathway is driven by channels of 

pore-forming claudin proteins (structural proteins of the tight junctions). This pathway is charge-

selective and size-selective. In the GI tract, this pathway allows the transfer of cations [29]. The leak 

pathway allows the crossing of macromolecules (about 20-fold larger molecules in comparison to the 

pore pathway). This pathway is size selective but not charge selective and has a low capacity flux [23]. 

Although the leak pathway is also driven by tight junctions, its functional anatomy is still poorly 

understood [23]. A third pathway, the unrestricted pathway which is characterized by the diffusion of 

material at sites of epithelial damage, is described in advanced disease conditions. This pathway is 

independent of tight junctions, non-selective and with high capacities [29,30]. 
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Active transport and transporter proteins 

Unlike passive diffusion that is regulated by lipid components of plasma membrane, active transport of 

some endogenous or foreign molecules is mediated by transmembrane transporter proteins. Generally, 

this biological process requires adenosine triphosphate (ATP) hydrolysis, or ion or concentration 

gradients [31]. Membrane protein transporters can be divided into two superfamilies: ATP-binding 

cassette transporters (ABCs) and solute carriers (SLCs). In the GI tract, the highest expression levels of 

transporter proteins are found in the jejunum and the ileum [32]. ABC transporters consist of efflux 

transporters which require ATP hydrolysis to transfer compounds from the internal to the external 

cellular compartment [25]. In turn, SLC membrane proteins primarily (but not exclusively) consist of 

uptake transporters. SLC membrane proteins rely on either electrochemical gradient or ion gradient to 

transport substrates [33]. More than 400 membrane transporters have been identified, from which a 

dozen is considered as clinically relevant [34,35] (Figure 5). 

 

  
Figure 5. Clinically relevant intestinal transporters in the disposition of xenobiotics [35]. ABC 
transporters P-glycoprotein (Pg-p), breast cancer resistance protein (BCRP), multidrug resistance 
protein (MRP)2 are expressed apically and MRP3 is expressed at the basolateral side. SLC transporters 
thiamine transporters (THTR)2, organic anion transporting polypeptide OATP2B1, peptide transporter 
(PEPT)1, PEPT2, apical sodium-dependent bile acid transporter (ASBT) and monocarboxylate 
transporter 1 (MCT1) are expressed apically whereas THTR1, organic solute transporter (OST)α/β, 
MRP3, equilibrative nucleoside transporter (ENT)1 and ENT2 are expressed at the basolateral side. 
 

Activity of intestinal transporters can affect the disposition of xenobiotics, including intestinal 

absorption, pharmacokinetics and drug-drug interactions (as well as herb-drug interactions or food-drug 

interactions) [36,37]. Pg-p, MRP2, or BCRP were described as limiting intestinal absorption of some 

synthetic drugs, by pumping them back into the lumen [37]. In turn, other synthetic drugs were shown 

(in few cases) to be substrate of uptake transporters such as PEPT1 and OATP2B1, contributing to 

improve their absorption [37,38]. Concomitant administration of synthetic and herbal drugs or food may 

affect the transport of some xenobiotics through inhibition or induction of intestinal transporters. A well-

known example is the up-regulation of Pg-p by St. John’s wort which results in decreased systemic 

exposure of the co-administered drug [37,38]. Similar to these interactions, the genetic polymorphisms 
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of intestinal transporters may lead to variations in the concentrations of xenobiotics which are substrates 

of these transporters [39]. Recommendations in evaluating impacts of transporters on intestinal 

absorption, drug-drug or food-drug interactions were made by the International Transporter Consortium 

(ITC). Accordingly, intestinal transport via Pg-p, BCRP, MRP2 and OATP2B1 should be evaluated in 

the drug development phase [35]. 
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2.1.4 Intestinal metabolism of xenobiotics 
Intestinal metabolism is another factor that may decrease the bioavailability of orally ingested 

compounds [40]. In addition, this metabolism can result in reduced or completely inactivated biological 

activities of the parent compound [41]. Intestinal metabolism occurs either in the gut lumen or in the gut 

wall [42]. In the gut lumen, xenobiotic metabolism is mostly driven by the gut microbiota [43]. A 

description of microbiota-mediated metabolism of exogenous compounds is provided in section 2.2.3. 

In the enterocyte, metabolism can take place via mostly two reaction pathways, phase I or phase II 

metabolism. Phase I metabolism refers to oxidation, reduction and hydrolysis reactions whereas phase 

II metabolism is characterized by conjugation reactions, comprising glucuronidation, sulfoconjugation 

or glutathione S-conjugation [41]. 

Intestinal phase I metabolism is mostly ensured by enzymes from the cytochrome P450 (CYP) 

superfamily, from which CYP3A subfamily enzymes are the most relevant [44]. The subtype CYP3A4 

is the most involved in xenobiotic metabolism [2,44]. High levels of CYP3A are found in the tip of the 

intestinal villi, in the small intestine [45]. Regional differences are observed throughout the GI tract, 

with higher CYP3A levels detected in the duodenum and the jejunum in comparison to the ileum or the 

colon [41]. Intestinal phase II metabolism is mediated by various conjugation enzymes wherein uridine 

diphospho-glucuronosyltransferases (UGTs) and sulphotransferases (SULTs) act as main contributors 

[40,42]. Intestinal phase II metabolism is thought to mostly occur in the colon [41]. 

Finally, as observed for some transporter proteins, interactions (drug-drug, herb-drug or food-drug) of 

co-administered compounds with intestinal enzymes may affect the disposition of xenobiotics [46]. 
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2.1.5 The Caco-2 cell model 
The Caco-2 cell model is the most popular in vitro system used to study intestinal absorption of 

xenobiotics [47]. The principle is to grow Caco-2 cells on a semipermeable membrane, which after 21 

days will form a monolayer of enterocyte-like cells connected by means of tight junctions [48]. The 

semipermeable membrane separates two compartments (also named chambers) filled with culture 

medium, the apical compartment (modelling the lumen) and the basolateral compartment (modelling the 

lamina propria) (Figure 6). This system is appropriate for running permeability experiments.   

 

 

Figure 6. Scheme of the Caco-2 cell model [48]. 

 

2.1.5.1   Origin 

Origin of the Caco-2 cell line 

In the 1970s, cancer development and effects of cell therapy were important focus areas in cellular and 

molecular biology research. Gastrointestinal tumors were used to isolate epithelial cell lines. An 

objective was to obtain cell lines of specialized cells found in the small intestinal epithelium (for instance 

enterocytes, goblet cells or Paneth cells). While the addition of synthetic or biological factors in the 

medium partly differentiated several cell lines, one of them, the Cancer coli-2 (Caco-2) had the unique 

feature of spontaneously differentiating, when reaching confluence, into enterocyte-like cells [49]. In 

1977, Fogh et al. established the Caco-2 cell line from a human colorectal adenocarcinoma [50,51]. 

Later in early 1980s, Pinto et al. showed that differentiated Caco-2 cells had a morphology and biology 

close to small intestinal enterocytes, including a polarized shape with microvilli on the apical side and 

expression of apical intestinal enzymes [52]. Moreover, Pinto described that differentiated Caco-2 cells 

were connected by means of tight junctions [52]. 

  

Origin of the Caco-2 cell model  

The resembling features of Caco-2 cells with enterocytes inspired Hidalgo et al. to create a cell-based 

model of the human intestinal mucosa [53]. In 1989, Hidalgo et al. published a seminal paper 
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characterizing morphological and biochemical properties of Caco-2 cell monolayers grown on 

semipermeable polycarbonate membranes (also named filters) [54]. Hidalgo et al. are credited as the 

first to grow Caco-2 cell monolayers on semipermeable filters to perform drug permeability experiments 

[54,55]. 

 

Application for drug permeability screening  

In 1990, Artursson compared the permeability properties of five beta-blocking agents using filter-grown 

Caco-2 cell monolayers with permeability data from rat ileum, and could show comparable transport 

rates [56]. Later in 1991, Artursson and Karlsson showed good correlation between oral absorption in 

humans and permeability across Caco-2 cell monolayers of 20 drugs (structurally different), designating 

the Caco-2 cell model as a promising in vitro system to study intestinal drug absorption [57]. Today, the 

Caco-2 cell model is still the most employed in vitro system to study compound permeability in drug 

discovery. 

 

2.1.5.2   Structural and functional features of differentiated Caco-2 cells 
Differentiated Caco-2 cells express a wide range of proteins that are characteristic of differentiated 

intestinal cells [58]. This includes membrane proteins expressed at the brush border membrane, such as 

villins which ensure a structural support role, and enzymes, including hydrolases. Intercellular proteins 

including adherens junction proteins, tight junction proteins and integrins are additionally marker 

proteins [58]. Among these intercellular proteins, some barrier-forming claudins are found to be 

upregulated in Caco-2 monolayers, with a comparable expression pattern found in the colon. This may 

explain why Caco-2 monolayers have a higher transepithelial electrical resistance in comparison to the 

small intestinal epithelium, resulting in a reduced paracellular flux in Caco-2 monolayers [58–60]. 

Differentiated Caco-2 cells express a wide range of protein transporters which are relevant in drug 

disposition processes [58,61]. Of the twelve protein transporters of clinical importance (according to the 

ITC) present in the intestinal epithelium, nine are expressed in Caco-2 cells. This includes P-gp, BCRP, 

MRP2 and OATP2B1 which are considered to be the most important in drug disposition processes 

[35,58]. While the expression pattern of most transporters in Caco-2 cells is in agreement with intestinal 

epithelial cells, OATP2B1 is found at significantly higher levels in Caco-2 cells (expressed 20 to 60-

fold higher) [58,62]. 

While phase I enzymes are poorly expressed in differentiated Caco-2 cells, phase II enzymes including 

UGTs, SULTs, and glutathione-S-transferases (GSTs) can be found at significant levels [48,58]. Lack 

of significant expression levels of phase I enzymes is a noticeable difference between Caco-2 

monolayers and the small intestinal epithelium. 
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2.1.5.3   Permeability experiments 
The Caco-2 cell model (Figure 6) is a convenient system to study the permeability of orally ingested 

compounds. 

 

Apparent permeability coefficient 

A typical permeability assay in the absorptive direction consists of applying a test compound in the 

apical chamber and measuring its flux across the Caco-2 monolayer, over a defined time period (usually 

1 h) with sample collections from the basolateral chamber (usually every 15 minutes) [48]. From this 

experiment, a curve of the cumulated fraction transported of the test compound can be plotted and used 

to determine the apparent permeability coefficient (Papp) by means of the following equation [48,63]: 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� �
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𝐴𝐴𝐶𝐶0

� 

Where dQ/dt is the steady-state flux (µM/s), A the surface area of the filter (cm2), and C0 the initial 

concentration in the donor compartment (µM). 

The Papp in the absorptive direction (from apical to basolateral, PappAB) reflects the permeability 

properties of a compound. Typically, a PappAB value higher than 1 × 10-6 cm/s defines a highly 

permeable compound whereas a PappAB value lower than 1 × 10-6 cm/s is characteristic of a poor-to-

moderately permeable compound [48,56,64]. 

 

Efflux ratio and active transport 

In order to investigate the involvement of transporter proteins in compound transfer, an additional 

permeability experiment in the opposite direction (the secretory direction, from basolateral to apical) 

can be carried out. The obtained Papp value (PappBA) can be used to calculate the efflux ratio (ER), as 

follows [48]: 

𝐸𝐸𝐸𝐸 =
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐵𝐵𝐴𝐴
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴𝐵𝐵

 

If the value is higher than 2, the compound most probably permeates according to an efflux process; 

whereas if the value is lower than 0.5, the transfer is most probably enabled via an uptake process. If 

PappAB and PappBA values are the same, the compound most probably permeates via passive diffusion 

[48]. Permeability experiments with co-incubation of test compound with specific inhibitors of 

transporter proteins can be performed to study active transport mechanisms [48]. 
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Experimental considerations 

To approach the physiological conditions of the human small intestine, and because the activity of some 

transporter proteins such as PEPT1 or OATP2B1 is dependent on a proton gradient, acidic conditions 

in the apical chamber (pH 6.5) and neutral conditions in the basolateral chamber (pH 7.4) should be 

applied [48]. In addition, the concentration of test compounds should not exceed the micromolar range 

to prevent saturation of protein transporters [48]. Finally, for test compounds which pose problems of 

solubility, precipitation or adsorption to experimental material, the addition of bovine serum albumin 

(BSA) may be necessary [48,65]. This approach is particularly relevant to study the permeability of 

highly lipophilic phytochemicals. 

 

Relevance to human in vivo situation 

As previously discussed in section 2.1.5.2., the Caco-2 cell model does not perfectly mimic the entire 

properties of the human small intestine. Despite this, good correlations are found between Papp values 

obtained from Caco-2 experiments and fraction absorbed in human studies [57,66]. The strongest 

correlations are obtained for compounds transported via passive transcellular diffusion [49,66]. 
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2.1.6 Other models to predict permeability of xenobiotics 

In support of or independent to transport experiments with Caco-2 monolayers, other models can be 

used to predict the intestinal permeability of xenobiotics. These models consist of rule-based approaches 

[67,68], physicochemical assays [67,69] or biological models [70,71]. 

 

2.1.6.1   Nonbiological models 

Rule-based approaches 

A popular approach used to predict permeability of drugs is the rule of five, introduced by Lipinski et 

al. in 1997 [67]. This rule states that a compound with favorable permeation properties, a “drug-like” 

compound, should comply with a molecular weight (MW) lower than 500 Da, a calculated logP (clogP) 

lower than five, a maximum of five hydrogen bond donors, and a maximum of ten hydrogen bond 

acceptor [67]. The rule of five can only be applied to compounds that are passively absorbed. While this 

approach has influenced pharmaceutical scientists, a significant number of marketed drugs do not 

entirely comply to the rule of five, with particular deviations noticed for the MW and the hydrogen bond 

acceptor status [72]. To predict lipophilicity of ionizable compounds, the clogD is more suitable than 

the clogP; as the clogP reflects lipophilicity of neutral compounds only [68]. Other parameters have 

been introduced, such as polar surface area, sum of rotatable bonds, number or fraction of sp3 or number 

of aromatic rings [66,69]. Some of these parameters can be provided by computational models (e.g., 

ACD/Percepta platform) with calculations based on chemical structures. While these in silico 

approaches appear rapid and cost-effective, they should still be considered as “qualitative” and only as 

a preliminary readout of compound permeability [73]. 

 

Physicochemical assays  

The parallel artificial membrane permeability assay (PAMPA) is a well-known physicochemical assay 

that consists of assessing test compound flux across an artificial membrane (typically hexadecane 

membrane). This model has proven its efficiency by being implemented in early drug discovery 

programs [74]. Additional biomimetic models have been developed, including vesicle-based permeation 

assay or Permeapad® [70]. While physicochemical assays enable cost-effective and high throughput 

screenings, these can only provide information on transcellular passive diffusion, due to the absence of 

biological structures such as tight junctions or transporter proteins [70]. 
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2.1.6.2   Biological models 

Cell-based models 

Monoculture of immortalized cell lines cultivated on filters have been employed to mimic the intestinal 

epithelium in vitro. While the human derived Caco-2 cell line remains the most popular (section 2.1.5), 

other human derived cell lines have proven to be relevant [70,71]. An example is the TC7 which 

originates from late-passage Caco-2 cells, that offers the advantage of expressing CYP enzymes, and 

can be used to screen compounds transported by passive diffusion [70]. Non-human cell lines can also 

be employed. The Madin-Darby canine kidney (MDCK) cell line is very popular in pharmaceutical 

discovery programs. Good correlations with permeability data in humans or from Caco-2 experiments 

are described, in particular for compounds transferred via transcellular passive diffusion [75,76]. 

Additionally, transfected MDCK cell lines such as MDCK-Pg-p (overexpressing Pg-p) or MDCK-

BCRP (overexpressing BCRP) allows to further understand carrier-mediated transport mechanisms. 

Moreover, an advantage of MDCK cells is the short culturing time (3 – 4 days) [71]. Another relevant 

non-human cell line is the 2/4/A1 cell line (originating from rat intestine) which enables the study of 

paracellular transport [77]. 

Dual co-culture models can be used to overcome some limitations faced with monoculture models [70]. 

An example is the Caco-2/HT29-MTX combination, that is used to simulate mucus secretion, as 

differentiated HT29-MTX (originating from human colon adenocarcinoma) have the same structural 

and functional features as goblet cells [71]. 

Despite their complexity and sometimes high cost, other in vitro models have been developed such as 

triple-culture models, 3D cell models, membrane vesicles, or microfluidics-based systems [70,71]. This 

area of research is particularly active, and major advances have been achieved in the development of 

these techniques, particularly regarding 3D cell and microfluidics-based models. It is nevertheless still 

early to decide if these models will be systematically applied in early drug discovery programs [78,79].  

 

Ex vivo models 

Ex vivo models including diffusion chamber systems (e.g., Ussing chamber), intestinal rings and slices 

or everted intestinal sacs, consist in using intestinal tissues (typically using rat intestinal tissue) to mimic 

the intestinal barrier. These models offer the possibility to work with the entire mucosa and its preserved 

functions, such as, the epithelium with mucus layer, expression of transporter proteins and enzymes, and 

blood and nerve supply [70,75]. While these techniques enable better simulation of the intestinal 

epithelium over in vitro models, they are often expensive and difficult to handle due to short-term tissue 

integrity [70]. 
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2.2 The gut microbiota interactions with xenobiotics 
The gut microbiota (or gut microbiome) is a set of microorganisms populating the GI tract. The gut 

microbiota ensures important functions in human physiology including the regulation of host immunity, 

the modulation of the intestinal barrier, the protection against pathogenic microorganisms, and the 

fermentation of dietary fiber into short-chain fatty acids (SCFAs) to provide energy to the host [80].  

In addition to interacting with endogenous molecules, the gut microbiota can interact with orally 

ingested xenobiotics. These xenobiotic-gut microbiota interactions can lead to biotransformation of 

xenobiotics, with possible impact on their disposition, bioactivity and toxicity [81,82]. Another mode 

of interaction is the impact of xenobiotic on the production of bacterial metabolites including SCFAs 

[81]. There are further known modes of interactions, namely bacterial growth promotion or inhibition 

by xenobiotics, xenobiotic accumulation by bacteria or impact on virome and virulence [81]. 

After a presentation of the gut microbiota composition and main functions, this chapter focuses around 

microbiota-mediated metabolism of xenobiotics and the impact of their exposure on the production of 

bacterial metabolites. Moreover, the artificial microbiota Polyfermentor Intestinal Model (PolyFermS) 

model to study microbiota interactions with xenobiotics is presented. 
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2.2.1 Gut microbiota composition 

It is estimated that the human gut microbiome is composed of 1013 – 1014 microorganisms, which for 

the majority comprise anaerobic bacteria, but also viruses, archaea, fungi and protozoa [80,83,84]. Gut 

bacteria can be divided into more than 1000 species, mostly belonging to five bacterial phyla, namely 

Firmicutes and Bacteroidetes (the two most prominent which represent more than 90% of total bacterial 

species), Actinobacteria, Proteobacteria and Verrucomicrobia [84,85]. Along the GI tract, regional 

differences in bacterial content and species can be observed, with increasing concentration from the 

stomach to the colon (Figure 7). The stomach, the small intestine and the colon contain, 102 – 103, 103 – 

107, and 109 – 1012 of microbial cells per mL, respectively (Figure 7) [86]. These longitudinal variations 

can be explained by fluctuating environments such as transit time, bile content, oxygen concentration, 

local pH, and mucus layer formation along the GI tract [87]. 

  

 

Figure 7. Main represented genera and microbial content along the human GI tract [86]. 

In addition, there are important interindividual variations in the composition of the gut microbiota, 

characterized by differences in number of species and their relative abundances [80,88]. These variations 

have been attributed to multiple factors including diet habits, lifestyle, age, gender, host-genetic, health-

status and medication [88]. Out of 14 widely shared genera, Bacteriodes, Ruminococcaceae and 

Prevotella were described as the genera exhibiting the most significant variations in abundance, and 

therefore can be used as identifiers of different ‘enterotypes’ [88]. However, despite important variations 
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in composition, gut microbiota are considered as largely functionally equivalent [89]. The gut 

microbiota is relatively stable over time, following natural fluctuations with age, but it can vary upon 

various factors such as stress, antibiotics use, diet, xenobiotics exposure and more [90]. 
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2.2.2 Functions of the gut microbiota 

With 3.3 million microbial genes (around 150 times more than the human genome), the human gut 

microbiome has important functional capacities [83,84]. A major function of the gut microbiome is its 

considerable metabolic capacity, which is considered equal to that of the liver [91]. End-products of 

microbial metabolization include SCFAs, which mainly serve as substrates to provide energy to the host 

and cover up to 10% of human caloric energy requirement [92]. Besides their role in serving as energy 

substrates, SCFAs can also act as signaling molecules and regulate numerous biological processes 

including neuroimmunoendocrine function via the interconnected gut-brain axis [92]. Other functions 

ascribed to the gut microbiome include, synthesis of essential vitamins, epithelial and mucosal 

homeostasis, development of the immune system or regulation of pathogen colonization [80]. 

 

Metabolism of SCFAs 

The major function of the gut microbiota is the fermentation of dietary fibers, namely resistant starch, 

non-starch polysaccharides and oligosaccharides, that promotes microbial growth and activity [93]. 

Fermentation is ensured by carbohydrate-active enzymes expressed in bacteria and mainly takes place 

in the proximal colon [80]. End products of these microbial conversions are gases (H2, CO2 and CH4) 

and SCFAs. SCFAs can act as substrates for energy metabolism and anabolic processes, or as signaling 

molecules [94,95]. SCFAs are volatile monocarboxylic acids with a hydrocarbon chain length of 1 to 6 

carbon atoms, from which acetate, propionate and butyrate are the most abundant (90%) and with an 

estimated molar ratio of 3:1:1 [80,94]. While acetate is produced by most anaerobic bacteria, propionate 

and butyrate are mostly generated by distinct bacteria subsets, namely Bacteroidetes and Firmicutes, 

respectively [80]. The microbial synthesis of acetate, propionate and butyrate follow different 

biochemical pathways (Figure 8). When colonic concentrations of dietary fibers are depleted, in the 

distal colon, endogenous or dietary proteins can be used as substrates to produce SCFAs via proteolytic 

fermentation. Some products of proteolytic fermentation including aromatic compounds, polyamines, 

hydrogen sulfide (H2S) or ammonia were shown to be potentially toxic for the host [96,97]. 

The produced SCFAs are largely absorbed (about 95%) in colonocytes, and are for the most part used 

locally as substrates to cover energy requirements (60-70%) of the colonic epithelium [98,99]. SCFAs, 

and in particular butyrate, regulate additional functions in the gut epithelium, including intestinal 

epithelial turnover and homeostasis, and the gut barrier integrity [94,100]. SCFAs can also transit via 

the portal vein to the liver and be further distributed in the periphery to affect peripheral tissues and cells 

[80,94]. There is a concentration gradient fall in SCFA levels from the lumen to the periphery, with 

selective uptake of butyrate at the colonic epithelium, propionate at the liver and acetate in the periphery 

[100]. The significance of this gradient is currently not known [100]. Peripheral concentrations of 

acetate, propionate and butyrate reach 19-160, 1-13 and 1-12 μmol/L, respectively [92]. SCFAs also act 

as signaling molecules (at colonic level and in periphery) in additional processes such as lipid and 
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glucose metabolism, energy intake, immune and inflammatory response or central nervous system 

(CNS) related functions [80,94,100]. 

 

 
Figure 8. Overview of biochemical pathways of acetate, propionate and butyrate [94]. While acetate 
can be produced according to the Wood-Ljungdahl pathway, propionate and butyrate formation follows 
distinct molecular pathways. Propionate can be produced following three pathways, namely the acrylate, 
succinate and propanediol pathways. Butyrate is produced via glycolysis from acetoacetyl-coenzyme A 
(CoA). PEP: phosphoenolpyruvate, DHAP: dihydroxyacetonephosphate. 
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SCFAs and the microbiota-gut–brain axis 

There is emerging evidence that gut-derived metabolites including SCFAs play a pivotal role in CNS 

functions via the microbiota-gut-brain axis [92,101,102]. The term microbiota-gut-brain axis is 

employed to describe the bidirectional signaling processes between the gut microbiota, the GI tract and 

the CNS [101]. While the brain affects gut function through the hypothalamic-pituitary-adrenal axis and 

the autonomic nervous system, the gut acts on the CNS through microbiota-derived metabolites and 

products, neuroactive compounds, and gut hormones that reach the brain via several routes including 

the enteric nervous system, vagus nerve, immune system or circulatory system [103]. SCFAs are thought 

to be implicated in the modulation of mechanisms of the microbiota-gut-brain axis, via the immune 

pathway, endocrine, vagal pathways and additional humoral pathways (Figure 9). These pathways can 

subsequently induce CNS-mediated behavioral or mental state responses including appetite, stress, 

mood, anxiety and depression [101]. Although SCFAs can cross the blood-brain-barrier, it is thought 

that they do not affect CNS functions through uptake in the brain, due to their low systemic exposure 

levels [101]. 

 

 
Figure 9. Microbiota-gut-brain axis pathways wherein SCFAs might be implicated [101]. 
PYY, peptide YY. GLP1, glucagon-like-peptide 1. BDNF, brain-derived neurotrophic factor. NGF, 
nerve growth factor. GDNF, glial cell line-derived neurotrophic factor. BBB, blood-brain-barrier. 
FFARs: Free fatty acid receptors.  
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In mice, supplementation in SCFAs improved emotional processing and behavior including depressive, 

anxiety and stress-related disorders [104]. Supplementation of SCFAs in other pre-clinical studies have 

shown a pivotal role of SCFAs in colonic and overall health [105]. Thus, in addition to being relevant 

markers for metabolic activity of the gut microbiota, SCFAs are also applicable markers of the host 

health. 
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2.2.3 Microbiota-mediated biotransformation of xenobiotics  
Besides the ability to metabolize a wide range of endogenous compounds, the gut microbiota can also 

biotransform (metabolize, convert or breakdown) orally ingested xenobiotics [106]. These microbiota-

mediated biotransformations mostly take place in the colon, where the gut microbiota is the densest 

[106]. Oral xenobiotics can come into contact with colonic gut microbiota via multiple routes. Poorly 

absorbed xenobiotics can pass through the small intestine to reach the colon. In contrast, highly absorbed 

xenobiotics may enter the circulatory system, be metabolized (generally in the liver) and excreted via 

the biliary duct back into the lumen, where xenobiotic-microbiota interactions can take place [107]. In 

the gut lumen, they can possibly be reabsorbed in the GI tract through a process called enterohepatic 

circulation [107]. 

 

Mechanisms of gut microbial biotransformation of xenobiotics and their consequences  

Gut microbiota-mediated biotransformation of xenobiotics is enabled by bacterial enzymes. Bacterial 

enzymes that are linked to xenobiotic metabolism include hydrolases, oxidoreductases, lyases, and 

transferases, and are widely distributed among gut bacteria species [107]. It is thought that there are the 

most prevalent protein families in the gut microbiota and that many xenobiotic transformations may be 

enabled by different phylogenetic groups of bacteria [107]. Reduction, oxidation, hydroxylation, 

hydrolysis, deglycosylation, deacetylation and conjugation represent the main microbial enzymatic 

reactions [107,108]. Reduction and hydrolysis have been the most often observed enzymatic reactions 

in microbial metabolism of xenobiotics [109]. It may be because of the energetic demands of the gut 

microbiome, with xenobiotic reductive reactions that foster anaerobic respiration and xenobiotic 

hydrolysis reactions that directly provide substrates to the gut microbiome [109]. The commonality of 

these chemical transformations suggest that the gut microbiome is composed of core microbial species 

or gene families that can impact a wide range of small molecules [109]. 

The microbial breakdown of xenobiotics can have consequences in their bioavailability, or their 

pharmacological properties. Three main processes have been characterized, namely activation, 

inactivation and toxicity (formation of toxic compounds) by the gut microbiota (Figure 10) [109]. Gut 

microbiota activation is defined by a microbial conversion of an inactive therapeutic (prodrug) into an 

agent that exerts therapeutic effects. A prominent example is the microbial conversion of sulfonamide 

antibiotic prontosil (by reduction of its azo bond) into the active compound, sulfanilamide (Figure 10) 

[109]. Another example is the reduction of the inflammatory bowel disease prodrug sulfasalazine into 

the active agent 5-aminosalicylic acid (Figure 10). In contrast, gut microbiota inactivation corresponds 

to the conversion by gut bacteria of an active therapeutic agent into an inactive metabolite. This can 

result in a significant decrease in concentration of active drug leading to subtherapeutic dosing. The 

cardiac glycoside digoxin is a typical example, wherein microbial conversion into dihydrodigoxin 

reduces levels of digoxin, resulting in reduction or suppression of the therapeutic effect (Figure 10) 
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[109]. Gut microbiota biotransformation of xenobiotic can lead to the formation of toxic compounds 

(Figure 10) [109]. An interesting but complex case is the anticancer drug irinotecan (inactive prodrug) 

[107]. Iritotecan is activated by host enzymes into the therapeutic agent SN-38; SN-38 is converted into 

inactive glucuronide conjugates in the liver, that are then transported back to the intestine via the 

hepatobiliary route. Once in the gut lumen, microbial β-glucuronidases convert the glucuronide 

conjugates back into the active SN-38, that exhibits toxicity towards the gut epithelium and exacerbates 

diarrhea. A similar mechanism involving enterohepatic circulation and hepatic glucuronidation is 

described for nonsteroidal anti-inflammatory drugs (NSAIDs), resulting in damages to the gut mucosa 

[109]. For some of these drugs, strategies have been employed to tackle their microbial conversion [106]. 

As a general strategy, broad-spectrum antibiotics appeared to be efficient but deleterious to the gut 

microbiota. More targeted approaches with agents inhibiting microbial enzymes (for instance microbial 

β-glucuronidase) offer more convenient alternatives [109]. 

 

 

Figure 10. Pharmacological consequences of xenobiotic metabolism by the gut microbiome [109]. 
Understanding the mechanisms of xenobiotic activation, inactivation or toxicity by the gut microbiome 
has been enabled by comparing their drug disposition in normal versus germ-free animals (animals 
grown without exposure to any microorganisms). 
SN38G, glucuronide conjugate of the anticancer drug SN38. NSAIDs, nonsteroidal anti-inflammatory 
drugs. 

 

Microbial metabolism of drugs and phytochemicals 

Investigations of xenobiotic metabolism by gut microbiota have mainly focused on oral drugs [107,109]. 

Currently, 55 drugs have been shown via in vitro and/or in vivo studies to undergo microbiota-mediated 

metabolism; with 23 compounds (42%) of these medicines corresponding to natural products, natural 

product derivatives or analogues of endogenous compounds [109,110]. Due to the vast genetic diversity 

of the gut microbiota, and the lack of any systematic analyses of microbial metabolism of drugs, this 

number is likely to be underestimated [109]. Recent screening studies revealed that the potential for oral 

drugs to undergo gut microbiota metabolism is significant. A study showed that out of 271 oral drugs 

(non-antibiotic) from different pharmacological classes, 176 drugs (65%) were metabolized by at least 

one strain out of 76 human representative gut bacterial strains [111]. Another recent study found that 
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out of 438 drugs from various pharmacological classes, 13% were metabolized by microbial 

communities isolated from human feces [112]. 

In contrast to drugs, the gut microbial conversion of bioactive phytochemicals from herbal medicines 

has been less investigated [107]. It was shown that the cyanogenic glycoside amygdalin (found in 

almonds and fruit pits), which was used primarily as an anticancer agent in the 1960s, was hydrolyzed 

by gut bacteria into mandelonitrile, a compound that spontaneously breaks down to yield benzaldehyde 

and toxic cyanide [107]. Berberine, a plant-derived benzylisoquinoline alkaloid, was found to be 

metabolized (reduction reaction) by the gut microbiota into dehydroberberine, that showed a higher 

intestinal absorption in comparison to berberine [113]. Another example is the gut microbial conversion 

of poorly absorbed ginsenosides (steroid glycoside occurring in ginseng) into different deglycosylated 

metabolites that can enter the blood circulation and affects CYP3A4 activity [107,114]. 

Phytochemicals originating from dietary plants have also been found to undergo gut microbiota-

mediated metabolism. Often, microbial conversion of diet-derived phytochemicals results in the release 

of metabolites with health promoting effects [110]. An example is the microbial conversion of 

ellagitannins (from in pomegranates, walnuts and berries) into poorly absorbed ellagic acid, that is 

further converted into well absorbed urolithins, metabolites exerting health beneficial effects [115]. 

Similarly, the formation of health promoting and bioavailable compounds by microbiota transformation 

was reported for other polyphenolic compounds including flavonoids (catechins and gallate esters from 

tea), isoflavones (from soy) or lignans (from flaxseed and sesame seeds) [107,110]. 
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2.2.4 Impact of xenobiotics on gut bacterial metabolism 

A healthy gut microbiota produces SCFAs, but also ensures the de novo synthesis of a range of essential 

compounds that the host is not able to produce, such as vitamins (including vitamin B12, folate, vitamin 

K, riboflavin, biotin, nicotinic acid, pantothenic acid, pyridoxine and thiamine), choline, purines and 

phenolic compounds [80,116]. The gut microbiome also converts bile acids into secondary bile acids 

[80]. The metabolism or de novo synthesis of this set of molecules is pivotal in human health [80]. To 

date, only a few studies have focused on the mechanisms underlying the modulation of the bacterial 

metabolism induced by the exposure of orally ingested xenobiotics [81].  

An example is the anti-diabetic metformin that was shown to alter bacterial synthesis of folate and 

methionine [117,118], and additionally to modify central bacterial pathways such as downregulation of 

glycolysis, upregulation of tricarboxylic cycle and arginine degradation [81]. The latter pathways can 

be linked to the fermentative metabolism of SCFAs [98]. Another drug, the antidepressant duloxetine 

was found to bioaccumulate in different gut bacterial species and alter several bacterial pathways, 

including purine, pyrimidine and amino acids biosynthesis as well as amino acid metabolism [119].   

In regards to phytochemicals, the alkaloid trigonelline (present in coffee) induced shifts in the 

metabolism of choline in isolated Citrobacter freundii, resulting in a reduced production of the pro-

atherosclerotic compound trimethyl-amine N-oxide [81]. Another alkaloid present in several plants from 

the Chinese Pharmacopeia, berberine, was shown to increase the production of SCFAs partly through 

upregulation of enzymes involved in SCFA biosynthetic pathways [118]. 
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2.2.5 The in vitro PolyFermS model, an artificial gut microbiota  
Understanding gut microbial interactions with xenobiotics was partly enabled by the development of 

artificial gut microbiota systems. A convenient system is the fermentation model PolyFermS, that allows 

stable and reproducible cultivation of colonic microbial communities derived from a single human fecal 

donor [120]. The PolyFermS is a chemostat model, consisting of interconnected bioreactors supplied 

continuously with fresh nutritive medium and in which effluent (containing microorganisms and 

metabolic products) is evacuated at the same rate to maintain a constant volume [121]. 

 

Overview of the PolyFermS model 

The PolyFermS can be established from fresh feces from a single human donor, which is the gold 

standard to ensure maximum viability and fitness of bacterial species, in comparison to cryopreserved 

fecal microbiota [121]. Fecal material is immobilized in gel beads (1 to 2 mm diameter mainly composed 

of gellan and xanthan gums), a process performed under anaerobic conditions. Gel beads offer a suitable 

and stable environment for the long-term growth of anaerobe bacterial consortia that reflect communities 

found in the feces of the human donor (both in diversity and abundance) [120,122]. The fresh fecal 

beads are then transferred into an inoculum reactor (IR) and mixed with a culture medium that simulates 

the conditions of a human adult chyme [120,123]. The continuous fermentation system is established 

when connecting the IR to the other control and test reactors as depicted in Figure 11. The system is 

continuously provided with nutritive medium, CO2 and the pH is automatically adjusted with NaOH. To 

ensure the validity of the system, monitoring the gut microbiota composition and metabolic activity 

(production of SCFAs) can be performed at relevant time points over the course of running of the system 

(Figure 11). A PolyFermS system can be run from a few weeks to four months [121]. 

 

Chemostat and batch fermentation experiments 

The PolyFermS can be used either for chemostat experiments or as a starting point for batch fermentation 

experiments. Chemostat experiments are convenient to study community dynamics, cross-feeding 

mechanisms or treatment responses on the gut microbiome, with a long-term perspective (typically from 

weeks to months) [121]. For these experiments, the setup consists of applying experimental features in 

the test reactors and use of a control reactor as reference microbiota. A strength of chemostat 

experiments is that microbiota renewal, anaerobic, pH and mixing efficiency can be kept constant over 

the course of the experiment, ensuring system’s stability [121]. However, chemostat experiments come 

with various drawbacks including labor-intensive, low-throughput, complex infrastructure and high 

costs [121]. 
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Figure 11. Principle of the Polyfermentor Intestinal model (PolyFermS) 
The inoculum reactor (IR) continuously provides to control (CR) and test reactors (TR), effluents 
composed of 30% of fecal beads from a single human fecal donor. The system is operated under strict 
anaerobic conditions, and maintained at the same pH. Herein, pH of 5.7 corresponds to conditions found 
in the proximal colon. Metabolic activity or community structure of the artificial microbiota can be 
controlled daily or at selected time points (t1, t2, t3 and t4), respectively. Adapted from [120]. 
RT, retention time. HITChip, Human Intestinal Tract Chip. 
 
 

Alternatively, artificial microbiota from a test reactor can be used to perform batch experiments, which 

are easy to operate, with a simplified setup and a high throughput potential [121]. Batch experiments 

consist of incubating viable microbiota with appropriate nutritive medium in a closed anaerobic 

environment, for a fixed and short period of time (typically 24 – 48 h)  [121]. Batch experiments can be 

performed with varying conditions (inoculation level, nutritional medium, scale) and require multiple 

replicates. For static batch experiments in closed-tubes, the strict anaerobic Hungate technology enables 

to monitor SCFAs production and microbial kinetics changes in response to a treatment [121]. A 

drawback of batch experiments is that they cannot reflect long-term gut microbiota dynamics upon 

treatment in comparison to continuous chemostat experiments [121]. 
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The use of the PolyFermS for chemostat or batch experiments has some limitations; the main being the 

absence of host-related factors such as metabolic and water absorption or intestinal cells [120]. Also, 

PolyFermS systems lack a simulation of upper parts of the GI tract, in which test compounds can already 

undergo a pre-treatment (degradation or absorption) [121]. 
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2.2.6 Other in vitro fermentation models of the human gut microbiome 
Other in vitro models established from human stools can be used to study the gut microbiome [124]. 

Some of these models are chemostat models that can simulate several segments of the GI tract. For 

instance, the reading model can simulate proximal, transverse and distal compartments in three 

connected reactors [124]. Some other systems like the TIM-2, SHIME®, or SIMGI, can mimic 

additional segments of the GI tract such as the stomach and the small intestine [121,124]. Additional 

models are more adapted to high throughput settings such as small-scale reactors. An example is the 

highly automated mini-bio in vitro model which remotely controls various factors in up to 32 bioreactors 

mounted in parallel [124,125]. 

To reduce the complexity of the in vitro fermentation models generated from fecal suspension, which 

are characterized by a high microbial diversity and abundance, models with defined consortia of gut 

bacteria can be used. The SIHUMIx (Simplified Human Intestinal Microbiota), a consortium of eight 

representative gut bacterial strains is a relevant example. While these models enable a simplified setup 

and readout, the stability of microbial communities is challenged over long-time handling [124]. 
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2.3 Investigated herbal drugs and phytochemicals 

Herbal medicines have been employed by humans for tens of thousands of years to treat or relieve 

numerous of disorders [126]. The assumed oldest trace of medicinal plants was found from 60’000 years 

old Neanderthal tombs in Iraq and the earliest systematic medical text (mentioning around 800 medicinal 

plants), the Egyptian Papyrus Ebers, was dated to 1’500 BC [126]. Plants have been indeed the primary 

therapeutic agents since the dawn of time for humans. Despite the development of modern science and 

evidence-based medicinal approaches, which largely rely nowadays on pharmacological treatments with 

single molecules, herbal medicines continue to be widely employed around the world [126]. 

Interestingly, the use of herbal medicines has increased over the last decades [127]. This includes herbal 

medicines used to treat anxiety, mild-depression or sleeping disorders. In 2019, 12.5% of the worldwide 

population was living with a mental disorder, with anxiety and depression as the most common [128]. 

Plant products used to ease these disorders include valerian (Valeriana officinalis L., Caprifoliaceae), 

St. John’s wort (Hypericum perforatum L., Hypericaceae) or California poppy (Echscholzia californica, 

Cham., Papaveraceae). 

In this chapter, the three herbal medicines and their pharmacologically relevant phytochemicals will be 

presented. Thereafter, current data on the disposition of these phytochemicals will be provided, with a 

focus on aspects related to their intestinal absorption. 
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2.3.1 Valerian 

Valerian is a perennial herbaceous plant native to Europe and Asia [129]. Preparations of valerian roots 

have probably been used since the ancient Greeks and Romans as a remedy for urinary tract, menstrual 

cramps and liver diseases [129]. Currently, valerian is commonly used to treat nervous states or sleeping 

disorders and was listed in 2017 among the top 20 most sold herbal medicines in the USA [130]. The 

hydroalcoholic extract of valerian is qualified for well-established use by the European Medicine 

Agency (EMA) for “the relief of mild nervous tension and sleeping disorders” [129]. In vitro and in vivo 

data support that valerian extracts allosterically modulate GABAA receptor [131]. The sesquiterpene 

valerenic acid is considered as the main contributor of this GABAergic activity (Figure 12) [131]. 

 

Figure 12. Chemical structure of valerenic acid 

Disposition of valerenic acid upon ingestion of valerian has been explored in a pharmacokinetic study 

in rats, which found an absolute bioavailability of 34%, with a very short mean tmax of 5 mins [132]. In 

contrast, data from pharmacokinetics in volunteers, showed a higher mean tmax of 1.7 h [133]. 
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2.3.2 St John’s wort 
St. John’s wort is a perennial herbaceous plant, largely diffused in Europe, Northern Africa, Asia and 

North America [134]. St. John’s wort has been used since antiquity as a diuretic, wound-healing and 

antimalarial agent [135]. Over the past 30 years, its use in the treatment of depressive disorders has 

gained popularity [135]. In 2017, St. John’s wort was ranked among the top 20 most sold herbal drugs 

in the USA [130]. Various meta-analysis evaluating St. John’s wort in the management of mild to 

moderate depression, noticed a superior effect of St. John’s wort therapy over placebo, and no significant 

difference with antidepressant therapy [134]. Currently, St. John’s wort is qualified for well-established 

use in the treatment of mild to moderate depressive disorders [134]. As reported in several in vitro and 

in vivo studies, St. John’s wort’s mechanism of action include the modulation of neurotransmitters in 

the brain either by regulating their re-uptake from the synaptic cleft or by direct binding to 

neurotransmitter transporters [136]. While the whole plant extract is considered as the active ingredient, 

the phloroglucinol hyperforin and naphthodianthrone hypericin are seen as important contributors of the 

antidepressant-like effects (Figure 13) [136]. 

 

Figure 13. Chemical structure of hyperforin (left) and hypericin (right). 

 

Few studies have investigated intestinal absorption properties of hyperforin and hypericin. 

Pharmacokinetics studies in volunteers showed that upon ingestion of St. John’s wort, both compounds 

were bioavailable with varying pharmacokinetic parameters. Hyperforin levels reached maximum 

plasma concentration in 4.4 h (tmax), with a relatively short lag-time (time for an oral compound to reach 

the systemic circulation) of 1.3 h whereas hypericin was characterized by a higher tmax (8.1 h) and a 

longer lag-time (2.3 h) [137]. These data suggest that hyperforin bioavailability is higher than hypericin. 

Another pharmacokinetic study with two healthy volunteers also reported for hypericin a high lag-time 

(1.9 h) and an absolute bioavailability of 14% [138]. In addition, data with the Caco-2 cell model 

indicated that the intestinal permeability of hypericin was low, and with high compound binding to 

cellular surface [139–141]. 
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2.3.3 California poppy 
California poppy is an annual plant native from Western North America, that has been traditionally used 

as a sedative, hypnotic, and analgesic by Native American populations [142]. Currently, California 

poppy is mostly used to treat anxiety or sleeping disorders [142]. Several in vitro and in vivo studies 

have shown that California poppy extracts have analgesic and sleep-inducing properties [142]. These 

extracts are thought to exert these effects through modulation of the GABAA receptor activity, 

modulation of catecholamine metabolism or serotonin receptor binding [143–145]. California poppy 

alkaloids such as californidine, escholtzine and protopine are thought to be among the main contributors 

(Figure 14) [142]. Although data on commercial products of California poppy are lacking, it is known 

that californidine, escholtzine and protopine alkaloids are the most abundant in flowering aerial parts of 

California poppy [146,147]. 

 

 

Figure 14. Chemical structure of californidine (1), escholtzine (2), and protopine (3).  

Apart from protopine, the disposition of these alkaloids has not been studied. A pharmacokinetic study 

on rats found an absolute bioavailability of 26% for protopine, with a tmax of 2.7 h [148]. Intestinal 

permeability properties of the three alkaloids, have not been investigated up to now. 
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3 Results and discussion 
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3.1 Intestinal permeability and gut microbiota interactions of 
pharmacologically active compounds in valerian and St. John’s wort 
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Abstract 

Phytomedicines such as valerian and St. John’s wort are widely used for the treatment of sleeping 
disorders, anxiety and mild depression. They are perceived as safe alternatives to synthetic drugs, but 
limited information is available on the intestinal absorption and interaction with human intestinal 
microbiota of pharmacologically relevant constituents valerenic acid in valerian, and hyperforin and 
hypericin in St. John’s wort. The intestinal permeability of these compounds and the antidepressant and 
anxiolytic drugs citalopram and diazepam was investigated in the Caco-2 cell model with bidirectional 
transport experiments. In addition, interaction of compounds and herbal extracts with intestinal 
microbiota was evaluated in artificial human gut microbiota. Microbiota-mediated metabolisation of 
compounds was assessed, and bacterial viability and short-chain fatty acids (SCFA) production were 
measured in the presence of compounds or herbal extracts. Valerenic acid and hyperforin were highly 
permeable in Caco-2 cell monolayers. Hypericin showed low-to-moderate permeability. An active 
transport process was potentially involved in the transfer of valerenic acid. Hyperforin and hypericin 
were mainly transported through passive transcellular diffusion. All compounds were not metabolized 
over 24 h in the artificial gut microbiota. Microbial SCFA production and bacterial viability was not 
substantially impaired nor promoted by exposure to the compounds or herbal extracts. 

 

The supporting information is available in the appendix (pages 93 – 100), or at: 

https://doi.org/10.1016/j.biopha.2023.114652 
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A B S T R A C T   

Phytomedicines such as valerian and St. John’s wort are widely used for the treatment of sleeping disorders, 
anxiety and mild depression. They are perceived as safe alternatives to synthetic drugs, but limited information is 
available on the intestinal absorption and interaction with human intestinal microbiota of pharmacologically 
relevant constituents valerenic acid in valerian, and hyperforin and hypericin in St. John’s wort. The intestinal 
permeability of these compounds and the antidepressant and anxiolytic drugs citalopram and diazepam was 
investigated in the Caco-2 cell model with bidirectional transport experiments. In addition, interaction of 
compounds and herbal extracts with intestinal microbiota was evaluated in artificial human gut microbiota. 
Microbiota-mediated metabolisation of compounds was assessed, and bacterial viability and short-chain fatty 
acids (SCFA) production were measured in the presence of compounds or herbal extracts. Valerenic acid and 
hyperforin were highly permeable in Caco-2 cell monolayers. Hypericin showed low-to-moderate permeability. 
An active transport process was potentially involved in the transfer of valerenic acid. Hyperforin and hypericin 
were mainly transported through passive transcellular diffusion. All compounds were not metabolized over 24 h 
in the artificial gut microbiota. Microbial SCFA production and bacterial viability was not substantially impaired 
nor promoted by exposure to the compounds or herbal extracts.   

1. Introduction 

Phytomedicines containing extracts of herbal drugs such as valerian 
(Valeriana officinalis L., Caprifoliaceae) and St. John’s wort (Hypericum 
perforatum L., Hypericaceae) are widely used, also during pregnancy, for 
the treatment of sleeping disorders, anxiety and mild depression, and are 
perceived as safe alternatives to synthetic drugs [1]. These herbal drugs 
have been well studied from a pharmacological perspective, but little is 
known regarding the intestinal absorption of important constituents in 
these drugs. Furthermore, possible interactions of extracts and constit-
uents with the human microbiota have not been investigated up to now. 

Extracts of valerian are widely used to treat mild nervous tension, 
anxiety or sleep disorders, and their use is considered by European 
Medicines Agency (EMA) as well established [2]. Valerenic acid (Fig. 1) 

is a pharmacologically relevant constituent acting through a positive 
allosteric modulation of γ-aminobutyric acid (GABA) receptors [2]. The 
use of St. John’s wort extracts for the treatment of mild to moderate 
depression is also considered by the EMA as well established [3]. Several 
compounds in the extract are believed to contribute to the 
antidepressant-like effects, including flavonoids, hyperforin and hyper-
icin (Fig. 1) [3]. In various in vitro and in vivo models for depression 
these constituents were shown to act on neurotransmitters in the brain, 
via regulation of their re-uptake from the synaptic cleft, or by direct 
binding to neurotransmitter transporters [3]. 

The treatment of more severe cases of anxiety, depression and sleep 
disorders nevertheless relies on synthetic drugs such as diazepam and 
citalopram (Fig. 1). Diazepam is a benzodiazepine that has anxiolytic, 
sedative and muscle-relaxant effects via a positive allosteric modulation 
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of γ-aminobutyric acid type A (GABAA) receptors [4]. Citalopram is an 
antidepressant that exerts serotonergic activity via an inhibition of 
neuronal reuptake of serotonin [5]. 

Numerous studies explored the pharmacological properties of 
valerenic acid, hyperforin and hypericin, but little is known about their 
intestinal absorption, transcellular transport and cellular uptake [2,3], 
even though a good understanding of these processes is important for 
optimal treatment with valerian and St. John’s wort preparations. No 
data have been published up to now on the intestinal uptake of valerenic 
acid and hyperforin, and only limited data is available on the intestinal 
permeability of hypericin and citalopram [6–8]. Furthermore, nothing is 
known regarding a possible biotransformation of valerenic acid, 
hyperforin, hypericin, citalopram, and diazepam by the gut microbiota, 
and the impact of these compounds and of valerian and St. John’s wort 
on the integrity of human microbiota also has not been investigated up 
to now. The latter aspect is of particular interest in the context of 
stress-related mental conditions, given the bidirectional crosstalk be-
tween the gut microbiome and the central nervous system via the 
gut-brain axis [9]. 

In vitro human gut microbiota models inoculated with fecal micro-
biota and mimicking the physicochemical conditions of the gut are 
powerful tools to evaluate the xenobiotic-microbiota interactions [10, 
11]. We previously showed that the artificial microbiota produced with 
the PolyFermS model inoculated with immobilized fecal microbiota is a 
reproducible source of large amounts of inocula for high throughput 
testing and comparison of different treatment conditions, including 
xenobiotic degradation with the same microbiota background [10,12]. 
A particular advantage of using the latter is that the amount of inoculum 
is not limiting and high inoculation ratios (e.g. 80 %) can be used to 
accurately measure the bioconversion activity of the microbiota without 
the confounding factor of the microbial growth [10,11,13]. Thus, the 
biotransformation of xenobiotics can be investigated in this model, as 
well as the possible impact of xenobiotics on the viability of the artificial 
colon microbiota and on their SCFAs metabolism. SCFAs serve as an 
energy source for intestinal cells, as signaling molecules, modulators of 
lipid metabolism, and as regulators of the intestinal immunity [14]. 

Also, they have been associated with health benefits in numerous dis-
eases, such as inflammatory bowel disease, colon cancer, and diabetes 
[14]. 

In this study, the bidirectional transport of valerenic acid, hyper-
forin, hypericin, citalopram, and diazepam in the Caco-2 cell model, 
their biotransformation by artificial gut microbiota, and their impact on 
bacterial viability of microbiota and SCFAs metabolism during short 
term batch fermentation was studied. The effect of valerian and St. 
John’s wort extracts on the microbiota were also examined. 

2. Materials and methods

2.1. Cell lines, chemicals and biochemicals

The Caco-2 cell line was kindly provided by Prof. Per Artursson, 
Uppsala University, Sweden [15]. Dulbecco’s Modified Eagle’s Medium 
(DMEM, with high glucose, L-glutamine, phenol red, without sodium 
pyruvate), Dulbecco’s phosphate-buffered saline (DPBS, without cal-
cium/magnesium, without phenol red), fetal bovine serum (FBS), MEM 
non-essential amino acids solution (NEAA, without L-glutamine), 
penicillin-streptomycin (PEST, 10,000 U/mL), trypsin (2.5 %, without 
phenol red), were purchased from Gibco (Paisley, UK). Hank’s balanced 
salt solution (HBSS, without phenol red), 4-(2-hydroxyethyl)piper-
azine-1-ethanesulfonic acid (HEPES), 4-morpholineethanesulfonic acid 
monohydrate (MES), sodium bicarbonate (NaHCO3), bovine serum al-
bumin (BSA), dimethyl sulfoxide (DMSO), cellobiose, soluble potato 
starch, amicase, meat extract, mucin from porcine stomach type II, 
arabinogalactan from larch wood, Tween 80, hemin, NaHCO3, KCl, 
MgSO4, CaCl2. 2H2O, MnCl2, FeSO4

. 7H2O, ZnSO4
. 7H2O, 4-aminobenzoic 

acid (PABA), nicotinic acid, biotine, folic acid, cyanocobalamin, thia-
mine, riboflavin, phylloquinone, menadione, and pantothenate were 
purchased from Sigma-Aldrich (Saint-Louis, MO, USA). Xylan from oat 
spelts, and bacto tryptone were from Chemie Brunschwig AG (Basel, 
Switzerland). Inulin was provided by Cosucra (Warcoing, Belgium), and 
yeast extract by Lesaffre (Marcq-en-Barœul, France). Bile salts were 
purchased from Thermo Fischer Diagnostics (Pratteln, Switzerland). 

Fig. 1. Chemical structures of valerenic acid (1), hyperforin (2), hypericin (3), diazepam (4) and citalopram (5).  
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KH2PO4, NaCl, pyridoxine-HCl (Vit. B6), folic acid and menadione were 
obtained from VWR International (Dietikon, Switzerland). Ethyl-
enediaminetetraacetic acid (EDTA, 0.2 % in PBS, without calcium/-
magnesium) was purchased from MP biomedicals (Santa Ana, CA, USA). 
Culture flasks (75 cm2), bottle top filters (pore size 0.22 µm), 12-well 
Costar® plates, 12-well Transwell® plates (with inserts of 12 mm 
diameter and a polycarbonate membrane with pores of 0.4 µm), were 
purchased from Corning Incorporated (Corning, NY, USA). Sodium 
fluorescein salt, atenolol, propranolol HCl, verapamil HCl, hyperforin 
dicyclohexylammonium salt (DCHA), and digoxin were purchased from 
Sigma-Aldrich (Saint-Louis, MO, USA). Diazepam and diazepam-D5 
were purchased from Lipomed (Arlesheim, Switzerland). Citalopram 
hydrobromide (HBr) was obtained from Acros Organics (Geel, Belgium) 
and citalopram-D4 HBr from CDN isotopes (Pointe-Claire, QC, Canada). 
Warfarin was purchased from Toronto Research Chemicals (Toronto, 
ON, Canada). Hypericin was obtained from Carbosynth (Compton, UK), 
and valerenic acid was purchased from Extrasynthese (Genay, France) 
and Phytolab (Vestenbergsgreuth, Germany). Acetonitrile (MeCN) and 
acetone were from Supelco (Bellefonte, PA, USA). Methanol (MeOH), 
isopropyl alcohol and ethanol (EtOH) were obtained from Macron Fine 
Chemicals (Radnor, PA, USA). n-Butanol (BuOH) and ethyl acetate 
(EtOAc) were purchased from Scharlau (Sentmenat, Spain). All solvents 
were of UHPLC grade. HPLC grade water was obtained from a Milli-Q 
integral water purification system Millipore Merck (Darmstadt, Ger-
many). Materials for flow cytometry were purchased from Beckman 
Coulter International (Nyon, Switzerland), except for stains SYBR Green 
I and propidium iodide which were from Life Technologies Europe (Zug, 
Switzerland). 

2.2. Plant material and extraction 

Plant material was of Ph. Eur. grade. Hypericum perforatum and 
Valeriana officinalis (lot numbers 180,084, 192,140, respectively) were 
purchased from Dixa (St. Gallen, Switzerland). Voucher specimens (No 
1029, 1166, respectively) have been deposited at the Division of Phar-
maceutical Biology, University of Basel. 2 g of powdered plant material 
was extracted with 70 % EtOH by pressurized liquid extraction in a 
Dionex ASE 200 Accelerated Solvent Extractor (Sunnyvale, CA, USA). 
Three extraction cycles of 5 min were performed at a temperature of 
70 ◦C and a pressure of 120 bar. The herbal extracts were previously 
characterized [16]. 

2.3. Caco-2 cell model and permeability experiments 

2.3.1. Cell culture 
Cells were grown in 75 cm2 culture flasks using DMEM (supple-

mented with 10 % FBS, 1 % NEAA, 1 % PEST) in a humidified atmo-
sphere (95 %) consisting of 10 % CO2, at a temperature of 37 ◦C. When 
confluence of 90–95 % was reached, cells were subcultured by dissoci-
ation with trypsination solution (0.25 % trypsin, 0.2 % EDTA). To pre-
pare monolayers for permeability experiments, cells were seeded at a 
density of 4.5 × 105 cells/cm2 and cultivated on Transwell® inserts 
over 22–28 days. During the culturing of cells on inserts, medium vol-
umes at apical and basolateral chambers were set at 0.5 and 1.5 mL. The 
medium on both chambers was changed three times a week. The seeding 
on inserts was performed with cells corresponding to passage number 
94–108. 

2.3.2. Permeability experiments 
Permeability across Caco-2 monolayers was studied in the both di-

rections, from apical to basolateral (AB), and from basolateral to apical 
(BA). To approach physiological conditions found in the human small 
intestine, transport buffers were adjusted to pH 6.5 in the apical 
chamber (10 mM MES, 4.2 mM NaHCO3 in HBSS) and to pH 7.4 in the 
basolateral chamber (25 mM HEPES, 4.2 mM NaHCO3 in HBSS). Prior to 
use, buffers were sterilized through filtration (0.22 µm pore filter) and 

stored in autoclaved bottles. Before starting the experiments, cell 
monolayers were washed with pre-warmed buffer HBSS/HEPES pH 7.4. 
Volumes at apical and basolateral chambers were set at 0.4 and 1.2 mL 
respectively. All permeability experiments were performed with DMSO 
as co-solvent (1 %, v/v) to improve solubility of study compounds. In 
experiments with hyperforin and hypericin, buffers were supplemented 
with BSA (10 %) to further improve solubility. Experiments were per-
formed at a final concentration of 10 µM in the donor chamber, over 
60 min with 15 min sampling time intervals. For hyperforin and 
hypericin, the experiment duration was extended to 120 min, with 
15 min sampling time intervals from 0 to 60 min, and 30 min sampling 
time intervals from 60 min to 120 min. Hyperforin and hypericin solu-
tions were protected from any light source during handling. Sampling 
volume was 0.6 mL or 0.2 mL from the basolateral chamber or apical 
chamber, respectively. After each sampling from the receiver chamber 
the volume was replaced by the same volume of transport buffer. All 
experiments were done under mild agitation (450 rpm at 37 ◦C) on an 
orbital shaker (QInstruments, Jena, Germany) [15]. At the end of the 
experiments, sampling (0.2 or 0.6 mL in apical or basolateral chambers, 
respectively) from the donor chamber was performed, to determine the 
mass balance. Sink conditions of the receiver chamber were maintained 
over the course of all permeability experiments [15]. Permeability ex-
periments were performed in triplicate. Collected samples were 
precipitated with MeCN and stored at − 80 ◦C until UHPLC-MS/MS 
analysis. Cumulative fraction curves for each experiment of all com-
pounds are shown in Figs. S1–S7. 

2.3.3. Cell lysis 
Following permeability experiments, cell monolayers were washed 

quickly with buffer HBSS/HEPES pH 7.4 and lysed with MeCN for 
30 min. Cell lysis experiments were performed in duplicate. Samples 
were stored at − 80 ◦C until UHPLC-MS/MS analysis. 

2.3.4. Control of Caco-2 cell monolayer integrity 
To control their integrity, transepithelial electrical resistance (TEER) 

of Caco-2 cell monolayers was measured with an EVOMX (WPI, Sar-
asota, FL, USA) before and after permeability experiments. Only 
monolayers with TEER values > 200 Ω cm2 were used (Table S1). To 
further control the integrity of monolayers, the transport of the para-
cellular leakage marker fluorescein was assessed at the end of the ex-
periments (Table S1). Following washing of monolayers, fluorescein was 
added to the apical chamber at a final concentration of 1 mg/mL before 
incubation in an orbital shaker (450 rpm, 37 ◦C) for 1 h. Fluorescein was 
quantified by fluorescence spectrophotometry (λex 485 nm, λem 535 nm) 
with a Chromeleon microplate reader (HIDEX, Turku, Finland), and a 
passage of < 1 % of fluorescein per hour used as an indicator of 
monolayer integrity [17]. As an additional control atenolol and pro-
pranolol were included as references for low-to-moderately and highly 
permeable drugs, respectively. 

2.3.5. Experiments with cell-free inserts 
Control experiments with cell-free inserts were performed to assess 

the passage of the compounds in absence of cells. As for the permeability 
experiments, study compounds were added to the donor chamber and 
incubated for 1 h (2 h for hypericin and hyperforin) at 37 ◦C under 
shaking (450 rpm). At the end of the experiment, aliquots were with-
drawn from donor and receiver chambers, and stored at − 80 ◦C until 
analysed by UHPLC-MS/MS. 

2.3.6. Determination of apparent permeability coefficients and efflux ratio 
Apparent permeability coefficients (Papp) were calculated according 

to equations described by Hubatsch et al. [15]. The apparent perme-
ability coefficients (Papp), expressed in cm s− 1, were calculated accord-
ing to the following equation: 
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Papp =

(
dQ
dt

)(
1

AC0

)

(1)  

where dQ/dt is the steady-state flux (µM s− 1), A the surface area of the 
filter (cm2), and C0 the initial concentration in the donor chamber (µM). 

The lowered donor concentration after each sampling was taken into 
account, and recalculated by subtracting the cumulative fraction 
transported (FAcum) to the receiver chamber, at each time interval. 
Details on the FAcum equation are presented in the Supporting infor-
mation Eq. (A.1). 

Papp values in apical to basolateral (PappAB) and Papp values in 
basolateral to apical direction (PappBA) were calculated to determine the 
efflux ratio (ER) as follows: 

ER =
PappBA
PappAB

(2)  

2.3.7. Determination of recoveries 
Recovery considering A and B chambers (ReAB) was calculated ac-

cording to the following equation [15] as: 

ReAB(%) =
(

CD(fin)VD +CR(fin)VR(fin) +
∑

(CS(t)VS(t))
)

100
/
(CD(0)VD(0))

(3)  

whereby CD(0) and CD(fin) are the initial or final concentration in the 
donor chamber, and CR(0) and CR(fin) the respective concentration on the 
receiver side. CS(t) represents the respective concentrations of samples 
withdrawn at different time points t, and VD, VR and VS are the 
respective volumes. 

Recovery considering A, B and cell fraction (ReABC) was calculated to 
evaluate the accumulation or binding of study compounds to the cells. 
ReABC was calculated according to the following equation: 

ReABC(%) = ReAB +Acells100/AD(0) (4)  

whereby Acells represents the amount in the cell fraction, and AD(0) the 
initial amount in the donor chamber. 

2.4. In vitro gut microbiota experiments 

2.4.1. In vitro PolyFermS model microbiota 
The artificial human gut microbiota used in this study were derived 

from two independent stable PolyFermS bioreactor systems that were 
both inoculated with immobilized fecal microbiota. The PolyFermS 
system is designed and operated to mimic the proximal colon conditions 
and allows to continuously cultivate the proximal colon microbiota akin 
to donor profile [18,19]. The fecal samples for initiating the PolyFermS 
system were donated by two healthy female individuals (female, age 
25–35) with Western-style diet who did not receive any antibiotics or 
probiotics for at least 3 months before donation. The Ethics Committee 
of ETH Zürich exempted this study from review because the sample 
collection procedure has not been performed under conditions of 
intervention. Informed written consent was obtained from fecal donors. 
The PolyFermS system was operated as described before in Poeker et al. 
[18]. The bioreactor containing the immobilized donor microbiota 
served as inoculum reactor for parallel second-stage reactors that were 
connected to the bead reactor with a peristaltic pump and operated at 
identical conditions. The second stage microbiota reactors were 
continuously supplied with 5 % (v/v) IR microbiota effluent and 95 % 
(v/v) sterile and anaerobic Macfarlane-based nutritive medium [18]. 
After a period of 6–8 days the second stage bioreactor microbiota sta-
bilized and showed a similar fermentation metabolite profile as the 
inoculum reactor (data not shown). For each anaerobic batch experi-
ment the artificial human colon microbiota from a single stabilized 
second stage bioreactor were completely harvested under anaerobic 
conditions (10 % CO2, 5 % H2 and 85 % N2) in an anaerobic tent (Coy 

Laboratories, MA, USA). 

2.4.2. Anaerobic batch fermentation experiments with herbal and synthetic 
compounds 

PolyFermS microbiota were incubated with herbal and synthetic 
control compounds to monitor the colon microbial biotransformation 
potential and impact on fermentation metabolites and bacterial 
viability. The incubation mixture consisted of fresh and metabolically 
highly active PolyFermS colon microbiota effluent supplemented with 
nutritive medium (MacFarlane medium) at a ratio of 7:3, and adjusted to 
pH 6.5. The high microbiota to medium ratio was chosen to enable the 
evaluation of the microbial biotransformation of the compounds and 
impact of the compounds on microbial viability under limited growth. 
The nutritive medium was based on the Macfarlane medium for the 
cultivation of human colon microbiota [20] and contained (in g/L): 
cellobiose (1); oat xylan (1); larch wood arabinogalactan (1); inulin 
(0.5); soluble potato starch (1); amicase (3); meat extract (1.5); mucin 
(4); tryptone (5); yeast extract (4.5); bile salts (0.4); KH2PO4 (3); 
NaHCO3 (9); NaCl (4.5); KCl (4.5); MgSO4 (0.61); CaCl2. 2H2O (0.1); 
MnCl2. 4H2O (0.2); FeSO4

. 7H2O (0.005); Tween 80 (1 mL); hemin 
(0.00005). A sterile-filtered vitamin solution [21] was added to auto-
claved and cooled down nutritive medium prior to use. The final con-
centration of vitamins in nutritive medium (µg/L) were: pyridoxine-HCl 
(Vit. B6) (100); 4-aminobenzoic acid (PABA) (50); nicotinic acid (Vit. 
B3) (50); biotine (20); folic acid (20); cyanocobalamin (5); thiamine 
(50); riboflavin (50); phylloquinone (0,075); menadione (10); panto-
thenate (100). Single compounds or plant extracts were added to 10 mL 
microbiota mixture, at a final concentration of 30 µg/mL or 500 µg/mL, 
respectively. Microbiota-nutrient-compound mixtures were prepared 
under anaerobic conditions and filled into sterile serum flasks that were 
closed with sterile butyl rubber septa. Incubations were performed in the 
dark, at 37 ◦C, and shaking (100 rpm) for 24 h, and under strict anaer-
obic conditions. 1 mL sample was withdrawn before (T0h) and after 
24 h (T24h) of incubation and stored at − 80 ◦C until extraction and 
UHPLC-MS/MS analysis. All the compounds were dissolved in DMSO to 
improve their solubility, but DMSO may inhibit microbial activity. 
Therefore, the impact of different levels of DMSO (0.25 %, 0.50 %, 
0.75 % or 1.00 % (v/v)) on microbiota fermentation was assessed in a 
preliminary experiment. Based on this, the final DMSO content was set 
to 0.2 % or 0.5 % (v/v), for single compounds or plant extracts, 
respectively, because at these concentrations, DMSO showed low impact 
on SCFA production compared to DMSO-free incubations (Fig. S8). 
Moreover, for each experiment DMSO controls with 0 %, 0.2 % and 
0.5 % DMSO were included. A 1 mL sample of microbial content was 
collected at the end of the experiment and SCFAs were quantified by 
HPLC with a refractive index (RI) detector. Moreover, to evaluate the 
impact of herbal compounds or extracts exposure on microbial meta-
bolism, SCFAs quantification was performed for all incubation experi-
ments. All incubation experiments were performed in triplicate with two 
artificial microbiota generated from two different healthy female adults. 
Additionally, study compounds were incubated under same conditions 
with microbial-free (sterilization through 0.20 µm filter) incubation 
mixture to assess degradation in abiotic conditions. 

2.4.3. Fermentation metabolite quantification 
The metabolites acetate, propionate, butyrate, isobutyrate, lactate, 

succinate, valerate, and isovalerate were quantified in collected 
fermentation samples. Therefore, an aliquot of 1 mL was centrifuged 
(13′000 cfm for 10 min at 4 ◦C) and the supernatant then filtered using 
an 0.2 µm nylon filter. The samples were analyzed by HPLC (LaChrom, 
Merck-Hitachi, Germany, or Accela, Thermo Fisher Scientific, Reinach, 
Switzerland) equipped with a Security Guard Cartridge Carbo-H 
(4 × 3.0 mm) and a Rezex ROA-Organic Acid H+ (300 × 7.8 mm) col-
umn (Phenomenex, Basel, Switzerland) and a refractive index detector 
(Thermo Fisher Scientific). The injection volume was 20 µL (Accela 
HPLC) or 40 µL (LaChrom HPLC). The mobile phase used was 10 mM 
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H2SO4 with a flow rate of 0.4 mL/min at 40 ◦C for 60 min per sample 
under isocratic conditions. The metabolites were quantified by external 
calibration. 

2.4.4. Bacterial viability 
Bacterial flow cytometry was used to determine the total viable and 

dead bacterial cell counts of microbiota incubated with control and test 
compounds. The assay is based on a bacterial cell staining with a live/ 
dead staining that consists of two DNA-binding fluorescent stains: 
SYBR® Green I and propidium iodide (PI). The former penetrates all 
cells and results in a green fluorescence, the latter penetrates only cells 
with a damaged cell membrane resulting in red fluorescence. The 
amount of cells with intact (viable) and damaged (dead) membrane 
were determined in each sample with a flow cytometer (Cytomics FC 
500, Beckman Coulter) equipped with a blue (488 nm) laser and 
bandpass filters on the FL-1 (525 nm) and FL-3 (620 nm SP) detectors 
for detection of green and red fluorescent cells, respectively. The method 
was based on previously validated protocols [22]. In short, freshly taken 
samples were diluted thousand-fold in sterile filtered (0.2 µm pore-size) 
reduced phosphate buffer solution. Incubation in the dark for 20 min 
was done with 30 µL of diluted sample mixed with 267 µL sterile filtered 
PBS and 3 µL of SYBRGreen I-propidium iodide solution (end concen-
tration: 1 × SYBR® Green I and propidium iodide 4 µM). After incuba-
tion, 30 µL Flow-Count™ Fluorospheres beads with known 
concentration and different fluorescent color (FL-5 detector) were added 
to allow for absolute cell quantification. Data was acquired with CXP 
software and analyzed with Kaluza Analysis software (Beckman 
Coulter). Forward, side scatter and fluorescence plots were manually 
inspected for all stained samples and unstained controls. Cell concen-
trations were determined by gating on the FL-1 versus FL-3 plots to 
count the events corresponding to the SYBR® Green (viable) and SYBR® 
Green+PI (dead) labelled cells and by counting the events correspond-
ing to the Flow-Count™ Fluorospheres counting beads. The collected 
cell concentrations were exported to Microsoft Excel and converted to 
cell count/mL, taking into account the sample dilution factor. 

2.4.5. Microbiota sample extractions 
Microbiota samples were thawn and directly processed by sequential 

liquid-liquid extractions with EtOAc and n-BuOH. Aliquots of 1 mL were 
extracted with 1 mL EtOAc and centrifuged (3000 rpm, 20 ◦C, 10 min). 
Then, the supernatant was collected and the residue further extracted 
with 1 mL EtOAc, followed by 1 mL n-BuOH. The extracts were com-
bined, evaporated to dryness using a rotary evaporator (Buchi, Flawil, 
Switzerland) and stored at − 80 ◦C until analysis by UHPLC-MS/MS. 

2.5. UHPLC-MS/MS analysis 

2.5.1. Instrumentation and chromatographic conditions 
Caco-2 and microbiota samples were analyzed by ultrahigh perfor-

mance liquid chromatography (UHPLC) coupled to electrospray ioni-
zation (ESI) tandem mass spectrometry (MS/MS) in multiple reaction 
monitoring (MRM) mode and with the use of an internal standard (IS). 

Valerenic acid, hypericin (both with IS digoxin) and citalopram 
(with IS citalopram-D4) were analyzed on an Acquity UPLC® system 
(consisting of a binary solvent manager, a sample manager and a column 
heater) coupled to TQD triple quadrupole mass spectrometer (all Waters 
Corp., Milford, CT, USA). MS parameters for MRM methods were first 
optimized using the Waters Intellistart software and subsequently 
further optimized manually. The MS parameters are presented in 
Table S2. Hyperforin (with IS warfarin), diazepam (with IS diazepam- 
D5), atenolol and propranolol (with IS verapamil), were analyzed on a 
1290 Infinity UHPLC system (consisting of a binary pump G4220A, an 
autosampler G4226A and a thermostated column compartment 
G1316C) coupled to a 6460 triple quadrupole mass spectrometer (all 
Agilent, Waldbronn, Germany). MS parameters (MRM transitions, cone 
voltage and collision energy) for MRM methods were optimized using 

the Agilent MassHunter program Optimizer (Table S3). 
UHPLC parameters of all study compounds, such as gradient, flow 

rate, run time, eluents, column, injection volume, column temperature 
and autosampler temperature are presented in Table S4. 

2.5.2. Sample preparation prior to UHPLC-MS/MS of Caco-2 samples 

2.5.2.1. Sample preparation of valerenic acid, hypericin, diazepam and 
citalopram. To 200 µL of analyte in a mixture of HBSS and MeCN (1:1) 
were added 100 µL of methanol (containing the IS), 200 µL of 6 % BSA 
in water, and 800 µL of ice cold MeCN. The samples were mixed for 
10 min at room temperature on an Eppendorf Thermomixer (1400 rpm) 
and finally centrifuged at 10 ◦C for 30 min at 3500 rpm (Centrifuge 
5810 R, Eppendorf, Hamburg, Germany). An aliquot of 700 µL super-
natant was collected and transferred into a 96-deepwell plate (96-DPW, 
Biotage, Uppsala, Sweden), and dried under nitrogen gas flow (Evaporex 
EVX-96, Apricot Designs, Covina, CA, USA). For valerenic acid and 
hypericin, samples were redissolved with 200 µL of a mixture of A 
(water with 0.1 % NH4OH, pH 10.7) and B (MeCN mixed with A at a 
ratio 9:1) at a ratio 1:1. For diazepam, samples were redissolved with 
200 µL of a mixture of water and MeCN (65:35), both containing 0.1 % 
of formic acid, or with 200 µL DMSO in case of citalopram. All samples 
were mixed for 30 min on an Eppendorf MixMate shaker prior to 
UHPLC-MS/MS analysis. 

2.5.2.2. Sample preparation of hyperforin. To 60 µL of analyte in a 
mixture of HBSS and 10 % BSA in water (1:1) were added 180 µL of ice 
cold methanol containing the IS. The samples were mixed for 10 min at 
room temperature on an Eppendorf Thermomixer (1400 rpm), and then 
centrifuged at 10 ◦C for 20 min at 3500 rpm (Centrifuge 5810R). An 
aliquot of 100 µL supernatant was collected and transferred into an 
HPLC vial. 

2.5.2.3. Sample preparation of atenolol and propranolol. To 200 µL of 
analyte in a mixture of HBSS and MeCN (1:1) were added 100 µL of 6 % 
BSA in water and 900 µL of ice cold MeCN (containing the IS). The 
samples were mixed for 10 min at room temperature on an Eppendorf 
Thermomixer (1400 rpm), and finally centrifuged at 10 ◦C for 30 min at 
3500 rpm (Centrifuge 5810R). An aliquot of 800 µL supernatant was 
collected (300 µL for propranolol), transferred into a 96-deepwell plate 
(96-DPW, Biotage) and dried under nitrogen gas flow (Evaporex EVX- 
96). Samples were redissolved with 100 µL (atenolol) or 200 µL (pro-
pranolol) of a mixture of water and MeCN (65:35), both containing 
0.1 % of formic acid, followed by 30 min of shaking on an Eppendorf 
MixMate. 

2.5.3. Sample preparation of microbiota samples 
Microbiota samples were extracted as described in Section 2.4.5. 

Microbiota dry samples obtained at T0h and T24h were reconstituted 
with DMSO (containing the corresponding internal standard) and ana-
lysed by UHPLC-MS/MS. Chromatographic and MS/MS conditions were 
as for Caco-2 sample analysis. 

2.5.4. UHPLC-MS/MS quantification methods and acceptance criteria 
UHPLC-MS/MS methods for absolute quantification of study com-

pounds in Caco-2 samples consisted in the injection of 2 sets of 7 cali-
brator samples validated with 2 sets of 3 quality control (QC) samples 
from the low, middle and high level of the calibration curve. Calibrators, 
QC and Caco-2 samples were processed with the same sample prepara-
tion protocol, and prepared fresh before UHPLC-MS/MS analysis. To be 
accepted, a bioanalytical run was required to have a coefficient of 
determination (R2) higher than 0.96, with at least 75 % of all calibrators 
valid. Additionally, for the lower limit of quantification (LLOQ) and 
upper limit of quantification (ULOQ), only one value could be excluded. 
Furthermore, between bioanalytical runs, the imprecision (CV%) had to 
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be lower than 15 % (20 % at the LLOQ), and the inaccuracy (RE%) had 
to be within ± 15 % (± 20 % at the LLOQ). The above mentioned 
criteria were in accord with requirements of the US Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) for 
bioanalytical methods [23,24]. Calibration range was from 2 to 
1000 ng/mL for valerenic acid, and from 2.5 to 250 ng/mL for hyper-
forin. Hypericin, diazepam and citalopram were analysed over the range 
10–1000 ng/mL. The calibration range for propranolol and atenolol was 
from 10 to 2000 ng/mL. For very low concentrated samples of atenolol, 
an additional UHPLC-MS/MS method was developed in a lower range of 
0.05–10 ng/mL. Calibration curves are provided as Figs. S9–S16, and 
curve parameters, calibrator and QC samples in Tables S5–S20. Addi-
tionally, carry-over values were determined to not exceed 20 % for the 
analyte, and 5 % for the internal standard (Table S21). 

2.6. Data acquisition and statistical analysis 

UHPLC-MS/MS data were acquired and processed using Agilent 
MassHunter version 10.0, or Waters MassLynx V4.1 software. Statistical 
analysis was performed and graphs drawn with GraphPad Prism 9.3.1. 

3. Results and discussion 

3.1. Permeability studies 

In Caco-2 cell monolayer systems, atenolol and propranolol are 
widely used as representative markers of low-to-moderately and highly 
permeable compounds, whereby PappAB values < 3.5 (× 10− 6 cm/s) 
indicate low-to-moderately permeable, and values > 3.5 (× 10− 6 cm/s) 
highly permeable compounds [25]. In the present study, atenolol mean 
PappAB was 0.11 × 10− 6 cm/s, and mean PappBA was 0.14 × 10− 6 cm/s, 
with a corresponding ER < 2 (Table 1). Propranolol mean PappAB was 
53.4 × 10− 6 cm/s, and mean PappBA was 121 × 10− 6 cm/s, with a 
corresponding ER of 2.3 (Table 1). Thus, calculated Papp and ER values 
of the two compounds were in accordance with previously published 
data [26,27] and confirmed the validity of the experimental setup. 

Diazepam and citalopram are frequently prescribed anxiolytic and 
antidepressant drugs and were included in our study as synthetic 
reference drugs. Diazepam showed a mean PappAB of 180 × 10− 6 cm/s 
(Table 1) and thus was classified as a highly permeable compound. The 
PappBA was 168 × 10− 6 cm/s and the calculated ER was 0.9 (< 2). This 
suggests that diazepam was undergoing a passive transport across the 
Caco-2 monolayer (Table 1). Our findings were in accord with previ-
ously published data [28]. The mean PappAB of citalopram was 
47.8 × 10− 6 cm/s (Table 1), the mean PappBA 133 × 10− 6 cm/s, and the 
ER was 2.8 (Table 1). In AB direction, the ReAB was 37.8 %, and ReABC 
was 56.9 % (Table 1). In BA direction, the ReAB was 33.5 %, and ReABC 
was 41.7 % (Table 1). The calculated ER of 2.8 suggested a possible 
efflux transport [15]. In a previous study [7], an ER of 0.7 was deter-
mined for citalopram, suggesting a passive transport. However, these 

experiments were conducted with transport buffers at pH 7.4 in both 
chambers. In contrast, we used buffers with pH 6.5 in the apical chamber 
and with pH 7.4 in the basolateral compartment to mimic the physio-
logical pH in the small intestine and the circulation. Calculated physi-
cochemical properties of citalopram (Table S22) indicated that at pH 6.5 
a higher fraction of citalopram would be found in charged form, which 
in turn would decrease its permeability [27]. An efflux of citalopram at 
the intestinal epithelium may be involved, given that in vitro and in vivo 
studies in mice have shown that citalopram was a P-glycoprotein (P-gp) 
substrate at the blood-brain-barrier [29]. Transport studies in Caco-2 
cells with carrier-protein inhibitors will be needed to clarify this point. 
The low recoveries of 56.9 % and 41.7 % (Table 1) suggested that cit-
alopram may be metabolized. Caco-2 cells express low levels of phase I 
metabolizing enzymes, while phase II enzymes such as 
UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs) and 
glutathione S-transferases (GSTs) are highly expressed [30]. Hepatic 
phase II metabolism of citalopram has not been reported, but glucuro-
nide conjugates have been detected in human urine samples, thereby 
supporting a possible extrahepatic glucuronidation of the drug [31]. 
Additional experiments will be required to understand a possible 
metabolism of citalopram at the intestinal level. 

The mean PappAB for valerenic acid was 199 × 10− 6 cm/s, the mean 
PappBA was 60.4 × 10− 6 cm/s, and the calculated ER was 0.3 (Table 1). 
ReAB and ReABC were 34.1 % and 42.7 % in AB direction, and 63.2 % and 
69.2 % in BA direction, respectively (Table 1). The PappAB value of 
199 × 10− 6 cm/s classified valerenic acid as a highly permeable com-
pound. This was in accordance with previously published pharmacoki-
netic data in rats and in volunteers [32]. The ER value of 0.3 suggested 
that an active transport could be involved in the transfer (Table 1) [15]. 
In isolated perfused rat livers, the biliary excretion of valerenic acid is 
mediated by the multidrug resistance-associated protein (MRP) 2, a 
transporter expressed in the canalicular membrane of hepatocytes [33]. 
In Caco-2 cells, MRP2 (located apically) is among the most highly 
expressed ATP-binding cassette transporters [30]. An active uptake 
process of valerenic acid needs to be corroborated by experiments uti-
lizing specific carrier-protein inhibitors. The calculated recovery sug-
gests a possible metabolization of valerenic acid in Caco-2 cells. This is 
supported by data from isolated perfused rat livers, where several glu-
curonides of valerenic acid, hydroxyvalerenic acid, and dehydro 
hydroxvalerenic acid were found [33], and similar findings with pooled 
human liver microsomes (Manuscript in preparation). 

The mean PappAB of hyperforin was 4.76 × 10− 6 cm/s, the mean 
PappBA 6.38 × 10− 6 cm/s, and the calculated ER was 1.3 (Table 1). In AB 
and BA directions, hyperforin ReAB was 52.5 % and 79.0 %, respec-
tively. In both direction, no hyperforin was found in the cell fraction 
(values below LOQ). The PappAB indicated that hyperforin was highly 
permeable (Table 1). This finding was in accordance with published 
pharmacokinetic data obtained in volunteers treated with St. John’s 
wort extract [34]. The ER value suggested a passive transport of 
hyperforin (Table 1). The low recovery at first pointed at a possible 

Table 1 
Permeability data from Caco-2 transwell experiments. Data are presented as mean ± S.D. (n = 3).   

AB direction BA direction  

Compounds PappAB 
(× 10− 6 cm/s) 

ReAB
a (%) ReABC

b (%) PappBA 
(× 10− 6 cm/s) 

ReAB
a (%) ReABC

b (%) ERc 

Valerenic acid 199 ± 27 34.1 ± 13.1 42.7 60.4 ± 2.0 63.2 ± 8.3 69.2  0.3 
Hyperforin 4.76 ± 0.21 52.5 ± 17.3 52.5 6.38 ± 0.18 79.0 ± 13.0 79.0  1.3 
Hypericin 0.48 ± 0.05 78.1 ± 5.4 83.4 0.39 ± 0.03 118 ± 3 120  1.2 
Diazepam 180 ± 5 121 ± 3 126 168 ± 12 46.3 ± 30.9 51.5  0.9 
Citalopram 47.8 ± 3.3 37.8 ± 4.4 56.9 133 ± 3 33.5 ± 17.4 41.7  2.8 
Atenolol 0.11 ± 0.03 88.7 ± 6.3 92.8 0.14 ± 0.02 118 ± 22 118  1.3 
Propranolol 53.4 ± 5.3 39.5 ± 1.1 58.1 121 ± 4 61.8 ± 5.2 69.8  2.3  

a Recovery considering apical and basolateral compartements. 
b Recovery considering apical and basolateral compartements, and cell fraction. 
c Efflux ratio. 
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metabolization of hyperforin in Caco-2 cells. However, control experi-
ments in both AB and BA directions with cell-free inserts indicated a low 
passage of the compound (Fig. S17). Indeed, the high lipophilicity of 
hyperforin (clogDpH6.5 and clogDpH7.4 of 8.2 and 7.4, respectively, 
Table S22) renders the compound prone to non-specific adsorption on 
the polymer surface of the inserts. A possible metabolism of hyperforin 
in Caco-2 cells requires further studies. 

The mean PappAB of hypericin was 0.48 × 10− 6 cm/s, the mean 
PappBA was 0.39 × 10− 6 cm/s (Table 1), and the calculated ER was of 
0.8. ReAB values in AB direction and BA direction were of 78.1 %, and of 
118 %, respectively (Table 1). ReABC values in AB direction and BA di-
rection were of 83.4 %, and of 120 %, respectively (Table 1). The PappAB 
classified hypericin as a low-to-moderately permeable compound. The 
ER value suggested that hypericin underwent a passive transport. This 
was in accordance with previously published permeability studies with 
Caco-2 monolayers [6,8]. Various studies in healthy volunteers ingest-
ing St. John’s wort extract reported a slow increase and decrease of the 
hypericin plasma concentrations, and long mean lag-time [34]. 
Together with our data, this suggests that only a portion of hypericin is 
absorbed in the small intestine upon oral administration of St. John’s 
wort extract. The remainder could reach the colon where interactions 
with the gut microbiota may occur. 

The results of permeability studies with the Caco-2 model should be 
interpreted in the context of the following limitations. When recovery 
values (ReAB) are below 80 %, the calculated Papp values are thought to 
be slightly underestimated and should, therefore, be considered only as 
a qualitative readout [15]. This was the case with propranolol, cit-
alopram, valerenic acid and hyperforin. In transwell experiments with 
lipophilic compounds, BSA is used in the transport media to increase 
solubility and limit non-specific adsorption to surfaces [15]. Hyperforin 
and hypericin are known to strongly bind to plasma proteins [35,36]. In 

preliminary experiments with cell-free inserts, an acceptable equilib-
rium between apical and basolateral compartments was reached with 
the two compounds only in the presence of 10 % BSA (Fig. S17). While 
such high BSA concentrations allow for higher recovery on the one side, 
they lead to an underestimation of Papp values on the other [15]. 

3.2. Stability of compounds during in vitro gut microbiota fermentation 

Valerenic acid, hyperforin, hypericin, diazepam and citalopram were 
incubated with fresh and metabolically active artificial human colon 
microbiota from the PolyFermS model supplemented with 30 % nutri-
tive medium to assess the microbial biotransformation capacity under 
conditions of limited growth. The two studied microbiota originated 
from two different healthy adult female fecal donors. The compounds 
were stable in abiotic incubation (microbe-free PolyFermS effluent with 
30% nutritive medium buffered at pH 6.5) over 24 h (Fig. 2). No marked 
differences were found between abiotic and microbiota incubations, 
suggesting that no microbiota-mediated transformation of the com-
pounds occurred. 

Upon ingestion, drugs transit through the gastrointestinal tract and 
are absorbed in the small intestine. The permeability experiments in the 
Caco-2 model suggested that hyperforin, diazepam and citalopram are 
well absorbed in the small intestine. Assuming that a very limited 
fraction could still bypass the intestinal absorption, our results suggest 
that no biotransformation mediated by the microbiota is to be expected. 
Hypericin was classified as being low-to-moderately permeable and, 
hence, could potentially be found at relevant concentrations in the 
human colon. Our results indicate that no biotransformation of hyper-
icin is to be expected in the colon. Valerenic acid, in contrast, was highly 
permeable in the Caco-2 model. However, in vivo data in rats suggest 
that valerenic acid undergoes enterohepatic circulation. 

Fig. 2. Stability of compounds after 24 h incubation in inactivated PolyFermS microbiota, and in viable PolyFermS microbiota of donors 1 and 2 supplemented with 
30 % nutritive medium. All incubations contained 20 µL DMSO. Mean concentration values (n = 2) are normalized to 100 %. The two replicate values are presented 
in Table S23. 
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Glucuronidation and biliary excretion of the compound has been re-
ported [33], and the pharmacokinetic profile corresponded to that 
typically observed in enterohepatic recycling [32]. Whether enter-
ohepatic circulation also occurs in humans deserves further 
investigations. 

3.3. Impact of compounds or plant extracts exposure on microbiota 
activity and viability 

Upon fermentation of undigested polysaccharides, healthy micro-
biota produce SCFA, with acetate, propionate and butyrate as main 
compounds [18,37]. The fermentation metabolic capacity of the tested 
microbiota during incubation was confirmed by the comparable SCFA 

Fig. 3. (A) Fermentation metabolite concentrations after 24 h incubation of PolyFermS microbiota of donors 1 and 2, respectively. Incubations were supplemented 
with 30 % nutritive medium and DMSO, with or without test compounds or herbal extracts. Two independent experiments (batch I and batch II) were performed for 
each microbiota. Averages ± stdev (n = 3). (B) Delta of fermentation metabolite concentration in compound versus DMSO control fermentation after 24 h. Averages 
± stdev (n = 3). Asterisks indicate significant differences in average metabolite concentration between compound fermentation and respective DMSO control 
analyzed by one-way ANOVA. 
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production in control samples with and without DMSO (Fig. S18). 
Microbiota of donor 1 was characterized as butyrogenic (producing 
more butyrate) while microbiota of donor 2 was characterized as pro-
piogenic (producing more propionate). They represented therefore two 
distinct but prevalent human adult colon microbiota types (Fig. 3). In 
both microbiota, neither compounds nor herbal extracts significantly 
impacted the total SCFA levels (Fig. 3A). Acetate, propionate and 
butyrate were the most abundant SCFA, with higher levels of butyrate 
for the microbiota from donor 1, and higher levels of propionate for the 
microbiota from donor 2 (Fig. 3A). In the microbiota from donor 1, 
succinate production markedly increased in presence of valerenic acid 
when compared to the control incubation (Fig. 3B). In the microbiota 
from donor 2, acetate production slightly increased in presence of 
hyperforin, hypericin and diazepam when compared to the control in-
cubation (Fig. 3B). However, the average increase in acetate concen-
tration with hyperforin, hypericin and diazepam (3.8, 3.0 and 3.2 mM) 
was low compared to the average acetate concentration (81, 80.1 and 
80.4 mM). Amounts of isobutyrate slightly decreased (− 0.34 mM) in 
the presence of hyperforin (Fig. 3B). Hence the exposure of compounds 
or extracts had an overall minimal impact on SCFA production in both 
microbiota. 

To assess the impact of compounds and extracts on bacterial viability 
during exposure, the total concentration of viable and dead bacteria in 
the microbiota were quantified after 24 h of incubation with live/dead 
flow cytometry. Compared to the respective controls, no antimicrobial 
effect was observed in both PolyFermS microbiota for valerian and St. 
John’s wort extracts, and for valerenic acid, hyperforin, hypericin, 
diazepam and citalopram (Fig. 4). For a few compounds and extracts 
(hyperforin, hypericin, citalopram in the microbiota 1, and valerian 
extract, valerenic acid, and hyperforin in the microbiota 2) there was an 
increased level of bacteria compared to the control, which may indicate 
that they promoted growth. 

Our findings suggest that exposure of valerenic acid, hyperforin, 
hypericin, diazepam, citalopram, and valerian and St. John’s wort ex-
tracts does not affect the balance of microbial SCFAs metabolism and has 
minimal impact on bacterial viability at the tested concentrations 
(30 µg/mL for compounds, and 500 µg/mL for herbal extracts). One 
cannot, however, exclude that higher concentrations in the batch 
fermentation assays would affect viability and SCFA production. Batch 
experiments mimic a single intake and are suited for assessing the 
biotransformation capacity, but not the effects of long-term exposure for 
which continuous fermentation experiments are required. Considering 
the maximum recommended daily oral intake of valerian or St. John’s 
wort extracts (1800 mg and 1000 mg, respectively) [2,38], the 

concentration of test compounds in commercial valerian and St. John’s 
wort extracts [39,40], an average volume of 200 mL of the proximal 
colon [41], assuming stability of compounds and lacking absorption in 
the upper compartments of the gastrointestinal tract, and a colonic 
retention time of 8 h [18,42] resulting in 600 mL proximal colon sus-
pension per day, the calculated concentrations of valerenic acid, 
hyperforin and hypericin in the colon would be in the range of 0.03–21, 
0.3–27, and 1.3–3.5 µg/mL, respectively. Based on daily prescribed 
doses [4,5], calculated colonic concentrations of diazepam and cit-
alopram would be in the range of 3.3–17 and 17–67 µg/mL, respec-
tively. Thus, the test concentrations used in our study were within 
theoretical colonic concentrations assuming homogenous dispersion of 
the ingested compound in the proximal colon, except for citalopram 
where they were up to 2.2-fold lower. However, citalopram is well 
absorbed in the small intestine and thus does not reach the colon. As for 
the valerian and St. John’s wort extracts, intake of the maximum rec-
ommended daily dose would lead to colonic concentrations of 3 or 
1.7 mg/mL, respectively, assuming that no absorption occurs in the 
small intestine. This would correspond to concentrations that are 
3–6-fold higher than those used in our microbiota fermentations. 

4. Conclusions 

The intestinal permeability of valerenic acid, hyperforin, hypericin, 
diazepam and citalopram was evaluated with the Caco-2 cell model. 
Calculated Papp values showed that valerenic acid, hyperforin, diazepam 
and citalopram were highly permeable, while hypericin was in the range 
of low-to-moderately permeable compounds. Calculated efflux ratios 
indicated a passive transport of hyperforin, hypericin and diazepam. In 
contrast, valerenic acid and citalopram were likely transported via a 
carrier-mediated process, and also possibly metabolized. Inhibition 
studies need to be conducted with relevant transporters to investigate 
whether the observed fluxes are pH dependent or due to carrier- 
mediated transport. Additionally, identification of potential metabo-
lites is needed. 

Biotransformation of valerenic acid, hyperforin, hypericin, diazepam 
and citalopram was assessed with PolyFermS microbiota from two 
different healthy female fecal donors. Herbal and synthetic compounds 
were stable, suggesting that there is probably no biotransformation 
taking place in the human colon. 

Using the same model, the impact of compounds, and valerian and 
St. John’s wort extracts on microbial SCFAs production and bacterial 
viability was investigated. Compounds and extracts neither significantly 
modulated SCFA production of microbiota nor impaired bacterial 

Fig. 4. Concentration of viable (green) and dead (red) bacteria after 24 h incubation in PolyfermS microbiota of donors 1 or 2. Microbiota were supplemented with 
30 % nutritive medium and DMSO, with or without single compounds or herbal extracts. Two independent experiments (batch I and batch II) were performed for 
each microbiota. Averages on log10 ± stdev (n = 3). Asterisks indicate significant differences in average log10 bacterial concentration between compound 
fermentation and respective DMSO control fermentation analyzed by one-way ANOVA. 
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viability. They may thus not exert an indirect effect, at least in short- 
term exposure, on the central nervous system by modulating bacterial 
signaling via the gut-brain axis. However, considering the important 
interindividual variability of gut microbiota, studies with a larger 
number of individual PolyFermS microbiota, continuous fermentations, 
and/or validation in human studies are warranted. 
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California poppy products are commonly used for the treatment of nervousness, anxiety and sleeping 
disorders. Pharmacologically relevant constituents include the main alkaloids californidine, escholtzine 
and protopine. However, only limited information is available about the alkaloid content in commercial 
preparations and their intestinal absorption. Moreover, a possible metabolization of these alkaloids by 
the gut microbiota, and their impact on microbial activity and viability have not been investigated. 
Californidine, escholtzine and protopine were quantified by UHPLC-MS/MS in eight commercial 
California poppy products. The intestinal permeability of alkaloids was studied in Caco-2 cell as a model 
for absorption in the small intestine. The gut microbial biotransformation was explored in artificial gut 
microbiota from the in vitro PolyFermS model. In addition, the impact of these alkaloids and a California 
poppy extract on the microbial production of short-chain fatty acids (SCFAs) and the viability of 
microbiota was investigated. Contents of californidine, escholtzine and protopine in California poppy 
products were in the ranges of 0.13 – 2.55, 0.05 – 0.63 and 0.008 – 0.200 mg/g, respectively. In the 
Caco-2 cell model, californidine was low-to-moderately permeable while escholtzine and protopine 
were highly permeable. An active transport process was potentially involved in the transfer of the three 
alkaloids. The three compounds were not metabolized by the artificial gut microbiota over 24 h. Neither 
the California poppy extract nor the alkaloids markedly impacted microbial SCFA production and 
bacterial viability. 
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A B S T R A C T   

California poppy products are commonly used for the treatment of nervousness, anxiety and sleeping disorders. 
Pharmacologically relevant constituents include the main alkaloids californidine, escholtzine and protopine. 
However, only limited information is available about the alkaloid content in commercial preparations and their 
intestinal absorption. Moreover, a possible metabolization of these alkaloids by the gut microbiota, and their 
impact on microbial activity and viability have not been investigated. Californidine, escholtzine and protopine 
were quantified by UHPLC-MS/MS in eight commercial California poppy products. The intestinal permeability of 
alkaloids was studied in Caco-2 cell as a model for absorption in the small intestine. The gut microbial 
biotransformation was explored in artificial gut microbiota from the in vitro PolyFermS model. In addition, the 
impact of these alkaloids and a California poppy extract on the microbial production of short-chain fatty acids 
(SCFAs) and the viability of microbiota was investigated. Contents of californidine, escholtzine and protopine in 
California poppy products were in the ranges of 0.13–2.55, 0.05–0.63 and 0.008–0.200 mg/g, respectively. In the 
Caco-2 cell model, californidine was low-to-moderately permeable while escholtzine and protopine were highly 
permeable. An active transport process was potentially involved in the transfer of the three alkaloids. The three 
compounds were not metabolized by the artificial gut microbiota over 24 h. Neither the California poppy extract 
nor the alkaloids markedly impacted microbial SCFA production and bacterial viability.   

1. Introduction 

Phytomedicines containing California poppy (Eschscholzia cal-
ifornica, Cham., Papaveraceae) are widely used for the treatment of 
nervousness, anxiety and sleeping disorders [1]. Reported pharmaco-
logical activities include modulation of γ-aminobutyric acid (GABA) 
receptor activity [2], serotonin receptor binding [3], and modulation of 
catecholamine metabolism [1,4]. The sedative, anxiolytic and analgesic 
effects of California poppy are associated, at least in part, with the al-
kaloids present in the plant. These include californidine, escholtzine and 
protopine (Fig. 1), with californidine as the most abundant, followed by 
escholtzine [1]. Previous studies have shown that these compounds 
could be involved in herb-drug interactions. Escholtzine was reported to 
increase CYP3A4 and CYP1A2 expression in HepG2 cells via activation 
of the pregnane X receptor (PXR), while californidine, escholtzine and 
protopine were found to inhibit the activity of certain cytochrome P450 

enzymes (CYPs) using human liver microsomes and P-glycoprotein 
(P-gp) in MDCK-II cells [5]. 

The gut microbiota is highly diverse and ensures key functions in 
human health by regulating host immunity, modulating the intestinal 
barrier, protecting against pathogenic microbials, or providing energy to 
the host by metabolizing undigested food such as dietary fibers [6]. 
Dietary fibers and plant-based polysaccharides are precursors of 
short-chain fatty acids (SCFAs) [7], which serve as an energy source for 
intestinal cells, as signaling molecules, modulators of lipid metabolism, 
and as regulators of the intestinal immunity [8]. Besides these essential 
functions for human health, the gut microbiota has significant metabolic 
activity [9]. There is a growing number of studies identifying microbial 
biotransformation of ingested compounds (xenobiotics) by human fecal 
microbiota, or by single bacteria and synthetic bacterial consortia 
[10–13]. As a relevant in vitro system to study the metabolic activity and 
viability of gut microbiota, the artificial gut fermentation model 
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Polyfermentor Intestinal Model (PolyFermS) enables reproducible and 
stable cultivation of colon bacterial communities derived from a single 
human fecal donor [14]. The model has been previously used to study 
the gut microbiota interactions with constituents from St. John’s wort 
and valerian [15]. 

Information on the alkaloidal content in commercial products of 
California poppy remains limited. Furthermore, the intestinal absorp-
tion and a possible metabolization by the gut microbiota of these alka-
loids have not been investigated up to now. The impact of these 
alkaloids and of a California poppy extract on the viability and meta-
bolic activity of gut microbiota has also not been explored. In this study, 
californidine, escholtzine and protopine were quantified in eight Cali-
fornia poppy products sold as phytomedicines or food supplements. The 
bidirectional transport of californidine, escholtzine and protopine in the 
Caco-2 cell model, and their stability in artificial gut microbiota from the 
in vitro PolyFermS model were investigated. In addition, the impact of 
these alkaloids and of a California poppy extract on bacterial viability 
and microbial SCFAs production was studied. 

2. Materials and methods 

2.1. Cell lines, chemicals and biochemicals 

The Caco-2 cell line was kindly provided by Prof. Per Artursson, 
Uppsala University, Sweden. Dulbecco’s Modified Eagle’s Medium 
(DMEM, with high glucose, L-glutamine, phenol red, without sodium 
pyruvate), Dulbecco’s phosphate-buffered saline (DPBS, without cal-
cium/magnesium, without phenol red), fetal bovine serum (FBS), MEM 
non-essential amino acids solution (NEAA, without L-glutamine), 
penicillin-streptomicin (PEST, 10,000 U/mL), and trypsin (2.5%, 
without phenol red) were purchased from Gibco (Paisley, UK). Hank’s 
balanced salt solution (HBSS, without phenol red), 4-(2-hydroxyethyl) 
piperazine-1-ethanesulfonic acid (HEPES), 4-morpholineethanesulfonic 
acid monohydrate (MES), sodium bicarbonate (NaHCO3), bovine serum 
albumin (BSA), dimethyl sulfoxide (DMSO), cellobiose, soluble potato 
starch, amicase, meat extract, mucin from porcine stomach type II, 
arabinogalactan from larch wood, Tween 80, hemin, NaHCO3, KCl, 
MgSO4, CaCl2. 2H2O, MnCl2, FeSO4

. 7H2O, ZnSO4
. 7H2O, 4-aminobenzoic 

acid (PABA), nicotinic acid, biotine, folic acid, cyanocobalamin, thia-
mine, riboflavin, phylloquinone, menadione, and pantothenate were 
purchased from Sigma-Aldrich (Saint-Louis, MO, USA). Xylan from oat 
spelts, and bacto tryptone were from Chemie Brunschwig (Basel, 
Switzerland). Inulin was provided by Cosucra (Warcoin, Belgium), and 
yeast extract by Lesaffre (Marcq-en-Barœul, France). Bile salts were 
purchased from Thermo Fischer Diagnostics (Pratteln, Switzerland). 
KH2PO4, NaCl, pyridoxine-HCl (Vit. B6), folic acid and menadione were 
obtained from VWR International (Dietikon, Switzerland). Ethyl-
enediaminetetraacetic acid (EDTA, 0.2% in PBS, without calcium/ 
magnesium) was purchased from MP biomedicals (Santa Ana, CA, USA). 
Culture flasks (75 cm2), bottle top filters (pore size 0.22 µm), and 12- 
well Costar® plates, 12-well Transwell® plates (with 0.4 µm pore pol-
ycarbonate membrane inserts) were purchased from Corning Inc. 
(Corning, NY, USA). Sodium fluorescein salt, atenolol, propranolol HCl, 
verapamil HCl were purchased from Sigma-Aldrich (Saint-Louis, MO, 
USA). Californidine perchlorate (CAS n◦ 17939–31–0) was obtained 

from Phytolab (Vestenbergsgreuth, Germany), and protopine (CAS n◦

130–86–9) from Extrasynthese (Genay, France). Escholtzine (CAS n◦

4040–75–9) was isolated from E. californica aerial parts (See Supple-
mentary Material). 

Acetonitrile (MeCN) and acetone were from Supelco (Bellefonte, PA, 
USA). Methanol (MeOH), isopropanol (i-PrOH) and ethanol (EtOH) 
were obtained from Macron Fine Chemicals (Radnor, PA, USA). n- 
Butanol (BuOH) and ethyl acetate (EtOAc) were purchased from 
Scharlau (Sentmenat, Spain). All solvents were of UHPLC grade. HPLC 
grade water was obtained from a Milli-Q integral water purification 
system (Millipore Merck, Darmstadt, Germany). Materials for flow 
cytometry were purchased from Beckman Coulter International (Nyon, 
Switzerland), except for stains SYBR Green I and propidium iodide 
which were from Life Technologies Europe (Zug, Switzerland). 

2.2. Plant material and extraction 

California poppy commercial preparations included different galenic 
forms. Three preparations were capsules or tablets containing dry 
flowering parts of the plant: Arkogélules® Escholtzia (Arkopharma, 
Carros, France), Herbes & Plantes Escholtzia Bio (Herbes et Plantes, 
Magescq, France), and Nature & Plantes Escholtzia (Planète au naturel, 
Magescq, France). Three preparations were fluid extracts of flowering 
aerial parts: Sommeil Pavot jaune de Californie Bio (Weleda, Arlesheim, 
Switzerland), Sommeil Pavot jaune de Californie (Boiron, Messimy, 
France), and Escolzia (Naturalma, Bologna, Italy). Phytostandard 
Eschscholtzia Valériane consisted of tablets containing extracts of 
valerian roots and California poppy flowering aerial parts (PiLeJe lab-
oratoire, Paris, France). Elusanes Eschscholtzia were capsules contain-
ing an extract of flowering aerial parts (Pierre Fabre, Castres, France). 
Manufacturer’s information on the composition of all preparations is 
provided in Table S1. Capsules or tablets of flowering parts were 
extracted with 100% MeOH utilizing pressurized liquid extraction (PLE) 
with a Dionex ASE 200 instrument (Sunnyvale, CA, USA). Three cycles 
of extraction of 5 min each at a temperature of 70 ◦C and a pressure of 
120 bar were applied. The extracts were evaporated under reduced 
pressure and lyophilized. 

The plant material used for the batch fermentation experiments and 
for the isolation of escholtzine was of Ph. Eur. grade and was purchased 
from Galke (Bad Grund, Germany). A voucher specimen (No 1234) has 
been deposited at the Division of Pharmaceutical Biology, University of 
Basel. The material was extracted by PLE with 70% EtOH. Three 
extraction cycles of 5 min were performed at a temperature of 70 ◦C and 
a pressure of 120 bar. The herbal extract has been previously charac-
terized [16]. 

2.3. Caco-2 cell model and permeability experiments 

2.3.1. Cell culture and permeability experiments 
Cell culture and assay conditions were as previously published [15]. 

Briefly, cells were grown in 75 cm2 culture flasks using DMEM (sup-
plemented with 10% FBS, 1% NEAA, 1% PEST) in a humidified atmo-
sphere (95%) with 10% CO2, at a temperature of 37 ◦C. When 
confluence of 90–95% was reached, cells were subcultured by dissoci-
ation with trypsination solution (0.25% trypsin, 0.2% EDTA). To 

Fig. 1. Chemical structures of californidine (1), escholtzine (2) and protopine (3).  
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prepare monolayers for permeability experiments, cells were seeded at a 
density of 4.5 × 105 cells/cm2 and cultivated on Transwell® inserts for 
22–28 days. The medium was changed three times a week. The seeding 
on inserts was performed with cells corresponding to passage number 
94–108. 

Permeability across Caco-2 monolayers was studied in both di-
rections, from apical to basolateral (AB), and from basolateral to apical 
(BA) at a final concentration of 10 µM of test compounds in the donor 
chamber and with 1% DMSO as co-solvent, over 60 min with 15 min 
sampling time intervals. Sampling volume was 0.6 mL or 0.2 mL from 
the basolateral chamber or apical chamber, respectively, and the sam-
pling volume was replaced by fresh transport buffer. To simulate 
physiological conditions found in the human small intestine, transport 
buffers were adjusted to pH 6.5 in the apical chamber (10 mM MES, 
4.2 mM NaHCO3 in HBSS), and to pH 7.4 in the basolateral chamber 
(25 mM HEPES, 4.2 mM NaHCO3 in HBSS). Permeability experiments 
were performed in triplicate. Collected samples were precipitated with 
MeCN and stored at − 80 ◦C until UHPLC-MS/MS analysis. Cumulative 
fraction curves for each experiment of all compounds are shown in 
Figs. S1–S5. 

2.3.2. Cell lysis 
Following permeability experiments, cell monolayers were washed 

quickly with HBSS/HEPES buffer at pH 7.4 and lysed with MeCN for 
30 min. Cell lysis experiments were performed in duplicate. Samples 
were stored at − 80 ◦C until UHPLC-MS/MS analysis. 

2.3.3. Control of Caco-2 cell monolayer integrity 
Monolayer integrity was controlled using transepithelial electrical 

resistance (TEER) and the paracellular leakage marker fluorescein as 
described before [15]. Only monolayers with TEER values above 
200 Ω cm2 were used (Table S2) and a passage below 1% of fluorescein 
per hour was used as an indicator of monolayer integrity (Table S2) 
[17]. As an additional control, atenolol and propranolol were included 
as references for low-to-moderately and highly permeable drugs, 
respectively. 

2.3.4. Experiments on cell-free inserts 
Control experiments with cell-free inserts were performed to assess 

the passage of the compounds in absence of cells. As for the permeability 
experiments, study compounds were added to the donor chamber and 
incubated for 1 h at 37 ◦C under shaking (450 rpm). At the end of the 
experiment, aliquots were taken from donor and receiver chambers, and 
stored at − 80 ◦C until analysis by UHPLC-MS/MS. 

2.3.5. Determination of apparent permeability coefficients, efflux ratio and 
recoveries 

Apparent permeability coefficients (Papp), efflux ratio and recovery 
values (recovery considering A and B chambers (ReAB), and recovery 
considering A, B and the cell fraction (ReABC)) were calculated as pre-
viously reported [15]. Equations are given in the supplementary 
material. 

2.4. In vitro gut microbiota experiments 

2.4.1. Anaerobic batch fermentation experiments with artificial gut 
microbiota and California poppy extracts or compounds 

To assess the gut microbial biotransformation capacity, anaerobic 
batch fermentations with artificial gut microbiota and California poppy 
extract and compounds were performed using the same setup as previ-
ously reported for valerian and St. John’s wort compounds [15]. 

The two artificial human gut microbiota used in this study were 
derived from independent stable PolyFermS bioreactors that were both 
inoculated with immobilized fecal microbiota from two healthy female 
individuals (age 25–35) and operated as previously described [15]. The 
PolyFermS system is designed and operated to mimic the proximal colon 

conditions and allows to continuously cultivate the proximal colon 
microbiota akin to donor profile [18,19]. For each anaerobic batch 
experiment the artificial human colon microbiota from a single stabi-
lized PolyFermS bioreactor were completely harvested under anaerobic 
conditions (10% CO2, 5% H2 and 85% N2) in an anaerobic tent (Coy 
Laboratories, MA, USA). 

PolyFermS microbiota were incubated with herbal compounds to 
monitor the colon microbial biotransformation potential and impact on 
fermentation metabolites and bacterial viability as described before 
[15]. In short, fresh and metabolically highly active PolyFermS colon 
microbiota effluent was supplemented with nutritive medium (Mac-
Farlane medium) at a ratio of 7:3, and adjusted to pH 6.5. The high 
microbiota to medium ratio was chosen to enable the evaluation of the 
microbial biotransformation of the compounds and impact of the com-
pounds on microbial viability under limited growth conditions. Cali-
fornia poppy extract and compounds (californidine, escholtzine, 
protopine) were dissolved in DMSO and added to 10 mL microbiota 
mixture, at a final concentration of 500 µg/mL or 30 µg/mL, respec-
tively. The final DMSO content was set to 0.2% (v/v) for single com-
pounds and to 0.5% (v/v) for the plant extract, based on previous 
experiments showing low impact on SCFA production at these concen-
trations [15]. Microbiota-nutrient-compound mixtures were prepared 
under anaerobic conditions and filled into sterile serum flasks that were 
closed with sterile butyl rubber septa. Incubations were performed in the 
dark, at 37 ◦C, and shaking (100 rpm) for 24 h, and under strict anaer-
obic conditions. 1 mL sample was withdrawn before (T0h) and after 
24 h (T24h) of incubation and stored at − 80 ◦C until extraction and 
UHPLC-MS/MS analysis. For each experiment, DMSO controls with 0%, 
0.2% and 0.5% DMSO (v/v) and 0.001% sodium perchlorate (w/v) were 
included. A 1 mL sample of microbial content was collected at the end of 
the experiment for SCFAs and bacterial cell quantification. All incuba-
tion experiments were performed in triplicate with the two artificial 
microbiota. Additionally, study compounds were incubated under same 
conditions with microbial-free (sterilization through 0.20 µm filter) in-
cubation mixture to assess degradation in abiotic conditions. 

2.4.2. Fermentation metabolite quantification 
To evaluate the impact of California poppy compounds or extract 

exposure on microbial metabolism, the fermentation metabolites ace-
tate, propionate, butyrate, succinate, valerate, isovalerate and iso-
butyrate were quantified in collected fermentation samples as described 
before [15]. In short, supernatant of 1 mL fermentation samples (13′000 
cfm for 10 min at 4 ◦C) was filtered (0.2 µm nylon filter) and analyzed 
by HPLC (LaChrom, Merck-Hitachi, Germany, or Accela, Thermo Fisher 
Scientific, Reinach, Switzerland) equipped with a Security Guard Car-
tridge Carbo-H (4 ×3.0 mm) and a Rezex ROA-Organic Acid H+

(300 ×7.8 mm) column (Phenomenex, Basel, Switzerland) and a 
refractive index detector (Thermo Fisher Scientific). The injection vol-
ume was 20 µL (Accela HPLC) or 40 µL (LaChrom HPLC). The mobile 
phase used was 10 mM H2SO4 at a flow rate of 0.4 mL/min at 40 ◦C for 
60 min per sample under isocratic conditions. The metabolites were 
quantified by external standard calibration. 

2.4.3. Bacterial cell quantification 
Bacterial flow cytometry was used to determine the total viable and 

dead bacterial cell counts of microbiota incubated with or without 
California poppy compounds or extract. The assay is based on a bacterial 
cell staining with a live/dead staining that consists of two DNA-binding 
fluorescent stains: SYBR® Green I and propidium iodide (PI). The former 
penetrates all cells and results in a green fluorescence, the latter pene-
trates only cells with a damaged cell membrane resulting in red fluo-
rescence. After staining, the amount of cells with intact (viable) and 
permeable (dead) membrane were determined in each sample with a 
flow cytometer (Cytomics FC 500, Beckman Coulter) following the same 
protocol as described before [15]. The collected cell concentrations were 
exported to Microsoft Excel and converted to cell count/mL, taking into 
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account the sample dilution factor. 

2.4.4. Microbiota sample extractions 
Microbiota samples were thawed and directly processed by sequen-

tial liquid-liquid extractions with EtOAc and n-BuOH. Aliquots of 1 mL 
were extracted with 1 mL EtOAc and centrifuged for 10 min at 20 ◦C and 
3000 rpm (Centrifuge 5810 R, Eppendorf, Hamburg, Germany). Then, 
the supernatant was collected and further extracted with 1 mL EtOAc, 
followed by 1 mL n-BuOH. The extracts were combined, evaporated to 
dryness using a rotary evaporator (Buchi, Flawil, Switzerland) and 
stored at − 80 ◦C until analysis by UHPLC-MS/MS. 

2.5. UHPLC-MS/MS analysis 

2.5.1. Instrumentation and chromatographic conditions 
California poppy, Caco-2 and microbiota samples were analyzed by 

ultrahigh performance liquid chromatography (UHPLC) coupled to 
electrospray ionization (ESI) tandem mass spectrometry (MS/MS) in 
multiple reaction monitoring (MRM) mode and with verapamil as in-
ternal standard (IS). 

Californidine, escholtzine, protopine, atenolol and propranolol were 
analyzed on a 1290 Infinity UHPLC system consisting of a binary pump, 
an autosampler and a thermostatted column compartment coupled to a 
6460 triple quadrupole mass spectrometer (all Agilent, Waldbronn, 
Germany). MS parameters (MRM transitions, cone voltage and collision 
energy) for MRM were optimized using the Agilent MassHunter program 
Optimizer and are presented in Table S3. UHPLC parameters of all study 
compounds such as gradient, flow rate, run time, eluents, column, in-
jection volume, column temperature and autosampler temperature are 
listed in Table S4. 

2.5.2. Sample preparation prior to UHPLC-MS/MS of California poppy 
samples 

Dry extracts were reconstituted in appropriate volume of DMSO to 
reach a final concentration of 10 mg/mL, sonicated for 15 min, and 
centrifuged for 20 min (3500 rpm, 25 ◦C). 20 µL of supernatant were 
collected and further diluted with DMSO. The liquid preparations of 
California poppy were diluted with DMSO. 

50 µL of analyte (californidine, escholtzine or protopine) diluted in 
DMSO were precipitated with 200 µL MeOH containing the IS at a 
concentration of 800 ng/mL, and then centrifuged for 20 min 
(12,700 rpm, 10 ◦C). 100 µL supernatant was collected and analysed by 
UHPLC/MS-MS. 

2.5.3. Sample preparation prior to UHPLC-MS/MS analysis of Caco-2 
samples 

2.5.3.1. Californidine. To 50 µL of analyte in a mixture of HBSS and 
MeCN (1:1) were added 150 µL of ice-cold MeOH (containing the IS at a 
concentration of 1000 ng/mL). The samples were mixed for 10 min at 
room temperature on an Eppendorf MixMate (Hamburg, Germany), and 
centrifuged for 20 min (12,700 rpm, 10 ◦C). 100 µL supernatant were 
collected in 96-deepwell plate (96-DPW, Biotage, Uppsala, Sweden) and 
analysed by UHPLC/MS-MS. 

2.5.3.2. Escholtzine. To 200 µL of analyte in a mixture of HBSS and 
MeCN (1:1) were added 900 µL of ice-cold MeCN (containing the IS at a 
concentration of 100 ng/mL). The samples were mixed for 10 min at 
room temperature, and centrifuged for 20 min (12,700 rpm, 10 ◦C). 
750 µL supernatant were collected and transferred into a 96-deepwell 
plate (96-DPW, Biotage) and dried under nitrogen gas flow (Evaporex 
EVX-96, Apricot Designs, Covina, CA, USA). Samples were redissolved 
with 200 µL of a mixture of water and MeCN (65:35), both containing 
0.1% of formic acid, followed by 30 min of shaking on an Eppendorf 
MixMate. 

2.5.3.3. Protopine. The UHPLC-MS/MS method used for protopine 
quantification in Caco-2 samples has been previously reported [20]. 

To 200 µL of analyte in a mixture of HBSS and MeCN (1:1) were 
added 200 µL of 6% BSA in water, 100 µL of MeOH (containing the IS at 
a concentration of 1000 ng/mL) and 800 µL of ice-cold MeCN. The 
samples were mixed for 10 min at room temperature on an Eppendorf 
MixMate, and centrifuged at 10 ◦C for 20 min at 12,700 rpm. An aliquot 
of 750 µL supernatant was collected and transferred into a 96-deepwell 
plate (96-DPW, Biotage) and dried under nitrogen gas flow (Evaporex 
EVX-96). Samples were redissolved with 200 µL of a mixture of water 
and MeCN (65:35), both containing 0.1% of formic acid, followed by 
30 min of shaking on an Eppendorf MixMate. 

2.5.3.4. Atenolol and propranolol. To 200 µL of analyte in a mixture of 
HBSS and MeCN (1:1) were added 100 µL of 6% BSA in water and 900 µL 
of ice-cold MeCN (containing the IS at a concentration of 100 ng/mL). 
The samples were mixed for 10 min at room temperature on an 
Eppendorf MixMate, and centrifuged at 10 ◦C for 30 min at 3500 rpm. 
An aliquot of supernatant was collected (800 µL for atenolol, 300 µL for 
propranolol) and transferred into a 96-deepwell plate (96-DPW, Bio-
tage) and dried under nitrogen gas flow (Evaporex EVX-96). Samples 
were redissolved with 100 µL (atenolol) or 200 µL (propranolol) of a 
mixture of water and MeCN (65:35), both containing 0.1% of formic 
acid, followed by 30 min of shaking on an Eppendorf MixMate [15]. 

2.5.4. Sample preparation prior to UHPLC-MS/MS of microbiota samples 
Microbiota samples were extracted as mentioned above (Section 

2.4.4). Microbiota dry samples T0h and T24h were reconstituted with 
DMSO (containing the corresponding internal standard at a concentra-
tion of 500 ng/mL) and analysed by UHPLC-MS/MS. Chromatographic 
and MS/MS conditions were as for California poppy and Caco-2 sample 
analysis. 

2.5.5. UHPLC-MS/MS quantification methods and acceptance criteria 
UHPLC-MS/MS methods for absolute quantification of study com-

pounds in analytical samples from California poppy products and Caco-2 
experiments consisted in the injection of 2 sets of 7 calibrator samples 
validated with 2 sets of 3 quality control (QC) samples from the low, 
middle and high level of the calibration curve. Calibrators, QC and 
analytical samples were processed with the same sample preparation 
protocol, and prepared fresh prior to UHPLC-MS/MS analysis. To be 
accepted, a bioanalytical run was required to have a coefficient of 
determination (R2) higher than 0.96 with at least 75% of all calibrators 
valid. Additionally, for the lower limit of quantification (LLOQ) and 
upper limit of quantification (ULOQ), at most one value could be 
excluded. Furthermore, between bioanalytical runs, the imprecision (CV 
%) had to be lower than 15% (20% at the LLOQ), and the inaccuracy (RE 
%) had to be within ± 15% (± 20% at the LLOQ). The above mentioned 
criteria were in accordance with requirements of the US Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) for 
bioanalytical methods [21,22]. For California poppy extract samples 
analysis, calibration range was from 2.5 to 1000 ng/mL for cal-
ifornidine, from 2.5 to 250 ng/mL for escholtzine, and from 2.5 to 
500 ng/mL for protopine. For analysis of Caco-2 samples, the calibration 
range was from 0.1 to 125 ng/mL for californidine, from 10 to 
1000 ng/mL for escholtzine, and from 2.5 to 500 ng/mL for protopine. 
For the control compounds propranolol and atenolol, the range was from 
10 to 2000 ng/mL. For very low concentrated samples of atenolol, an 
additional UHPLC-MS/MS method was developed in a lower range of 
0.05–10 ng/mL [15]. Calibration curves are provided in Figs. S6–S14, 
and curve parameters, calibrator and QC samples are in Tables S5–S22. 
Additionally, carry-over values were determined to not exceed 20% for 
the analyte, and 5% for the internal standard (Tables S23–S24). 
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2.6. Data acquisition and statistical analysis 

UHPLC-MS/MS data were acquired and processed using Agilent 
MassHunter version 10.0, or Waters MassLynx V4.1 software. Statistical 
analysis was performed and graphs drawn with GraphPad Prism 9.3.1. 

3. Results and discussion 

3.1. Quantification of californidine, escholtzine and protopine in 
commercial preparations 

Highly sensitive and selective UHPLC-MS/MS methods in the MRM 
detection mode were developed for the quantification of californidine, 
escholtzine and protopine in commercial preparations (Section 2.5.5). 
For each method, the imprecision (expressed as CV%) and inaccuracy 
(expressed as CV%) of calibration levels and QC levels were both below 
15% (20% at the LLOQ) (Tables S5–S10), showing that the methods 
were precise and accurate [21,22]. Also, carry-over values were below 
20% for the analyte and below 5% for the IS, showing that carry-over 
had no impact on quantification (Table S23). Therefore, the methods 
were reliable for the quantification of the alkaloids in commercial for-
mulations of California poppy. 

The methods were applied for the determination of californidine, 
escholtzine and protopine in eight commercial preparations of flowering 
aerial parts of California poppy containing dry herbal powder (prepa-
rations 1–3), dry extract (preparations 4 and 5), or fluid extract (prep-
arations 6–8) as the active ingredient (Tables 1, S1). All preparations 

showed a similar alkaloid pattern, but with variations in absolute 
amounts of compounds. Californidine was the most abundant, followed 
by escholtzine and protopine. The contents in dry powders (preparations 
1–3) were comparable, with contents in californidine, escholtzine and 
protopine of 1.57–2.00, 0.39–0.63, and 0.10–0.17 mg/g, respectively. In 
contrast, important differences were noticed between dry extracts, with 
respective amounts of californidine, escholtzine and protopine of 2.55, 
0.38 and 0.20 mg/g in preparation 4, and of 0.76, 0.39 and 0.11 mg/g in 
preparation 5. In fluid extracts (preparations 6–8), contents of cal-
ifornidine, escholtzine and protopine were in the ranges of 0.131–0.153, 
0.054–0.085, and 0.008–0.058 mg/g, respectively. The concentration of 
protopine, in particular, differed strongly between the products 
(Table 1). The differences observed in the extract-containing products 
are likely due, at least in part, to differing extraction procedures. 

There have been a few studies on the contents of these three alkaloids 
in commercially available preparations of California poppy. The con-
tents determined by HPLC-UV in two herbal powders and one solid 
extract were in a similar range for californidine and protopine, while the 
contents of escholtzine were up to ten times higher compared to the 
values found in preparations 1–5 [23]. The contents of californidine and 
escholtzine determined by capillary electrophoresis in a commercial 
tincture of California poppy were comparable to those in preparations 
6–8, whereas the content of the major alkaloid protopine was compa-
rable to that of preparation 7 [24]. 

Based on our data and the dosage recommendations of the manu-
facturers, the maximum amounts of californidine, escholtzine and pro-
topine ingested per day were calculated to range between 0.16 and 
2.97 mg/day (californidine), 0.10–1.11 mg/day (escholtzine), and 
0.02–0.31 mg/day (protopine) (Fig. 2). Thus, considerable differences 
in the daily intake of californidine, escholtzine and protopine are ex-
pected for patients using different California poppy products. 

3.2. Permeability across Caco-2 monolayers 

The intestinal absorption of californidine, escholtzine and protopine 
was assessed by means of permeability across Caco-2 cell monolayers. 
The apparent permeability coefficients (Papp) from apical to basolateral 
(AB), and from basolateral to apical (BA) for each of the compounds 
were determined. Atenolol and propranolol were used as controls as 
previously described [15] and results were within the reference range 
(Table 2). 

Californidine showed a mean PappAB of 0.58 × 10− 6 cm/s, a mean 
PappBA of 4.93 × 10− 6 cm/s, and a calculated ER of 8.6. ReAB values in 
AB direction and BA direction were 90.3% and 114%, respectively. 

Table 1 
Content of californidine, escholtzine and protopine in commercial products of 
flowering aerial parts of California poppy. Data are reported as mg/g (for solid 
preparations), or mg/mL (for liquid preparations) ± SD.  

Product n◦ Galenic 
form 

Californidine Escholtzine Protopine 

1 Dry powder 2.00 ± 0.08 0.39 ± 0.01 0.17 ± 0.01 
2 Dry powder 1.78 ± 0.05 0.63 ± 0.02 0.145 ± 0.004 
3 Dry powder 1.57 ± 0.04 0.42 ± 0.01 0.104 ± 0.004 
4 Dry extract 2.55 ± 0.02 0.38 ± 0.01 0.20 ± 0.01 
5 Dry extract 0.76 ± 0.12 0.39 ± 0.02 0.11 ± 0.01 
6 Fluid extract 0.153 

± 0.005 
0.085 
± 0.001 

0.058 ± 0.002 

7 Fluid extract 0.152 
± 0.004 

0.054 
± 0.001 

0.0081 
± 0.0003 

8 Fluid extract 0.131 
± 0.004 

0.084 
± 0.002 

0.015 ± 0.001  

Fig. 2. Maximum daily intake of californidine, escholtzine and protopine for commercial products 1–8. Calculations are based on contents (Table 1) and dosage 
recommendations provided by the manufacturer (Table S1). Data are reported in mg / day ± SD. 
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ReABC values in AB direction and BA direction were 98.2% and 115%, 
respectively (Table 2). Permeability experiments across empty inserts 
revealed that the passage of californidine was not restricted (Fig. S15). 
The PappAB classified californidine as a low-to-moderately permeable 
compound. Californidine is a quaternary ammonium compound car-
rying a permanent charge, which is expected to restraint its permeability 
across epithelial barriers [25]. The calculated ER of 8.6 suggests that an 
active efflux process could be involved in the transport of californidine 
[26]. 

For escholzine, the mean PappAB was 82.5 × 10− 6 cm/s, the mean 
PappBA 175 × 10− 6 cm/s, and the ER 2.1. In AB direction, the ReAB was 
17.7%, and ReABC was 37.6%. In BA direction, the ReAB was 42.8%, and 
ReABC was 53.6% (Table 2). Protopine showed a mean PappAB of 
39.2 × 10− 6 cm/s and a mean PappBA of 144 × 10− 6 cm/s, with a 
calculated ER of 3.7. ReAB values in AB direction and BA direction were 
of 36.7% and of 11.9%, respectively. ReABC values in AB direction and 
BA direction were of 38.8% and of 13.0%, respectively (Table 2). Both 
alkaloids were classified as highly permeable compounds [26]. Data for 
protopine were consistent with previously reported pharmacokinetic 
data in various animal models [27]. The obtained ER values suggest that 
an active efflux transport could be involved in the transfer of both 
compounds. Further experiments at lower compound concentration to 
reduce possible transport saturation and/or with specific carrier-protein 
inhibitors would be needed to confirm the involvement of active efflux 
processes. The low recovery values (Table 2) suggest that escholtzine 
and protopine may be metabolized given that solubility issues could be 
ruled out (Fig. S15). In Caco-2 cells, levels of phase I metabolizing en-
zymes are known to be low, while phase II enzymes such as 
UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs) and 
glutathione S-transferases (GSTs) are highly expressed [28] which could 
possibly have contributed to the low recovery. In agreement with this, 
protopine glucuronide conjugates have been detected in rat urine sam-
ples [27]. 

As a limitation inherent to the Caco-2 cell model the Papp values are 
considered to be slightly underestimated for values of recovery below 
80%, and should, therefore, be seen as a qualitative readout [26]. This 
was the case for escholtzine and protopine, as well as for the control 
propranolol. 

3.3. Stability of compounds during in vitro gut microbiota fermentation 

Incubation experiments in artificial microbiota were performed to 
assess a possible biotransformation of californidine, escholtzine and 
protopine by human gut microbiota. Two microbiota derived from two 
different healthy adult female fecal donors were used for the experi-
ments. The metabolic activity of both microbiota over the incubation 
time was confirmed by the determination of SCFA levels in control in-
cubations with and without DMSO (Fig. S16). All the alkaloids were 
stable over 24 h in abiotic incubations with microbe-free PolyFermS 
effluent with 30% nutritive medium buffered at pH 6.5. No major 

differences were observed between abiotic and microbiota incubations, 
suggesting that no microbiota-mediated metabolism of studied alkaloids 
occurred (Fig. 3). 

Upon ingestion of herbal medicines, phytochemicals are transported 
through the gastrointestinal tract and can be absorbed in the small in-
testine. The permeability experiments with the Caco-2 cell model indi-
cated that californidine is low-to-moderately permeable (Table 2). Thus, 
relevant concentrations could possibly be reached in the colon. More-
over, our results with two different gut microbiota suggest that 
biotransformation of californidine in the colon is not to be expected. In 
contrast, escholtzine and protopine were found to be highly permeable 
in the Caco-2 cell model, which in turn would imply only low concen-
trations in the colon (Table 2). However, if a small fraction of these two 
alkaloids would not be absorbed in the small intestine, the results from 
microbiota incubation experiments suggest that they also would not be 
metabolized by the gut microbiota. While the disposition of escholtzine 
has not been investigated, protopine was found to have an absolute 
bioavailability of 25.8% in rats [29] and to undergo phase I/II meta-
bolism [27]. In addition, excretion studies in rats have shown that 

Table 2 
Permeability data of californidine, escholtzine, protopine, atenolol, and propranolol across Caco-2 monolayers. Data are presented as mean ± SD. (n = 3). Cumulative 
fraction curves for each individual monolayer are shown in Figs. S1–S5.   

AB direction BA direction  

Compounds PappAB 
(×10− 6 cm/s) 

ReAB
a (%) ReABC

b (%) PappBA 
(×10− 6 cm/s) 

ReAB (%) ReABC (%) ERc 

Californidine 0.58 ± 0.13 90.3 ± 2.7  98.2 4.93 ± 0.89 114 ± 60  115  8.6 
Escholtzine 82.5 ± 4.1 17.7 ± 4.4  37.6 175 ± 5 42.8 ± 11.1  53.6  2.1 
Protopine 39.2 ± 2.4 36.7 ± 1.5  38.8 144 ± 4 11.9 ± 5.0  13.0  3.7 
Atenolold 0.11 ± 0.03 88.7 ± 6.3  92.8 0.14 ± 0.02 118 ± 22  118  1.3 
Propranolold 53.4 ± 5.3 39.5 ± 1.1  58.1 121 ± 4 61.8 ± 5.2  69.8  2.3  

a Recovery considering apical and basolateral compartments 
b Recovery considering apical and basolateral compartments, and cell fraction 
c Efflux ratio 
d Values from our previous study [15]. 

Fig. 3. Stability of compounds after 24 h incubation in PolyFermS effluent 
without active microbiota (abiotic), and in viable PolyFermS microbiota of 
donors 1 and 2 supplemented with 30% nutritive medium. All incubations 
contained 20 µL DMSO. Mean concentration values (n = 2) are normalized to 
100%. The individual values of the two replicates are given in Table S25. 

A. Chauveau et al.                                                                                                                                                                                                                              

71



Biomedicine & Pharmacotherapy 166 (2023) 115420

7

protopine was mainly excreted in metabolized form (>99%) [29]. 
Therefore, metabolites of protopine excreted via the hepatobiliary sys-
tem could possibly transit over the gastrointestinal tract and interact 
with the gut microbiota. In the absence of data, this can also not be 
excluded for escholtzine. 

3.4. Impact of compounds and plant extracts on microbiota activity and 
viability 

Next, the impact of the California poppy extract and its compounds 
on the SCFA production by the two artificial gut microbiota was 
assessed. The main SCFAs (acetate, propionate, butyrate) and other 
minor organic acids (succinate, valerate, isovalerate, isobutyrate) were 
quantified and used as readout for the carbohydrate fermentation 

activity, which is a key metabolic function of the human gut microbiome 
[7]. The artificial microbiota derived from the two female fecal donors 
were of two distinct but prevalent microbiota types. Microbiota 1 was 
producing more butyrate (butyrogenic), while microbiota 2 was pro-
ducing more propionate (propiogenic) (Fig. 4A). Californidine, 
escholtzine, protopine and the California poppy extract did not mark-
edly impact the total SCFA levels (Fig. 4A). In microbiota 1, butyrate 
production increased by 9% in the presence of escholtzine, succinate 
production by 13% in presence of californidine, and isovalerate pro-
duction decreased by 14% in the presence of protopine, while the effect 
of California poppy extract on individual SFCAs was negligible (Fig. 4B). 
In microbiota 2, isobutyrate levels decreased in the presence of cal-
ifornidine (− 10%), protopine (− 11%), and California poppy extract 
(− 9%), while levels of isovalerate decreased in the presence of protopine 

Fig. 4. (A) Fermentation metabolite concentrations after 24 h incubation of PolyFermS microbiota of donors 1 and 2, respectively. Incubations were supplemented 
with 30% nutritive medium and DMSO, with or without herbal compounds or extracts. Averages +/- SD. (n = 3). (B) Difference (Δ) after 24 h of short-chain fatty 
acid concentrations in compound vs DMSO control fermentation. Averages +/- SD. (n = 3). Asterisks indicate significant differences in average metabolite con-
centration between compound fermentation and respective DMSO control, analyzed by one-way ANOVA. 
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(− 8%) and California poppy extract (− 10%) (Fig. 4B). 
Additionally, the impact of californidine, escholtzine, protopine and 

California poppy extract on bacterial concentration and viability was 
assessed by flow cytometry, whereby the total concentration of viable 
and dead bacteria in the microbiota after 24 h of incubation was 
determined. In microbiota 1, the alkaloids californidine and protopine 
resulted in significantly lower total bacteria concentrations (43% and 
28% lower, respectively) compared to the control, which may be 
explained by a lower fraction of viable cells (trend, not significant) 
(Fig. 5). In microbiota 2, a small antimicrobial effect was noticed for 
californidine (with a decrease of 21% in permeable cells), escholtzine 
(with a decrease of 7% total bacteria and 9% in intact cells), protopine 
(with a decrease of 7% total bacteria and 13% in permeable cells) and 
the California poppy extract (with a decrease of 8% total bacteria) 
(Fig. 5). 

Our data suggest that exposure to californidine, escholtzine, proto-
pine and California poppy extract does not markedly affect the microbial 
fermentation activity and bacterial viability at the tested concentrations 
(30 µg/mL for compounds, and 500 µg/mL for the extract). However, it 
cannot be excluded that with higher test concentrations in the batch 
fermentation assays and with a long-term exposure in continuous 
fermentation experiments the SCFA metabolism and bacterial viability 
could be affected. 

The quantitative analysis of the major alkaloids in commercial 
preparations of California poppy, together with manufacturer’s dosage 
recommendations, showed that the maximum ingested amounts of cal-
ifornidine, escholtzine and protopine are in the range of 0.16–2.97, 
0.10–1.11, and 0.02–0.31 mg/day, respectively (Fig. 2). Considering 
these amounts, an average volume of 200 mL of the proximal colon [30], 
and a colonic retention time of 8 h resulting in 600 mL proximal colon 
suspension per day [18,31], and assuming stability and no absorption of 
compounds in the upper parts of the gastrointestinal tract, the calculated 
concentrations of californidine, escholtzine and protopine in the colon 
would be in the range of 0.3–4.9, 0.2–1.8, and 0.03–0.52 µg/mL, 
respectively. Assuming a homogenous dispersion of compounds in the 
proximal colon, the concentrations used in our experiments were above 
the expected maximum theoretical colonic concentrations (about 6-fold 
for californidine, 17-fold for escholtzine, and 58-fold for protopine). 
Thus, one can reasonably assume that upon oral intake of California 
poppy herbal products the alkaloids would not substantially impair the 
fermentation capacities and the bacterial viability of microbiota. As to 
the California poppy extract, concentrations used in our experiments 
were up to 4-fold lower than those theoretically expected with a 

maximum recommended daily intake, where intestinal concentrations 
of 0.7–2.1 mg/mL could be reached. For the herbal products themselves 
an impact on microbiota balance cannot be excluded at this point. 
However, experiments with a higher number of individual PolyFermS 
microbiota would be needed to further substantiate the findings. 
Further, our experiments with high inoculation ratio were designed to 
assess the effect of the compounds on the microbial metabolite pro-
duction and overall viability under limited growth [32]. Therefore, 
future in vitro continuous gut fermentations may allow to monitor 
long-term impact of alkaloids on microbial community structure and 
diversity. 

4. Conclusions 

The contents in californidine, escholtzine and protopine in eight 
commercial California poppy products were determined by UHPLC-MS/ 
MS. In all products californidine was the major alkaloid, followed by 
escholtzine. The alkaloid content in the analyzed products varied 
significantly, ranging from 0.13 to 2.55 mg/g for californidine, 
0.05–0.63 for escholtzine, and 0.008–0.200 mg/g for protopine. Based 
on the dosage recommended by manufacturers, maximal daily doses for 
the three alkaloids were calculated to be between 0.16 and 2.97, 0.10 
and 1.11, and 0.02 and 0.31 mg/day, respectively. 

Californidine was found to be low-to-moderately permeable, 
whereas escholtzine and protopine were highly permeable in the Caco-2 
cell assay. The transport of each compound was possibly involving an 
active process. Escholtzine and protopine were also likely metabolized 
in Caco-2 cells. 

The three alkaloids were not metabolized in the two PolyFermS 
artificial gut microbiota obtained from two different healthy female 
fecal donors. This suggests a negligible role of the gut microbiota in the 
disposition of the three alkaloids. The alkaloids and the extract did not 
markedly impact the SCFA production or the bacterial viability of 
microbiota. Thus, use of California poppy does not seem to affect gut 
microbiota metabolism, at least in short-term exposure. However, given 
the high interindividual variability of gut microbiota, studies with a 
larger number of microbiota and with continuous fermentations models 
are warranted to assess a possible effect on microbiota composition 
produced by a prolonged exposure. 

With the calculated maximal daily intake in alkaloids, and assuming 
a 100% bioavailability, a rough estimation of the alkaloid concentra-
tions in body fluids [33,34] for an average adult (40 years-old, 170 cm, 
and 70 kg) would theoretically result in maximal plasma concentrations 

Fig. 5. Concentration of total (black), viable (intact, green) and dead (permeable, red) bacteria after 24 h incubation in PolyFermS microbiota of donor microbiota 1 
and 2. Microbiota were supplemented with 30% nutritive medium and DMSO, with or without single compounds or herbal extract. Averages on bacteria/mL +/- SD 
(n = 3). Asterisks indicate significant differences in average bacterial concentration between compound fermentation and respective DMSO control fermentation 
analyzed by one-way ANOVA. 
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of 0.22, 0.08 and 0.02 µM for californidine, escholtzine and protopine, 
respectively. However, lower concentrations can be assumed for cal-
ifornidine due to its limited intestinal permeability. As for protopine, 
lower concentrations are also likely, given that intensive phase I and 
phase II metabolism has been shown in pharmacokinetic studies in rats 
[35]. Given the lowest IC50 values reported for these alkaloids in the 
study of Manda et al. (2016) [5] (IC50 of 100 µM for inhibition of any 
CYPs by californidine, IC50 of 0.3 µM for inhibition of CYP2C19 by 
escholtzine, and IC50 of 0.03 µM for inhibition of CYP2D6 by protopine), 
it seems unlikely that they could be responsible for herb-drug 
interactions. 
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[4] E. Kleber, W. Schneider, H.L. Schäfer, E.F. Elstner, Modulation of key reactions of 
the catecholamine metabolism by extracts from Eschscholtzia californica and 
Corydalis cava, Arzneimittelforschung 45 (1995) 127–131. 

[5] V.K. Manda, M.A. Ibrahim, O.R. Dale, M. Kumarihamy, S.J. Cutler, I.A. Khan, L. 
A. Walker, I. Muhammad, S.I. Khan, Modulation of CYPs, P-gp, and PXR by 
Eschscholzia californica (California poppy) and its alkaloids, Planta Med. 82 (2016) 
551–558, https://doi.org/10.1055/s-0042-103689. 

[6] E. Thursby, N. Juge, Introduction to the human gut microbiota, Biochem. J. 474 
(2017) 1823–1836, https://doi.org/10.1042/BCJ20160510. 

[7] A. Koh, F. De Vadder, P. Kovatcheva-Datchary, F. Bäckhed, From dietary fiber to 
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In this work, an assessment of intestinal absorption and gut microbiota interactions of pharmacologically 

relevant constituents from herbal medicines used commonly to treat depressive, anxiety and sleeping 

disorders, was conducted. Intestinal permeability of valerenic acid from valerian, hyperforin and 

hypericin from St. John’s wort, as well as, californidine, escholtzine and protopine from California 

poppy, was studied by means of Caco-2 cell monolayers, as a model of the human small intestine. In 

addition, gut microbiota interactions of these herbal constituents, namely their possible microbiota-

mediated biotransformation or the impact of these herbal compounds and extracts exposure on 

microbiota metabolic activity (production of SCFAs) and bacterial viability, were investigated with 

batch fermentation experiments with two in vitro human gut microbiota (PolyFermS) derived from a 

different healthy adult female fecal donor. Furthermore, the contents of alkaloids californidine, 

escholtzine and protopine were determined in eight commercial preparations of California poppy sold 

as phytomedicines or food supplements. Selective and sensitive UHPLC-MS/MS methods were 

developed and validated for each compound, to analyze Caco-2, microbiota and California poppy 

product samples. 

Valerenic acid showed a PappAB of 199 × 10− 6 cm/s and a PappBA of 60.4 × 10− 6 cm/s, with an ER of 0.3. 

This suggests that valerenic acid is highly absorbed in the small intestine, and possibly with the 

involvement of a carrier-mediated uptake mechanism. Also, the low recovery values of 43 – 69 % 

obtained in the Caco-2 assay support that the compound is possibly metabolized in Caco-2 cells. Phase 

II metabolizing enzymes including UDP-glucuronosyltransferases, sulfotransferases or glutathione S-

transferases are highly expressed in Caco-2 cells, in contrast to phase I enzymes [58]. Hepatic phase I 

and phase II metabolism of valerenic acid was shown in isolated perfused rat livers [149], and in pooled 

human liver microsomes (Manuscript in preparation). In addition, an absolute bioavailability of 34%, 

and an extensive first-pass metabolism of valerenic acid was reported in a pharmacokinetic study with 

rats [132]. Whether an intestinal metabolism contributes to the first pass metabolism of valerenic acid, 

deserves to be further investigated, using complementary in vitro systems such as human intestinal 

microsomes, that express both phase I and phase II enzymes [150]. As a highly permeable compound in 

the Caco-2 cell model, there is a low chance for valerenic acid to reach the colon at relevant 

concentrations. However, compounds absorbed in the small intestine can possibly undergo enterohepatic 

circulation [109,151]. While in vitro data in rats have shown that valerenic acid and their hepatic 

metabolites were excreted through the hepatobiliary pathway [149], a pharmacokinetic study in rats have 

suggested that valerenic acid underwent enterohepatic recycling, due to a pharmacokinetic profile in 

multiple peaks [132]. Valerenic acid was stable in batch fermentation experiments, ruling out 

microbiota-mediated metabolism. Whether valerenic acid conjugates produced in the liver and excreted 

via the biliary duct can be converted back into valerenic acid by the gut microbiota, remains to be further 

investigated. 

For hyperforin, a PappAB of 4.76 × 10− 6 cm/s, a PappBA of 6.38 × 10− 6 cm/s and an ER of 1.3 were found, 

suggesting a high permeability in the small intestine, with a transport by transcellular passive diffusion. 
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For hypericin, a PappAB of 0.48 × 10− 6 cm/s, a PappBA of 0.39 × 10− 6 cm/s and an ER of 1.2, suggest a 

low-to-moderate absorption in the small intestine, with transcellular passive diffusion as permeation 

mechanism. These findings are in accordance with previous in vitro permeability data [139–141] and 

with a previous pharmacokinetic study in two volunteers that reported a low absolute bioavailability 

(14%) for hypericin [138]. Thus, unlike hyperforin, there is a high potential for relevant concentrations 

of hypericin to be found in the colon. Incubation experiments with the artificial human microbiota 

showed that a metabolism by gut bacteria is not to be expected, for both compounds. At the moment, it 

cannot be excluded that hyperforin and hypericin metabolites interact with the gut microbiota, given the 

absence of data regarding their excretion routes. 

For californidine, PappAB, PappBA and ER were of 0.58 × 10− 6 cm/s, 4.93 × 10− 6 cm/s, and 8.6, respectively, 

which suggests that it is low-to-moderately absorbed in the human small intestine, and that an efflux 

transporter protein may be involved in its permeation. The low-to-moderate intestinal absorption and 

possible luminal efflux support that relevant concentrations of californidine might be found in the colon, 

increasing its potential for interacting with the gut microbiota. Californidine was stable in the artificial 

gut microbiota, excluding its microbiota-mediated biotransformation. For escholtzine and protopine, 

PappAB, PappBA and ER were of 82.5 × 10− 6 cm/s, 175 × 10− 6 cm/s, 2.1, and 39.2 × 10− 6 cm/s, 144 × 10− 

6 cm/s, 3.7, respectively. These values suggest, for both compounds, a high intestinal permeability, with 

the involvement of an efflux carrier-mediated transporter. Also, the low recovery values for escholtzine 

(38 – 54%) and protopine (13 – 39%) pointed to a possible metabolization of both alkaloids in the Caco-

2 cells. Phase I and phase II (glucuronide conjugates) metabolites of protopine were detected in urine, 

feces and cecal contents in rats following oral administration of protopine [152]. Whether a metabolism 

in the gut wall plays a role in the disposition of protopine, needs to be verified in further experiments. 

The permeability data obtained for escholtzine and protopine, which suggests a high absorption in the 

small intestine, primarily support that a contact between both alkaloids and the gut microbiota is 

unlikely. However, if a luminal efflux is confirmed for both alkaloids by means of experiments with 

appropriate inhibitors of efflux transporter proteins, there may be a potential for both compounds to 

reach higher levels in the colon. Escholtzine and protopine were found to be very stable in batch 

fermentation experiments suggesting that these are not metabolized by colonic bacteria. Excretion 

studies in rats found that protopine was mainly excreted in a metabolized form [148]. Given the absence 

of data regarding the excretion routes for both compounds, it cannot be ruled out that their potential 

metabolites interact with the gut microbiota. 

One should emphasize that herbal medicines are multicomponent mixtures of active, partially active or 

inactive compounds that can possibly influence one another’s bioavailability [153]. This synergistic 

effect was observed for hypericin, in which flavonoids from St. John’s wort increased its intestinal 

permeability in vitro [141,154]; an effect that was confirmed in a pharmacokinetic study in rats [155]. 

In absence of data for valerenic acid, hyperforin, californidine, escholtzine and protopine, one cannot 
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exclude that other constituents of the corresponding herbal extract would influence their intestinal 

permeability. Further investigations on this are warranted. 

Herbal compounds and extracts were not found to markedly impact the metabolism of microbial SCFAs 

in short-term (24 h) batch fermentation experiments. This implies that valerian, St. John’s wort and 

California poppy, at the tested concentrations, do not have an indirect influence on the CNS via the 

modulation of the microbiota-gut-brain axis, at least not through modification of SCFAs metabolism. 

Moreover, the bacterial viability was not markedly affected by the exposure of the herbal compounds or 

extracts. These data support that at the tested concentrations, the metabolic activity and viability of the 

gut microbiome is not affected by the exposure of herbal extracts and compounds, supporting a safe use 

of these herbal extracts from a microbiome balance perspective. Nonetheless, in contrast to herbal 

compounds, the assayed concentrations of herbal extracts (0.5 mg/mL) were lower in comparison to the 

maximum colonic concentrations possibly reached in a day, upon ingestion of extracts of valerian 

(maximum 3 mg/mL), St. John’s wort (maximum to 1.7 mg/mL) or California poppy (maximum 2.1 

mg/mL). Thus, an impact of the herbal drugs on the microbial metabolic activity and bacterial viability 

cannot be excluded at this point. Moreover, given the high interindividual variabilities in gut microbiota, 

a higher number of experiments with several PolyFermS from different fecal donors is warranted. Lastly, 

the use of PolyFermS operated as a continuous fermentation model, would enable to assess if a 

prolonged exposure to the herbal compound and extracts, affects the gut microbiome metabolic activity 

and bacterial viability.  

Further investigation of the impact of herbal compounds or extracts on the microbial metabolism of 

other important molecules (including vitamins, choline or purines), or on the taxonomic composition of 

the gut microbiome, would complete the assessment of gut microbiota interactions [81,107]. A recent 

study found that the polyphenol fraction of St John’s wort (at relevant concentrations) stimulated the 

growth of beneficial gut microbial strains (Lactiplantibacillus plantarum and Saccharomyces boulardii), 

in isolated cultures [156]. St. John’s wort extract did not affect the total bacterial growth in our batch 

fermentation experiments. While the use of isolated gut bacterial strains is suitable for identifying 

pathways, this approach does not offer the high bacterial diversity, high bacterial abundance and the 

presence of metabolic cross-feeding mechanisms provided by in vitro fermentation models [121]. 

UHPLC-MS/MS analysis of the eight commercial preparations of California poppy (consisting of dry 

powders, dry extracts or fluid extracts of flowering aerial parts of California poppy), revealed high 

variabilities of alkaloid contents, ranging from 0.13 to 2.55 mg/g for californidine, 0.05 to 0.63 mg/g for 

escholtzine and 0.008 to 0.200 mg/g for protopine. Different extraction techniques of the preparations 

might partly account for these high variations. From these data and the manufacturer directions, the 

possible maximum daily ingested contents were calculated to be 0.16 – 2.97 mg/day (californidine), 

0.10 – 1.11 mg/day (escholtzine) and 0.02 – 0.31 mg/day (protopine). Thus, maximum intake in 

alkaloids can vary extensively in patients using different California poppy products. 
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In summary, valerenic acid, hyperforin, escholtzine and protopine were highly permeable in the Caco-

2 cell model, whereas californidine and hypericin were low-to-moderately permeable, suggesting that 

the latter herbal compounds have a higher potential for interacting with the colonic gut microbiota. Batch 

fermentation experiments showed that all herbal compounds were not metabolized by the two in vitro 

gut microbiota (PolyFermS) over 24 h, suggesting that the gut microbiome does not impact their 

disposition. In addition, the overall impact of herbal compounds and extracts on the microbial 

metabolism of SCFAs or on the bacterial viability was minimal, supporting that short-term exposure of 

valerian, St. John’s wort and California poppy do not exert an indirect effect on the CNS function via 

the modulation of SCFAs, which are important modulators of the microbiota-gut-brain axis. These data 

suggest that the use of valerian, St. John’s wort and California poppy, at the tested concentrations, may 

not influence the metabolic activity and the bacterial viability of the gut microbiome, at least in short-

term exposure. Further experiments with a larger number of in vitro gut microbiota and with continuous 

fermentation experiments, would ensure to take into account interindividual differences and an impact 

of a long-term exposure. 
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