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Abstract: Despite substantial heterogeneity of studies, there is evidence that antibiotics commonly used in 
primary care influence the composition of the gastrointestinal microbiota in terms of changing the composition 
and/or diversity. Benzyl isothiocyanate (BITC) from the food and medicinal plant nasturtium (Tropaeolum 

majus) is known for its antimicrobial activity and is used for the treatment against infections of the draining 
urinary tract and upper respiratory tract. Against this background, we raised the question whether 14 d 
nasturtium intervention (3 g daily, N=30 healthy females) could also impact the normal gut microbiota 
composition. Spot urinary BITC excretion highly correlated with a weak, but significant antibacterial effect 
against Escherichia coli. A significant increase in human beta defensin 1 as parameter for host defense was seen 
in urine and exhaled breath condensate (EBC) upon verum intervention. Pre-to-post analysis revealed that mean 
gut microbiome composition did not significantly differ between groups, nor did circulating serum 
metabolome. On an individual level, partly large changes were observed between sampling points, though. 
Explorative Spearman rank correlation analysis in subgroups revealed associations between gut microbiota 
and the circulating metabolome, as well as between changes in blood markers and bacterial gut species.  

Keywords: nasturtium; BITC; gut microbiome; antimicrobial; metabolome; Escherichia coli; human 
beta defensin 1 
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1. Introduction 

Antibiotics are commonly used in the treatment of bacterial infections. Even though these 
medications are saving millions of lives, the use of antibiotics is also increasingly leading to multidrug 
resistant microorganisms. New antibiotics are lacking and thus, there has been great interest in plant 
antimicrobial properties [1–3]. 

Nasturtium (Indian cress, Tropaeolum majus) is a medicinal plant from the order Brassicales, 
family Tropaeolaceae, which meets the German “Commission E” standards of herbal medicines in 1978 
[4]. It is known for its anti-bacterial, anti-fungal, and anti-viral potential and is used for the treatment 
against infections of the draining urinary tract and upper respiratory tract [5,6]. In combination with 
horseradish root, nasturtium is also recommended for the prevention of recurrent urinary tract 
infections (UTI) according to the S3 guideline [5]. Among the most important phytochemicals 
produced by Brassicales plants are the biologically inactive pro-drugs, named glucosinolates (GLS). 
The common structure of GLS comprises a β-D-thioglucose group, a sulfonated oxime moiety and a 
variable side-chain derived from amino acids [7]. Upon cell injury, GLS get into contact with the 
plants´ enzyme myrosinase—a heat sensitive thioglucosidase—which cleaves the sugar moiety and 
leads to the formation of isothiocyanates (ITC), thiocyanates, or nitriles [8]. ITC are very reactive 
products and have been intensively investigated for their health promoting and therapeutic activity 
[9–11]. The degradation product of glucotropaeolin, benzyl isothiocyanate (BITC), is thought to be 
mainly responsible for the antimicrobial activity observed from nasturtium [9]. As BITC was found 
to inhibit the growth of different Gram-positive and Gram-negative bacteria, isolated from human 
faecal material [8], it might be useful in controlling human pathogens through the diet. One 
mechanistic explanation of the antimicrobial activity is based on the reaction of ITC with thiol groups 
to form dithiocarbamates, as well as with amino groups to form thioureases [12,13]. These reactions 
could lead to increased oxidation and inhibition of vital proteins and/or enzymes, resulting in 
bacterial cell death. In addition, using the Gram-negative Campylobacter jejuni NCTC1118i68, 
transcriptomic analysis suggested that BITC triggers bacterial signaling pathways inducing heat 
shock and oxidative stress response, protein aggregation and the dysfunction of energy metabolism, 
leading to bacterial death [14]. On the other hand, this antimicrobial capacity of BITC/nasturtium 
might also imply the potential for adverse consequences to the homeostasis of the healthy gut 
microbiome.  

Today, various antibiotics have been recognized as major disruptors of the gut microbiota, 
leading to reduced diversity and dysbiosis, which are associated in consequence with adverse health 
effects [15–18]. Even a single antibiotic treatment was found to trigger considerable microbial shifts 
and antibiotic resistance enrichment in faeces of healthy humans [16]. Thus, the aim of the present 
study was to investigate the effect of BITC-containing nasturtium on the bacterial microbiome in the 
human gut of healthy subjects. This was investigated as an exploratory endpoint in the context of a 
two-week randomized, double-blind, controlled crossover nasturtium food intervention. 

2. Materials and Methods 

2.1. Study Design 

This study is a follow-up to a previously conducted trial registered on the German Clinical Trials 
Register (DRKS) with the ID DRKS00016548. Details of the design and results of the primary study, 
which assessed the impact of BITC-containing nasturtium on the lipid regulator prostaglandin E2 in 
human blood samples, have been already reported in [19]. In the present study, we focus on the 
analysis of secondary parameters. Briefly, the study was conducted as a double-blind, monocentric, 
controlled, randomized crossover intervention. Subjects were all female, between 20 and 45 years of 
age, healthy, and non-smokers. Exclusion criteria were acute and chronic diseases, acute 
gastric/intestinal ulcers, acute kidney inflammation, pregnancy, lactation, intake of antibiotics (acute, 
during the last three months), known allergy to cruciferous vegetables, or a BMI >25 and <18.5. 
Following the protocol, 1.5 g nasturtium plant powder was freshly mixed with water and consumed 
by subjects two times per day, which over the 14-day intervention period corresponded to a total 
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intake of 42 g. Verum contained nasturtium with preformed BITC at the amount of 22.05 ± 8.48 µmol, 
while the amount of BITC in nasturtium used as control was almost negligible (0.11 ± 0.15 µmol). The 
subjects were asked to follow their usual dietary habits but excluding foods rich in GLS. In addition 
to other tests, stool samples were collected from N = 34 subjects at the beginning and end of each 
intervention phase. No DNA could be isolated from stool samples of 4 subjects due to low amount. 
High-throughput 16S ribosomal RNA (rRNA) gene sequencing was performed on N = 30. In the first 
intervention phase, subjects were randomly assigned to either verum or control, each of which was 
administered for two weeks. Following a crossover procedure, in the second intervention phase the 
subjects who had started with the verum sample received the control and vice versa. In between, a 
wash-out phase of at least two weeks was used to exclude possible carry-over effects. The treatment 
order was randomized by dividing participants using a random-number generator. Participants 
documented their diet, medications, unusual exercise, and general well-being on a daily basis.  

2.2. Collection of Stool, Urine and Serum Sample 

Subjects were asked to collect stool samples before the first consumption of nasturtium on day 
1 and on the last intake on day 14 using the OMNIgene-GUT Microbiome kit (DNA Genotek, Ottawa, 
ON, Canada). Aliquots of stool samples were stored at -80 °C until analysis. Blood samples were 
collected in the morning before the first intake of nasturtium and 4 h after the last intake on day 14 
in coagulant vacutainers by venipuncture. The tubes were gently shaken after blood collection and 
centrifuged at 2,000 x g for 10 minutes at 4 °C. The upper layer (serum) was collected in 0.6 mL frozen 
tubes, overlayed with nitrogen and stored at -80 °C until further analysis. On day 1 before taking 
nasturtium, and on day 14 before the last nasturtium intake, the subjects were asked to collect a 
spontaneous urine sample and store them in the fridge. When subjects arrived at the study center on 
day 1 or 14, they provided us with the urine samples, which were then aliquoted and stored at -80 °C 
until analysis. 

2.3. Collection of Exhaled Breath Condensate (EBC) 

Exhaled breath condensate (EBC) was collected in the morning before the first intake of 
nasturtium and 4 h after the last intake on day 14. Participants were asked to breathe uniformly for 
10 minutes through the mouth into a Teflon-lined tube (diameter 12 mm, Carl Roth GmbH & Co. KG, 
Karlsruhe, Germany), cooled with dry ice as described in [20]. The collected EBC was transferred to 
a 5 mL reaction tube, snap frozen, and stored at -80 °C. For analysis, the samples were freeze-dried 
(Alpha 2-4 LD, Martin Christ, Osterode am Harz, Germany), and the lyophilized samples were 
resuspended in 210 µL PBS w/o Ca2+ and Mg2+ (Life Technologies GmbH, Darmstadt, Germany). 
Protein quantity was assessed using a NanoDrop ND-1000 spectrophotometer at 230 nm (Thermo 
Scientific, Freiburg, Germany). 

2.4. Faecal Microbial DNA Extraction 

The faecal microbial DNA from stool samples was extracted using the QIAamp DNA Stool Mini 
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocols. The DNA was quantified 
using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Freiburg, Germany). 

2.5. High-Throughput 16S Ribosomal RNA (rRNA) Gene Sequencing 

The variable region 3 (V3) and 4 (V4) of the 16S rRNA gene was amplified using the forward 
primer 5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and 
reverse primer 5' 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC and 
sequenced using the 16S sequencing library protocol provided by Ilumina on an Illumina MiSeq 
System (Illumina, USA) as described elsewhere [21]. In addition, the ZymoBIOMICS Microbial 
Community DNA Standard from Zymo Research (Freiburg, Germany) was co-sequenced. One of the 
30 data sets had to be excluded due to data incompleteness. 
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2.6. Processing of Microbiome Sequence Data 

Sequence data were processed with the mothur-software (v1.39.5) [22] implemented in the 
public workflow management server Galaxy (usegalaxy.eu, [23]). The analysis was carried out 
according to the MiSeq SOP as proposed by Kozich et al. [24]. Operational Taxonomic Units (OTUs) 
were picked against the Greengenes database (v13_8_99) [25] with at least 97% similarity. Very rare 
OTUs (less than three total counts) were excluded. The sequences were rarefied to a sampling depth 
of 34,894 sequences per sample. The associated taxonomy was visualized using the Phinch data 
visualization framework [25]. 

2.7. Metagenomic Prediction 

To estimate the functional-gene profiles across genera, the PICRUSt package integrated in the 
mother software was applied [27]. Subsequently, high-level phenotypes represented by KEGG 
Pathways [28] were determined using the BugBase web application [29] with default settings (Sep-
2021). 

2.8. Metabolome Analysis 

Targeted short chain fatty acid (SCFA) analysis was performed using a QTRAP 5500 triple 
quadrupole mass spectrometer (Sciex, Darmstadt, Germany) coupled to an ExionLC AD (Sciex, 
Darmstadt, Germany) ultrahigh performance liquid chromatography system, equipped with two 
ExionLC AD pump systems, an ExionLC degasser, an ExionLC AD autosampler, an ExionLC AD 
column oven, and an ExionLC controller. A multiple reaction monitoring (MRM) method was used 
for the detection and quantification of SCFA. The electrospray voltage was set to -4500 V, and the 
following MS parameters were used: curtain gas (35 psi), collision gas (medium), ion source gas 1 (55 
psi), ion source gas 2 (65 psi), and temperature (500 °C). The parameters of the MRM were optimized 
using commercially available SCFA standards. Chromatographic separation was achieved on a 100 × 
2.1 mm, 100 Å, 1.7 μm, Kinetex C18 column (Phenomenex, Aschaffenburg, Germany) using 0.1% 
formic acid as eluent A and 0.1% formic acid in acetonitrile as eluent B. An injection volume of 1 µL 
and a flow rate of 0.4 mL/min were used. The gradient elution started at 23% B, which was held for 
3 minutes; afterwards, the concentration was increased to 30% B within 1 minute, and to 40% B within 
2.5 minutes, and, finally, to 100% B within 1.5 minutes, which was held for an additional 1.5 minutes, 
followed by equilibration at starting conditions for 2.5 minutes. The column oven was set to 40 °C, 
and the autosampler to 15 °C. Data acquisition and instrumental control were performed with 
Analyst 1.7 software (Sciex, Darmstadt, Germany). Data evaluation was performed using MultiQuant 
(Sciex, Darmstadt, Germany). Serum samples (30 µL) were homogenized in methanol (270 µL) for 20 
minutes at 10 °C using a Thermomix (Eppendorf, Hamburg, Germany). For SCFA analysis the 
derivatization method of [30] was adapted, as previously reported [31]. Specifically, 40 µL of the 
sample extract was spiked with 15 µL of isotopically labeled standards (ca. 50 µM) and mixed with 
20 µL 120 mM EDC HCl-6% pyridine-solution and 20 µL of 200 mM 3-NPH HCl solution. After 
shaking at 1,000 rpm for 30 minutes at 40 °C using an Eppendorf Thermomix (Eppendorf, Hamburg, 
Germany), 900 µL acetonitrile/water (50/50, v/v) was added. After centrifugation at 11,337 x g for 2 
minutes, the clear supernatant was used for LC-MS/MS analysis. 

Targeted analysis of amino acids and amino acid derivates was carried out as previously 
reported [32] utilizing a QTRAP 6500+ mass spectrometer (Sciex, Darmstadt, Germany) operated in 
positive ionization mode (ESI+), with an ion spray voltage of +5500 V. Nitrogen served as the curtain 
gas at 35 psi, while gas 1 and gas 2 were set at 55 psi and 65 psi, respectively. The source temperature 
was maintained at 450 °C. Multiple reaction monitoring (MRM) mode was utilized, with scheduled 
detection windows tailored to each metabolite. The UHPLC system (Sciex, Darmstadt, Germany) 
employed for chromatographic separation consisted of an ExionLC column oven AC, two ExionLC 
binary gradient pumps, an ExionLC system controller, and an ExionLC autosampler AD. The 
separation was carried out on an ACQUITY UPLC BEH Amide column (2.1 mm × 100 mm, 130 Å, 1.7 
μm, Waters Corporation, Milford, Massachusetts). The column was maintained at a temperature of 
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40 °C. The mobile phase consisted of water (solvent A) and acetonitrile/water (95/5, v/v, solvent B), 
both containing 5 mM ammonium acetate buffer (pH 3, adjusted with acetic acid). The following 
gradient profile was used at a flow rate of 0.4 mL/min: 100% B for 0–1.5 minutes, decreasing to 92% 
at 3.5 minutes, decreasing to 90% at 7 minutes, decreasing to 78% at 10 minutes, decreasing to 65% at 
11.5 minutes, decreasing to 2% B at 12 minutes, holding for 2 minutes, increasing to 100% at 15.5 
minutes, and finally holding for 4.5 minutes to re-equilibrate the column. A mixture of 25 μL of serum 
and 15 μL of isotopically labeled standards (ca. 100 μM) was prepared and equilibrated on a shaker 
at room temperature for 30 minutes. Protein precipitation and analyte extraction were achieved by 
adding 95 μL of methanol to the samples, followed by shaking for 3 minutes and centrifugation (15 
minutes, 4 °C, 11,337 x g; centrifuge 5424 R, Eppendorf AG, Hamburg, Germany). The resulting 
supernatant was transferred in an autosampler vial and subjected to UHPLC-MS/MS analysis 
(injection volume 1 µL). 

2.9. Quantification of hBD-1 Release by ELISA Assay 

The photometric quantification of human beta-defensin-1 (hBD-1) in urine, serum and EBC 
samples was performed using the BD-1 Mini ABTS ELISA Development Kits from PrepoTech 
(Hamburg, Germany) as recommended by the manufacturer. The absorbance was measured after 7–
25 minutes of incubation by a microplate reader set at 405 nm and with 650 nm as wavelength 
correction. 

2.10. Broth Microdilution Assay 

The well-established, benign laboratory strain Escherichia coli (E. coli) K12 and the mesophilic 
human pathogen E. coli CFT073, originally isolated from blood and urine of a woman with acute 
pyelonephritis, were purchased from Leibniz Institute DSMZ-German Collection of Microorganisms 
and Cell Cultures GmbH (Braunschweig, Germany). E. coli AM, isolated from a urine sample of an 
ambulant patient suffering from UTI, was kindly provided by the Dept. of Hygiene and 
Microbiology, University Medical Center Freiburg, Germany. Stock cultures for each strain were 
prepared from a 10 mL overnight culture in LB broth containing 10 g/L tryptone, 5 g/L yeast extract, 
10 g/L sodium chloride (18 h, 37 °C, 150 rpm) with 25% glycerol and stored as aliquots at -80 °C. The 
microdilution method was adapted from the Clinical Laboratory Standards Institute (CLSI) to test 
the antibacterial capacity of the urine samples (CLSI, 2015). A bacteria suspension of 1x108 colony 
forming units (CFU)/mL was diluted in freshly prepared double concentrated Mueller Hinton 
(Sigma-Aldrich, Taufkirchen, Germany) cation adjusted broth to reach a test inoculum of 
approximately 1x105 CFU/mL, which is defined as a diagnostic criterion for urinary tract infection. 
100 µL of the bacterial suspension were added into the wells of a 96-well U-shaped bottom plate. As 
positive control, ampicillin (20–2.5 µg/mL, Sigma-Aldrich, Taufkirchen, Germany) was used. 100 µL 
of the antimicrobial agent or 100 µL of the centrifuged (4500 x g, 10 min) urine samples were added 
in duplicates to the bacterial suspension in the wells. The plate was sealed and incubated at 37 °C for 
7 h without shaking. Absorbance was measured at 600 nm immediately after resuspension and the 
values were subtracted from a negative control (water and medium). The minimal inhibitory 
concentration (MIC) for the antibiotics was determined as the lowest concentration, which could still 
inhibit the visible and spectrophotometric detectable growth of the bacteria. 

2.11. Statistical Analysis 

 The significance of the difference in OTU abundances between verum and control treatment 
was determined using a Wilcoxon signed-rank test with the resulting p-values being controlled for 
multiple testing by the Benjamini-Hochberg procedure.  

To describe the α-diversity of each sample, Berger-Parker, Bootstrap, Chao, inverse-Simpson, 
and Shannon indices were calculated based on the OTU abundances of each sample. For measuring 
β-diversity, principal coordinates analysis (PCoA) and non-metric multidimensional scaling (NMDS) 
of the thetaYC distance matrix among all samples calculated based on their 97% OTU composition 
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and abundances were conducted. To determine significant differences in β-diversity, analysis of 
molecular variance (AMOVA) and homogeneity of molecular variance (HOMOVA) tests were 
applied.  

To evaluate the change in hBD-1 expression or antibacterial activity upon intervention, a paired 
Student’s t-test was conducted using the GraphPad Prism 6.0 software (LaJolla, California, USA). 
Here, p-values  0.05 (*) and  0.01 (**) were considered statistically significant and highly 
statistically significant, respectively.  

For the Spearman correlation analysis the OTU and metabolite abundances were log2-
transformed. Species OTU counts were aggregated to genus level counts using the tax_glom function 
of the phyloseq R package. To determine the fold changes of the metabolites and OTUs caused by the 
verum intervention the differences of the log2-transformed abundances before and after intervention 
were calculated for all metabolites and OTUs. The Spearman correlation was then calculated between 
the difference of metabolites and the difference of OTUs. Only those OTUs were included in this 
analysis which were present for both intervention and control. Also only those subjects were included 
for which both metabolite and microbiome information was available. For the subgroup of 
individuals with a >25% upregulated serum PGE2 this resulted in information on 61 genera, 35 
hydrophilic metabolites, and 8 SCFAs acquired from the same 10 subjects. For the subgroup of 
individuals with a >25% downregulated serum PGE2 this resulted in information on 56 genera, and 
35 hydrophilic metabolites for 5 subjects, which could be used for the correlation analysis between 
hydrophilic metabolites and the microbiome. Also for this subgroup this resulted in information on 
54 genera and 8 SCFAs for 4 subjects, which could be used for the correlation analysis between SCFAs 
and the microbiome. For this subgroup, all subjects and all OTUs included for the correlation analysis 
between SCFAs and the microbiome were also present for the correlation analysis between 
hydrophilic metabolites and the microbiome. 

3. Results 

3.1. Microbiome Sequence Data 

The final dataset after quality control consisted of 10,654,860 sequences from 116 samples (four 
stool samples each from 29 subjects) with an average length of approximately 450 base pairs, which 
corresponded to the length of the V3-V4 region (approximately 430 base pairs) [24]. From the initial 
dataset, a total of 5,922,871 reads were removed in quality filtering, mainly because sequence length 
was not sufficient. In total, this corresponded to approximately 50,000 reads filtered out per sample. 

The mean ± SD bacterial OTU was 91,852 ± 38,244, with a maximum of 220,543 counts and a 
minimum of 34,894 counts per sample. 

3.2. Microbial Composition 

Firmicutes and Bacteroidetes were the two major phyla of bacteria found in the stool samples of 
the subjects (Figure 1A). 55 families were identified. Seven families (Ruminococcaceae, Bacteroidaceae, 
Lachnospiraceae, Prevotellaceae, Rikenellaceae, Porphyromonadaceae, Alcaligenaceae) comprised >90% of 
sequences. The core set of typical bacterial families found in the intestines of healthy humans 
(Bacteroidaceae, Clostridiaceae, Prevotellaceae, Eubacteriaceae, Ruminococcaceae, Bifidobacteriaceae, 
Lactobacillaceae, Enterobacteriaceae) [33] was present in all samples. 

On the genus level, it could be seen that all four groups were dominated by Bacteroides (23.06–
24.46%), followed by Faecalibacteria (1.41–18.04%) and Prevotella (8.02–10.73%) (Figure 1B). 101 genera 
were classified, with 12 representing >90% of total sequences (Bacteroides, Faecalibacterium, Prevotella, 

Oscillospira, Roseburia, Ruminococcus, Parabacteroides, Coprococcus, Alistipes, Sutterella, Clostridium, 

Akkermansia) and 70 representing <1%. No significant differences were found in the means of bacteria 
phyla and genera in the pre-to-post analysis for verum and control intervention. In some individuals 
profound changes in microbiome composition could be seen during the study, though. 
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Figure 1. Microbial composition. Fractions of phyla (A) and genera (B) for each sample; n=29 test 
subjects. 

Using PCA, we found that samples were clustered by individuals rather than by time of 
sampling, which could suggest stability of the individual microbiome throughout intervention and 
high inter-individual variation in microbiome composition (Figure 2A). Walker et al. [32] also 
observed this in a clinical trial of 14 overweight men on different controlled diets containing 
indigestible starch or non-starch polysaccharides. They suggested that this could be associated with 
inter-individual different responses of the gut microbiota to dietary changes [32]. There were also no 
significant differences between baseline samples, which could be indicative of the absence of a carry-
over effect between the two intervention phases. 

 

Figure 2. Microbial diversity analysis. Principal Component Analysis (A) using the k-means 
clustering algorithm (above colored by sampling day, below colored by individual), and Boxplot of 
Shannon index as alpha diversity metric (B); n=29 test subjects. 
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By further inspecting potentially uropathogenic bacteria such as members from the class of 
Bacilli and the order of Enterobacterales, we found partly big differences in absolute abundance on 
an individual level, especially in the genera Streptococcus, Turicibacter (Figure 3A) and Escherichia 
(Figure 4A). Grouped by sampling day there were again no significant changes in pre-to-post analysis 
for verum and control intervention in these genera, mainly because of high SD as seen in Figures 3B 
and 4B. 

 

Figure 3. Abundance of potentially uropathogenic bacteria. Absolute abundance per individual and 
sampling day of bacterial genera from the class Bacilli (A), and for each genus the mean and standard 
deviation per sampling day (B). 

 

Figure 4. Abundance of potentially uropathogenic bacteria. Absolute abundance per individual and 
sampling day of bacterial genera from the order Enterobacterales (A), and for each genus the mean 
and standard deviation per sampling day (B). 

3.3. Bacterial Diversity is not affected by Nasturtium Intervention 

In addition to the quantitative composition, the diversity of the samples was investigated. The 
results suggest that the bacterial microbiome of each subject remained relatively stable, although 
there were large differences in diversity between individuals again. Different alpha diversity metrics 
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— Observed OTUs, Shannon, Berger-Parker, Bootstrap, Chao and Inverse-Simpson indices — were 
used as measures of richness (biodiversity) and evenness (equitability) [35]. Nasturtium intervention 
did not significantly affect bacterial alpha diversity measures, as seen in Figure 2B representatively 
given for the Shannon index. For beta diversity, NMDS of thetaYC (Yue and Clayton theta similarity 
coefficient) distances between samples based on their 97% OTU composition and abundances 
showed that bacterial communities were also not significantly affected by nasturtium intervention 
(Supplementary Figure S1). This is in agreement with non-significant AMOVA (p-value = 1). 

3.4. High-Level Phenotypes 

After metagenomic prediction with PICRUSt [27], high-level phenotypes were determined, and 
some KEGG level three modules were predicted using BugBase [29]. As seen in Supplementary 
Figure S2, treatment did not have a significant effect on these phenotypes. 

3.5. Correlation of gut Microbiome and serum Metabolome 

It has been shown that the composition of the diet and the gut microbiome can strongly influence 
the level of metabolites in the human serum [36]. We analyzed SCFA and amino acid content in serum 
samples before and after both intervention phases.  As given in Supplementary Figure S3, neither 
amino acid level (Supplementary Figure S3A-G) nor mean SCFA level (Supplementary Figure S3H-

J) in serum were affected by the nasturtium intervention. 
In our previous analysis, we found in 18 of 34 subjects a >25% increase in the primary study 

parameter, serum prostaglandin E2 (PGE2), upon nasturtium intervention (verum), while it was >25% 
decreased in nine subjects [19]. PGE2 is a multifunctional molecule that orchestrates a wide range of 
biological responses like tissue homeostasis and inflammation and it is one of the most abundant 
prostanoids in the human body [37,38]. We thus used the same subgroups of participants here for 
further investigating whether these large variations in PGE2 response upon nasturtium intervention 
are associated with a particular change in the composition of the gut microbiome, as previously 
proposed [39], or serum metabolome. To assess a possible relationship between changes in gut 
microbiota and circulating metabolites in these subgroups, we calculated the Spearman's rank 
correlation coefficient between changes in OTUs and metabolite abundances caused by the verum 
treatment (Figure 5A,B). As an approximation for this difference in abundance (displayed in the left 
side bar in Figure 5A,B) the median of the differences between the log2 transformed OTU abundances 
(pre vs. post treatment of verum) was used. After Benjamini-Hochberg correction of the computed p-
values, Spearman’s test showed no significance (q-values > 0.05). Unadjusted p-values are shown 
below to indicate trends. 

 

Figure 5. Spearman correlation analysis of the gut microbiome and metabolome. Spearman 
correlation analysis is conducted on the difference in the log2-fold changes of bacteria genera between 
pre vs. post treatment with verum and the log2-fold changes of metabolites between pre vs. post 
treatment with verum. Spearman correlation of the difference in bacteria genera and the difference in 
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hydrophilic metabolites (A) for subjects with a >25% upregulated serum PGE2, and for the difference 
in bacteria genera and the difference in hydrophilic metabolites for subjects with a >25% 
downregulated serum PGE2 (B). Correlation with an unadjusted p-value < 0.05 or 0.01 are emphasized 
by bigger squares in the correlation matrix. Positive correlation coefficients are displayed in red, 
negative ones in blue. To the left of the matrix, color-coded bars of the phylum and order of the 
respective genera are displayed. Also, to the left and above the correlation matrix the median of the 
absolute difference in the log2-transformed abundance of bacteria genera (left) and metabolites (top) 
between verum and control is displayed as a color-coded bar, where blue corresponds to negative and 
red to positive values. No correlations were significant after FDR correction. 

Among individuals with a >25% upregulated serum PGE2, a lower abundance of five genera, 
namely Ruminococcus, Clostridium (Clostridiaceae), SMB53, Defluviitalea, and Gemmiger, all 
belonging to the order Enterobacteriales, was detected after verum intervention (Figure 5A). 
Additionally, the genera Alistipes, Victivallis, and Coprobacillus were found with lower abundances 
in these subjects. Two genera of the family Lachnospiraceae, namely Clostridium (Lachnospiraceae) 
and Roseburia, and three genera of Erysipelotrichaceae, Eubacterium, Holdemania, and Clostridium 
(Erysipelorichaceae) were increased in this subgroup after nasturtium intervention. The genera 
Veillonella, Oxalobacter, and Akkermansia were also increased.  

Analysis for the subgroup with a >25% decrease in serum PGE2 revealed a reduced abundance 
of the genera Clostridium (Clostridiaceae), Haemophilus, Turicibacter, Bifidobacterium, and 
Victivallis upon verum intervention in these subjects. Intervention-dependent increased abundance 
was observed in the genera Sutterella, Bacteroides, Escherichia, Alistipes, Akkermansia and 
Clostridium (Erysipelotrichaceae) (Figure 5B). Changes of the genus Bifidobacterium positively 
correlated here with changes of the hydrophilic serum metabolite 3-methylhistidine (p = 0.017) 
(Figure 5B).  

We also compared the bacteria abundance between both subgroups (see Supplementary Figure 
S4A).  Here, some bacterial populations changed in opposite directions after verum treatment. 
Rikenellaceae Alistipes, Ruminococcaceae Ruminococcus, Enterobacteriaceae Escherichia, and 
Veillonellaceae Dialister were reduced in the subgroup with >25% increase in PGE2, but the same 
species were increased or showed no change upon intervention in the subgroup with >25% PGE2 
reduction. However, after Benjamini-Hochberg correction, the Welch's t-test showed no significance 
of this effect (q-values > 0.05). In contrast, Alcaligenaceae Sutterella was decreased in the subgroup 
with a >25% increase of PGE2 while it was increased in the subgroup with a >25% decrease of PGE2 

(based on the unadjusted p-values, p = 0.0127). Erysipelotrichaceae Eubacterium was increased in the 
subgroup with a >25% increase of PGE2, while it was decreased in the subgroup with a >25% decrease 
of PGE2 (based on the unadjusted p-values, p = 0.0344).  

In the subgroup with >25% increase in PGE2 after the intervention the changes in Alistipes for 
each subject were negatively correlated with the changes in 4-aminobutyric acid (p = 0.037) and 
pyroglutamic acid (p = 0.037), and positively correlated with the changes in 2-methylbutyric acid (p 
= 0.014) in serum. The changes in Defluviitalea positively correlated with the changes in N,N-
dimethylglycine (p = 0.036), the changes in Clostridium (Clostridiaceae) was negatively correlated 
with the changes in glutamine (p = 0.043). The changes in Gemmiger negatively correlated with the 
changes in asparagine levels, (p = 0.006) and SMB53 negatively correlated with the changes in 2-
methylbutyric acid (p = 0.006). The changes in Clostridium (Erysipelotrichaceae) were negatively 
correlated with the changes in serum content of N,N–dimethylglycine (p = 0.010) and positively 
correlated with changes in methionine (p = 0.050). Changes in Akkermansia positively correlated with 
changes in 2-methylbutyric acid (p = 0.022), and negatively correlated with changes in 2-aminobutyric 
acid (p = 0.048) and acetic acid (p = 0.022) (Figure 5A,B). In the subgroup with >25% decrease in PGE2 
after the intervention the changes of the genus Bifidobacterium positively correlated with changes of 
the hydrophilic serum metabolite 3-methylhistidine (p = 0.017) (Figure 5B). 

Correlations between bacterial genera and SCFAs in the subgroup with >25% increase serum 
PGE2 are shown in Supplementary Figure S4B. However, after FDR correction, no q-values were 
below 0.05. The lack of significance may be partly explained by the low sample number in both 
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subgroups. No significant correlations were observed between changes in microbiota and changes in 
SCFAs for the subgroup with >25% decrease in serum PGE2 (not shown). 

3.6. Nasturtium Intervention Increases hBD-1 in Urine and EBC 

Beta defensins are small cationic antimicrobial peptides, which are expressed in epithelial cells 
of the respiratory [40] and urinary tract [41]. They kill or inhibit the growth of bacteria through a 
multiplicity of antimicrobial mechanisms, which include direct membrane disruption, inhibition of 
bacterial cell wall synthesis, or neutralizing secreted toxins [42]. While hBD-1 and hBD-2 are active 
preferably against Gram-negative bacteria [43], intervention of BITC-containing nasturtium 
significantly increased hBD-1 level in urine (Figure 6A), and EBC (Figure 6B), but not in serum 
samples (Figure 6C). 

 

Figure 6. Antimicrobial effects of nasturtium. Quantification of hBD-1 in the samples before (pre) 
and after (post) nasturtium intervention was done by ELISA in urine (A), exhaled breath condensate 
(B), and serum (C). Each dot represents results from one subject, tested in duplicates. The line 
represents the mean. *p < 0.05 and **p < 0.01. Urine samples were incubated for 12 h at 37 °C with 105 

CFU/mL of one of the three E. coli cultures. Antibacterial activity was measured at OD 600 nm as an 
indicator for bacterial growth (D). Correlations for E. coli bacterial growth and post intervention BITC-
NAC concentration (n = 26) (E), pH (n = 31) (F), and hBD-1 concentration (n = 27) (G) were calculated 
using Pearson (F) and Spearman (E, G) analysis. Statistical significance was described as p < 0.05 and 
p < 0.01. 

3.7. Nasturtium Intervention Increases the Antibacterial Activity of Urine Samples 

In order to investigate whether BITC-containing nasturtium could improve the antibacterial 
potential of urine, we used the collected spot urine samples from subjects before and after verum, and 
tested them against E. coli bacteria. Pre-to-post analysis showed that verum intervention significantly 
inhibited the growth of all three E. coli cultures, albeit this effect was weak (Figure 6D). Interestingly, 
the urinary content of BITC-NAC metabolite positively correlated with E. coli inhibition (r = 0.4517, 
p = 0.0205; Figure 6E). The correlation between hBD-1 level in urine and bacterial inhibition was 
insignificant (Figure 6G), but there was also a significant positive correlation between the urinary pH 
and E. coli growth (r = 0.4927, p = 0.0049; Figure 6F). 

4. Discussion 

The primary advantage of using plant-based antimicrobials is that they can be administered 
without exhibiting the side effects often associated with the use of synthetic chemicals. In addition, 
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antimicrobial resistance to their bioactive constituents is negligible, due to the multiple mechanisms 
of the constituents’ action potentially preventing selection of resistant bacteria strains [2,44]. On the 
other hand, the question of in vivo efficacy arises; in most cases this has yet to be proven. We could 
demonstrate here that no relevant perturbations to the gut microbiome in terms of evident changes 
in species richness or diversity could be detected upon nasturtium intervention, neither in the BITC-
containing group nor the control without preformed BITC. In addition, the level of SCFA as well as 
different amino acids in serum of subjects demonstrated high stability during the whole course of the 
intervention. Considering the recommended use of nasturtium against infections of the upper 
respiratory tract and urinary tract [6,9], this could be advantageous. In contrast to our results, in rats 
exposed to broccoli, which contains the health promoting ITC sulforaphane, compositional changes 
in the gut microbiota have been reported [45]. Another human study reported that sulfate-reducing 
bacteria were present in significantly lower levels in six of nine subjects after consuming Brassica 
vegetables over a two-week period [46]. Critically, however, bacteria of the genera Bilophila and 
Desulfovibrio were represented in these samples by an average of 0.049% and 0.033% of the total 
population, respectively. To our knowledge, in this study no error rate using mock community data 
was given, which would have been useful for assessing the reliability of these findings. Using a well-
defined bacteria mock community in our study, we determined an error rate of 0.73%, which is in the 
range reported by others [47]. Thus, here we did not evaluate bacterial communities below one 
percent abundance. As with the present study, the usual eating behavior of the subjects was 
maintained in their study, and supplemented with the investigated plant. Subjects were only 
instructed to avoid GSL/ITC-containing foods during wash-out and intervention. More detailed data 
have been reported by [48], in a completely controlled 18-day human feeding study (N=18). This was 
conducted with 200 g cooked broccoli, and 20 g of raw daikon radish as source for myrosinase per 
day. The authors found the relative abundance of Firmicutes significantly decreased, while both 
Bacteroidetes and the genus Bacteroides increased [48]. Subjects consumed all their meals on site, 
which might have been a critical advantage in avoiding microbiome changes due to individual food 
preferences. This could also explain their clear findings even on phylum level. The broccoli used in 
all these mentioned studies mainly contains glucoraphanine, which is degraded to the aliphatic ITC 
sulforaphane [49]; nasturtium predominantly contains the aromatic structured BITC. For aliphatic 
ITC, a weaker antimicrobial activity has been reported in vitro compared to the aromatic ITCs [50,51]. 
Thus, the higher total intake in GLS as compared to our study could possibly have contributed to 
more pronounced effects on the gut microbiome despite a smaller study size. 

Some studies support the hypothesis that uropathogenic bacteria responsible for UTIs originate 
from the intestine [52–54]. Here, E. coli are the most common uropathogens found in patients with 
UTI [53], which are then also often found in patients´ intestines [52]. Nowadays, the interaction 
between the gut microbiome and UTI is intensively investigated as the “gut-UTI axis” [54]. Magruder 
et al. [54] found, for example, that antibiotic treatment altering the composition of the microbiome 
led to increases in the prevalence of the uropathogenic bacteria Escherichia or Enterococcus. Analysis 
of the number of species from the family Enterobacteriaceae — to which E. coli belongs — revealed no 
relevant changes upon intervention in the present study. This bacterial family was present in 28 of 29 
subjects. However, one must keep in mind that the present study was conducted with healthy 
subjects, and we did not record whether the subjects had a history of UTI. Further, we performed V3–
V4 sequencing of the microbiome, which limits species identification, and this could be considered 
here as a disadvantage, as well. In the future, patients actually suffering from UTI or having a history 
of UTI could be screened for the presence of certain uropathogenic bacteria in their gut microbiome, 
and then further considered for another intervention study on nasturtium. 

For spot urine samples from BITC-containing nasturtium treated subjects a significant, albeit 
weak, growth inhibitory effect against E. coli bacteria was found. BITC-metabolite concentration in 
subjects´ urine then highly correlated with the observed antibacterial activity. Additionally, hBD-1 
— a quick-acting, anti-infective peptide in human host defense — was significantly upregulated upon 
nasturtium intervention. To date, there is little literature on the bioactivity of the ITC-NAC conjugates 
in general and to our knowledge, none on the antimicrobial activity of the metabolite in particular. 
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Preliminary evidence from inhibition experiments with cancer cells suggests here that the NAC-
conjugates are also active at a comparable potency [55]. This might be due to their pH-dependent 
dissociation capacity back into free ITC [56]. So far, several in vitro studies have shown sensitivity of 
both Gram-negative and -positive bacteria to the antimicrobial properties of BITC [8,57]. BITC was 
effective against species of Escherichia and Klebsiella, as well as Bacillus, Listeria, Salmonella, Serratia, 
and Staphylococcus [57]. The concentration of applied BITC was, however, relatively high, which 
might provide a good explanation for the discrepancy between our results and these in vitro reports. 
For our experiments, only spontaneous urine samples were available instead of samples containing 
maximal expected BITC-metabolite levels. These urine samples then contained 41.3 ± 40.79 nM BITC-
NAC. However, it is well known, that the concentration of the ITC metabolite can reach up to several 
mM in the urine [58,59]. Platz et al. [58] demonstrated for example, that upon a single consumption 
of 10 g fresh nasturtium juice, the urinary excretion of BITC-NAC peaked between 4 and 6 h at 830–
2063 µM. Thus, our results are in principle useful to confirm the antimicrobial potential expected 
from ingested nasturtium in humans, but cannot provide information on the true antibacterial 
activity in urine. 

In the human body, the main route of reactive, lipophile ITC is their absorption in the small 
intestine, and subsequent excretion via the urine as mercapturic acid pathway metabolites [60–62]. In 
animal experiments, only a minor part of <10% BITC/BITC-conjugate has been detected to be excreted 
via faeces [63,64]. The intact hydrophilic and biologically inactive GLS are expected to transit to the 
large intestine. There, some bacteria strains with β-thioglucosidase activity were shown to be 
involved in their further processing into the active ITC [65]. Interestingly, a) other intestinal bacteria, 
e. g. Bifidobacteria, seem to metabolize GLS rather to their corresponding inactive nitriles or amines 
[66,67]; and b) results of one study on gnotobiotic rats even suggest that the human microflora may 
result in a lower net absorption of ITC by the distal digestive tract due to breakdown to other final 
products than ITC. Thus, while ITC can reach the bladder at very high concentrations, much lower 
concentrations could be expected to reach the large intestine, which might help in protecting the gut 
microbiome from the antimicrobial properties of the ITC. 

5. Conclusion 

The effect of nasturtium on diversity and species richness of the bacterial gut microbiome was 
investigated here in the context of a secondary parameter analysis in healthy participants. Our 
analyses did not reveal any evidence for changes of the microbiome induced by BITC added to the 
individual diet. However, statistically significant antimicrobial effects of the intervention were found 
in breath condensate and urine. Furthermore, associations between serum PGE2 and specific gut 
bacteria or serum metabolites found in an exploratory subgroup analysis were identified. In future 
studies, establishment of a baseline gut microbiome, generated from at least three different sampling 
points before intervention, could help account for interindividual variations and for the dynamic 
nature of the microbiome. This procedure has been suggested earlier [68] and could help to increase 
the sensitivity in assessment of the effect of dietary intervention. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: NMDS plot of thetaYC distances for three dimensions; Figure S2: 
Relative Abundance of high-level phenotypes (n = 29 subjects) using BugBase web application; Figure S3: 
Metabolome analysis using QTRAP; Figure S4: Corellation of bacteria abundance between subgroups and 
Spearman correlation of gut microbiome and SCFAs.  

Author Contributions: Conceptualization, E.L.; methodology, S.P.P.; E.B.; M.P.; M.G.; C.H.; V.M.K.; C.D.; S.C.; 
H.T.T.T.; C.K.; S.G.; formal analysis, C.H., H.T.T.T., S,C.,  and E.L.; investigation, C.H., E.B., L.F., H.T.T.T., S.C., 
J.S., M.K. resources, C.D.; S.G.; E.L.; writing—original draft preparation, E.L. writing—review and editing, S.P.P.; 
C.H.; S.G.; All authors have read and agreed to the published version of the manuscript. The listing order of the 
authors is without weighting. 

Funding: The study was partly supported by a grant from Repha GmbH, Langenhagen, Germany.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2023                   doi:10.20944/preprints202311.1263.v1

https://doi.org/10.20944/preprints202311.1263.v1


 14 

 

Institutional Review Board Statement: This study was conducted in accordance with the Declaration of 
Helsinki and approved by the Ethical Committee of the University of Freiburg (ethical vote number 322/18, 
11/13/2018).  

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: Galaxy Workflow for processing microbiome (16S rRNA) sequence data is 
accessible via https://usegalaxy.eu/u/spp/w/16s-rrna-gg-workflow.  

Conflicts of Interest: The study was partly supported by a grant from Repha GmbH, Langenhagen, Germany. 
Repha GmbH was not involved in the design, conduction, interpretation, or publishing of the results. 

References 

1. Cowan: M.M. Plant Products as Antimicrobial Agents. Clin. Microbiol. Rev. 1999, 12, 564–582, 
doi:10.1128/CMR.12.4.564. 

2. Khameneh, B.; Iranshahy, M.; Soheili, V.; Fazly Bazzaz, B.S. Review on Plant Antimicrobials: A Mechanistic 
Viewpoint. Antimicrob. Resist. Infect. Control 2019, 8, 118, doi:10.1186/s13756-019-0559-6. 

3. Chassagne, F.; Samarakoon, T.; Porras, G.; Lyles, J.T.; Dettweiler, M.; Marquez, L.; Salam, A.M.; Shabih, S.; 
Farrokhi, D.R.; Quave, C.L. A Systematic Review of Plants With Antibacterial Activities: A Taxonomic and 
Phylogenetic Perspective. Front. Pharmacol. 2020, 11, 586548, doi:10.3389/fphar.2020.586548. 

4. Scholten, M.N.; Scholten, R. The Complete German Commission E Monographs: Therapeutic Guide to 
Herbal Medicines; 1999; Vol. 130;. 

5. Kranz, J.; Schmidt, S.; Lebert, C.; Schneidewind, L.; Vahlensieck, W.; Sester, U.; Fünfstück, R.; Helbig, S.; 
Hofmann, W.; Hummers, E.; et al. Epidemiologie, Diagnostik, Therapie, Prävention und Management 
unkomplizierter, bakterieller, ambulant erworbener Harnwegsinfektionen bei erwachsenen Patienten: 
Aktualisierung 2017 der interdisziplinären AWMF S3-Leitlinie. Urol. 2017, 56, 746–758, doi:10.1007/s00120-
017-0389-1. 

6. Stange, R.; Schneider, B.; Albrecht, U.; Mueller, V.; Schnitker, J.; Michalsen, A. Results of a Randomized, 
Prospective, Double-Dummy, Double-Blind Trial to Compare Efficacy and Safety of a Herbal Combination 
Containing Tropaeoli Majoris Herba and Armoraciae Rusticanae Radix with Co-Trimoxazole in Patients 
with Acute and Uncomplicated Cystitis. Res. Rep. Urol. 2017, 9, 43–50, doi:10.2147/RRU.S121203. 

7. Hanschen, F.S.; Lamy, E.; Schreiner, M.; Rohn, S. Reactivity and Stability of Glucosinolates and Their 
Breakdown Products in Foods. Angew. Chem. Int. Ed Engl. 2014, 53, 11430–11450, 
doi:10.1002/anie.201402639. 

8. Aires, A.; Mota, V.R.; Saavedra, M.J.; Rosa, E. a. S.; Bennett, R.N. The Antimicrobial Effects of 
Glucosinolates and Their Respective Enzymatic Hydrolysis Products on Bacteria Isolated from the Human 
Intestinal Tract. J. Appl. Microbiol. 2009, 106, 2086–2095, doi:10.1111/j.1365-2672.2009.04180.x. 

9. Conrad, A.; Kolberg, T.; Engels, I.; Frank, U. [In vitro study to evaluate the antibacterial activity of a 
combination of the haulm of nasturtium (Tropaeoli majoris herba) and of the roots of horseradish 
(Armoraciae rusticanae radix)]. Arzneimittelforschung. 2006, 56, 842–849, doi:10.1055/s-0031-1296796. 

10. Zhang, Y. Allyl Isothiocyanate as a Cancer Chemopreventive Phytochemical. Mol. Nutr. Food Res. 2010, 54, 
127–135, doi:10.1002/mnfr.200900323. 

11. Esteve, M. Mechanisms Underlying Biological Effects of Cruciferous Glucosinolate-Derived 
Isothiocyanates/Indoles: A Focus on Metabolic Syndrome. Front. Nutr. 2020, 7, 111, 
doi:10.3389/fnut.2020.00111. 

12. Holst, B.; Williamson, G. A Critical Review of the Bioavailability of Glucosinolates and Related 
Compounds. Nat. Prod. Rep. 2004, 21, 425–447, doi:10.1039/b204039p. 

13. Juge, N.; Mithen, R.F.; Traka, M. Molecular Basis for Chemoprevention by Sulforaphane: A Comprehensive 
Review. Cell. Mol. Life Sci. CMLS 2007, 64, 1105–1127, doi:10.1007/s00018-007-6484-5. 

14. Dufour, V.; Stahl, M.; Rosenfeld, E.; Stintzi, A.; Baysse, C. Insights into the Mode of Action of Benzyl 
Isothiocyanate on Campylobacter Jejuni. Appl. Environ. Microbiol. 2013, 79, 6958–6968, 
doi:10.1128/AEM.01967-13. 

15. Buffie, C.G.; Pamer, E.G. Microbiota-Mediated Colonization Resistance against Intestinal Pathogens. Nat. 

Rev. Immunol. 2013, 13, 790–801, doi:10.1038/nri3535. 
16. Zaura, E.; Brandt, B.W.; Teixeira de Mattos, M.J.; Buijs, M.J.; Caspers, M.P.M.; Rashid, M.-U.; Weintraub, 

A.; Nord, C.E.; Savell, A.; Hu, Y.; et al. Same Exposure but Two Radically Different Responses to 
Antibiotics: Resilience of the Salivary Microbiome versus Long-Term Microbial Shifts in Feces. mBio 2015, 
6, e01693-15, doi:10.1128/mBio.01693-15. 

17. Yassour, M.; Vatanen, T.; Siljander, H.; Hämäläinen, A.-M.; Härkönen, T.; Ryhänen, S.J.; Franzosa, E.A.; 
Vlamakis, H.; Huttenhower, C.; Gevers, D.; et al. Natural History of the Infant Gut Microbiome and Impact 
of Antibiotic Treatment on Bacterial Strain Diversity and Stability. Sci. Transl. Med. 2016, 8, 343ra81, 
doi:10.1126/scitranslmed.aad0917. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2023                   doi:10.20944/preprints202311.1263.v1

https://doi.org/10.20944/preprints202311.1263.v1


 15 

 

18. Ramirez, J.; Guarner, F.; Bustos Fernandez, L.; Maruy, A.; Sdepanian, V.L.; Cohen, H. Antibiotics as Major 
Disruptors of Gut Microbiota. Front. Cell. Infect. Microbiol. 2020, 10, 572912, doi:10.3389/fcimb.2020.572912. 

19. Herz, C.; Frei, L.; Tran, H.T.T.; Claßen, S.; Spöttel, J.; Krell, M.; Hanschen, F.S.; Arvandi, M.; Binder, N.; 
Schreiner, M.; et al. A Monocentric, Randomized, Double-Blind, Controlled Crossover Trial of Nasturtium 
(Tropaeolum Majus) on the Lipid Regulator Prostaglandin E2. Front. Nutr. 2023, 10, 1223158, 
doi:10.3389/fnut.2023.1223158. 

20. Mutlu, G.M.; Garey, K.W.; Robbins, R.A.; Danziger, L.H.; Rubinstein, I. Collection and Analysis of Exhaled 
Breath Condensate in Humans. Am. J. Respir. Crit. Care Med. 2001, 164, 731–737, 
doi:10.1164/ajrccm.164.5.2101032. 

21. Haring, E.; Uhl, F.M.; Andrieux, G.; Proietti, M.; Bulashevska, A.; Sauer, B.; Braun, L.M.; de Vega Gomez, 
E.; Esser, P.R.; Martin, S.F.; et al. Bile Acids Regulate Intestinal Antigen Presentation and Reduce Graft-
versus-Host Disease without Impairing the Graft-versus-Leukemia Effect. Haematologica 2020, 
haematol.2019.242990, doi:10.3324/haematol.2019.242990. 

22. Schloss, P.D. Reintroducing Mothur: 10 Years Later. Appl. Environ. Microbiol. 2020, 86, e02343-19, 
doi:10.1128/AEM.02343-19. 

23. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, 
N.; Grüning, B.A.; et al. The Galaxy Platform for Accessible, Reproducible and Collaborative Biomedical 
Analyses: 2018 Update. Nucleic Acids Res. 2018, 46, W537–W544, doi:10.1093/nar/gky379. 

24. Kozich, J.J.; Westcott, S.L.; Baxter, N.T.; Highlander, S.K.; Schloss, P.D. Development of a Dual-Index 
Sequencing Strategy and Curation Pipeline for Analyzing Amplicon Sequence Data on the MiSeq Illumina 
Sequencing Platform. Appl. Environ. Microbiol. 2013, 79, 5112–5120, doi:10.1128/AEM.01043-13. 

25. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; 
Andersen, G.L. Greengenes, a Chimera-Checked 16S RRNA Gene Database and Workbench Compatible 
with ARB. Appl. Environ. Microbiol. 2006, 72, 5069–5072, doi:10.1128/AEM.03006-05. 

26. Bik, H.M.; Pitch Interactive Phinch: An Interactive, Exploratory Data Visualization Framework for –Omic 
Datasets; Genomics, 2014; 

27. Langille, M.G.I.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; 
Burkepile, D.E.; Vega Thurber, R.L.; Knight, R.; et al. Predictive Functional Profiling of Microbial 
Communities Using 16S RRNA Marker Gene Sequences. Nat. Biotechnol. 2013, 31, 814–821, 
doi:10.1038/nbt.2676. 

28. Kanehisa, M.; Goto, S.; Sato, Y.; Furumichi, M.; Tanabe, M. KEGG for Integration and Interpretation of 
Large-Scale Molecular Data Sets. Nucleic Acids Res. 2012, 40, D109-114, doi:10.1093/nar/gkr988. 

29. Ward, T.; Larson, J.; Meulemans, J.; Hillmann, B.; Lynch, J.; Sidiropoulos, D.; Spear, J.R.; Caporaso, G.; 
Blekhman, R.; Knight, R.; et al. BugBase Predicts Organism-Level Microbiome Phenotypes; Bioinformatics, 2017; 

30. Han, J.; Lin, K.; Sequeira, C.; Borchers, C.H. An Isotope-Labeled Chemical Derivatization Method for the 
Quantitation of Short-Chain Fatty Acids in Human Feces by Liquid Chromatography–Tandem Mass 
Spectrometry. Anal. Chim. Acta 2015, 854, 86–94, doi:10.1016/j.aca.2014.11.015. 

31. Just, S.; Mondot, S.; Ecker, J.; Wegner, K.; Rath, E.; Gau, L.; Streidl, T.; Hery-Arnaud, G.; Schmidt, S.; Lesker, 
T.R.; et al. The Gut Microbiota Drives the Impact of Bile Acids and Fat Source in Diet on Mouse Metabolism. 
Microbiome 2018, 6, 134, doi:10.1186/s40168-018-0510-8. 

32. Wudy, S.I.; Mittermeier-Klessinger, V.K.; Dunkel, A.; Kleigrewe, K.; Ensenauer, R.; Dawid, C.; Hofmann, 
T.F. High-Throughput Analysis of Underivatized Amino Acids and Acylcarnitines in Infant Serum: A 
Micromethod Based on Stable Isotope Dilution Targeted HILIC-ESI-MS/MS. J. Agric. Food Chem. 2023, 71, 
8633–8647, doi:10.1021/acs.jafc.3c00962. 

33. Lloyd-Price, J.; Abu-Ali, G.; Huttenhower, C. The Healthy Human Microbiome. Genome Med. 2016, 8, 51, 
doi:10.1186/s13073-016-0307-y. 

34. Walker, A.W.; Ince, J.; Duncan, S.H.; Webster, L.M.; Holtrop, G.; Ze, X.; Brown, D.; Stares, M.D.; Scott, P.; 
Bergerat, A.; et al. Dominant and Diet-Responsive Groups of Bacteria within the Human Colonic 
Microbiota. ISME J. 2011, 5, 220–230, doi:10.1038/ismej.2010.118. 

35. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, 
A.S.; Varma, Y.; Fischbach, M.A.; et al. Diet Rapidly and Reproducibly Alters the Human Gut Microbiome. 
Nature 2014, 505, 559–563, doi:10.1038/nature12820. 

36. Chen, L.; Zhernakova, D.V.; Kurilshikov, A.; Andreu-Sánchez, S.; Wang, D.; Augustijn, H.E.; Vich Vila, A.; 
Lifelines Cohort Study; Weersma, R.K.; Medema, M.H.; et al. Influence of the Microbiome, Diet and 
Genetics on Inter-Individual Variation in the Human Plasma Metabolome. Nat. Med. 2022, 28, 2333–2343, 
doi:10.1038/s41591-022-02014-8. 

37. Sreeramkumar, V.; Fresno, M.; Cuesta, N. Prostaglandin E 2 and T Cells: Friends or Foes? Immunol. Cell Biol. 
2012, 90, 579–586, doi:10.1038/icb.2011.75. 

38. Nakanishi, M.; Rosenberg, D.W. Multifaceted Roles of PGE2 in Inflammation and Cancer. Semin. 

Immunopathol. 2013, 35, 123–137, doi:10.1007/s00281-012-0342-8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2023                   doi:10.20944/preprints202311.1263.v1

https://doi.org/10.20944/preprints202311.1263.v1


 16 

 

39. Manach, C.; Milenkovic, D.; Van de Wiele, T.; Rodriguez-Mateos, A.; de Roos, B.; Garcia-Conesa, M.T.; 
Landberg, R.; Gibney, E.R.; Heinonen, M.; Tomás-Barberán, F.; et al. Addressing the Inter-Individual 
Variation in Response to Consumption of Plant Food Bioactives: Towards a Better Understanding of Their 
Role in Healthy Aging and Cardiometabolic Risk Reduction. Mol. Nutr. Food Res. 2017, 61, 1600557, 
doi:10.1002/mnfr.201600557. 

40. Ganz, T.; Lehrer, R.I. Antimicrobial Peptides of Vertebrates. Curr. Opin. Immunol. 1998, 10, 41–44, 
doi:10.1016/S0952-7915(98)80029-0. 

41. Becknell, B.; Spencer, J.D.; Carpenter, A.R.; Chen, X.; Singh, A.; Ploeger, S.; Kline, J.; Ellsworth, P.; Li, B.; 
Proksch, E.; et al. Expression and Antimicrobial Function of Beta-Defensin 1 in the Lower Urinary Tract. 
PloS One 2013, 8, e77714, doi:10.1371/journal.pone.0077714. 

42. Xu, D.; Lu, W. Defensins: A Double-Edged Sword in Host Immunity. Front. Immunol. 2020, 11, 764, 
doi:10.3389/fimmu.2020.00764. 

43. Harder, J.; Bartels, J.; Christophers, E.; Schröder, J.M. A Peptide Antibiotic from Human Skin. Nature 1997, 
387, 861, doi:10.1038/43088. 

44. Khare, T.; Anand, U.; Dey, A.; Assaraf, Y.G.; Chen, Z.-S.; Liu, Z.; Kumar, V. Exploring Phytochemicals for 
Combating Antibiotic Resistance in Microbial Pathogens. Front. Pharmacol. 2021, 12, 720726, 
doi:10.3389/fphar.2021.720726. 

45. Wilson, A.E.; Bergaentzlé, M.; Bindler, F.; Marchioni, E.; Lintz, A.; Ennahar, S. In Vitro Efficacies of Various 
Isothiocyanates from Cruciferous Vegetables as Antimicrobial Agents against Foodborne Pathogens and 
Spoilage Bacteria. Food Control 2013, 30, 318–324, doi:10.1016/j.foodcont.2012.07.031. 

46. Kellingray, L.; Tapp, H.S.; Saha, S.; Doleman, J.F.; Narbad, A.; Mithen, R.F. Consumption of a Diet Rich in 
Brassica Vegetables Is Associated with a Reduced Abundance of Sulphate-Reducing Bacteria: A 
Randomised Crossover Study. Mol. Nutr. Food Res. 2017, 61, doi:10.1002/mnfr.201600992. 

47. McElroy, K.E.; Luciani, F.; Thomas, T. GemSIM: General, Error-Model Based Simulator of next-Generation 
Sequencing Data. BMC Genomics 2012, 13, 74, doi:10.1186/1471-2164-13-74. 

48. Kaczmarek, J.L.; Liu, X.; Charron, C.S.; Novotny, J.A.; Jeffery, E.H.; Seifried, H.E.; Ross, S.A.; Miller, M.J.; 
Swanson, K.S.; Holscher, H.D. Broccoli Consumption Affects the Human Gastrointestinal Microbiota. J. 

Nutr. Biochem. 2019, 63, 27–34, doi:10.1016/j.jnutbio.2018.09.015. 
49. Vermeulen, M.; Klöpping-Ketelaars, I.W.A.A.; van den Berg, R.; Vaes, W.H.J. Bioavailability and Kinetics 

of Sulforaphane in Humans after Consumption of Cooked versus Raw Broccoli. J. Agric. Food Chem. 2008, 
56, 10505–10509, doi:10.1021/jf801989e. 

50. Aires, A.; Mota, V.R.; Saavedra, M.J.; Monteiro, A.A.; Simões, M.; Rosa, E. a. S.; Bennett, R.N. Initial in Vitro 
Evaluations of the Antibacterial Activities of Glucosinolate Enzymatic Hydrolysis Products against Plant 
Pathogenic Bacteria. J. Appl. Microbiol. 2009, 106, 2096–2105, doi:10.1111/j.1365-2672.2009.04181.x. 

51. Ko, M.-O.; Kim, M.-B.; Lim, S.-B. Relationship between Chemical Structure and Antimicrobial Activities of 
Isothiocyanates from Cruciferous Vegetables against Oral Pathogens. J. Microbiol. Biotechnol. 2016, 26, 2036–
2042, doi:10.4014/jmb.1606.06008. 

52. Manges, A.R.; Johnson, J.R.; Riley, L.W. Intestinal Population Dynamics of UTI-Causing Escherichia Coli 
within Heterosexual Couples. Curr. Issues Intest. Microbiol. 2004, 5, 49–57. 

53. Terlizzi, M.E.; Gribaudo, G.; Maffei, M.E. UroPathogenic Escherichia Coli (UPEC) Infections: Virulence 
Factors, Bladder Responses, Antibiotic, and Non-Antibiotic Antimicrobial Strategies. Front. Microbiol. 2017, 
8, 1566, doi:10.3389/fmicb.2017.01566. 

54. Magruder, M.; Sholi, A.N.; Gong, C.; Zhang, L.; Edusei, E.; Huang, J.; Albakry, S.; Satlin, M.J.; Westblade, 
L.F.; Crawford, C.; et al. Gut Uropathogen Abundance Is a Risk Factor for Development of Bacteriuria and 
Urinary Tract Infection. Nat. Commun. 2019, 10, 5521, doi:10.1038/s41467-019-13467-w. 

55. Bhattacharya, A.; Li, Y.; Geng, F.; Munday, R.; Zhang, Y. The Principal Urinary Metabolite of Allyl 
Isothiocyanate, N-Acetyl-S-(N-Allylthiocarbamoyl)Cysteine, Inhibits the Growth and Muscle Invasion of 
Bladder Cancer. Carcinogenesis 2012, 33, 394–398, doi:10.1093/carcin/bgr283. 

56. Márton, M.-R.; Krumbein, A.; Platz, S.; Schreiner, M.; Rohn, S.; Rehmers, A.; Lavric, V.; Mersch-
Sundermann, V.; Lamy, E. Determination of Bioactive, Free Isothiocyanates from a Glucosinolate-
Containing Phytotherapeutic Agent: A Pilot Study with in Vitro Models and Human Intervention. 
Fitoterapia 2013, 85, 25–34, doi:10.1016/j.fitote.2012.12.016. 

57. Li, P.; Zhao, Y.-M.; Wang, C.; Zhu, H.-P. Antibacterial Activity and Main Action Pathway of Benzyl 
Isothiocyanate Extracted from Papaya Seeds. J. Food Sci. 2021, 86, 169–176, doi:10.1111/1750-3841.15539. 

58. Platz, S.; Kühn, C.; Schiess, S.; Schreiner, M.; Kemper, M.; Pivovarova, O.; Pfeiffer, A.F.H.; Rohn, S. 
Bioavailability and Metabolism of Benzyl Glucosinolate in Humans Consuming Indian Cress (Tropaeolum 
Majus L.). Mol. Nutr. Food Res. 2016, 60, 652–660, doi:10.1002/mnfr.201500633. 

59. Sun, J.; Charron, C.S.; Novotny, J.A.; Peng, B.; Yu, L.; Chen, P. Profiling Glucosinolate Metabolites in 
Human Urine and Plasma after Broccoli Consumption Using Non-Targeted and Targeted Metabolomic 
Analyses. Food Chem. 2020, 309, 125660, doi:10.1016/j.foodchem.2019.125660. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2023                   doi:10.20944/preprints202311.1263.v1

https://doi.org/10.20944/preprints202311.1263.v1


 17 

 

60. Ioannou, Y.M.; Burka, L.T.; Matthews, H.B. Allyl Isothiocyanate: Comparative Disposition in Rats and 
Mice. Toxicol. Appl. Pharmacol. 1984, 75, 173–181, doi:10.1016/0041-008x(84)90199-6. 

61. Petri, N.; Tannergren, C.; Holst, B.; Mellon, F.A.; Bao, Y.; Plumb, G.W.; Bacon, J.; O’Leary, K.A.; Kroon, 
P.A.; Knutson, L.; et al. Absorption/Metabolism of Sulforaphane and Quercetin, and Regulation of Phase II 
Enzymes, in Human Jejunum in Vivo. Drug Metab. Dispos. Biol. Fate Chem. 2003, 31, 805–813, 
doi:10.1124/dmd.31.6.805. 

62. Lamy, E.; Scholtes, C.; Herz, C.; Mersch-Sundermann, V. Pharmacokinetics and Pharmacodynamics of 
Isothiocyanates. Drug Metab. Rev. 2011, 43, 387–407, doi:10.3109/03602532.2011.569551. 

63. Brüsewitz, G.; Cameron, B.D.; Chasseaud, L.F.; Görler, K.; Hawkins, D.R.; Koch, H.; Mennicke, W.H. The 
Metabolism of Benzyl Isothiocyanate and Its Cysteine Conjugate. Biochem. J. 1977, 162, 99–107, 
doi:10.1042/bj1620099. 

64. Rouzaud, G.; Rabot, S.; Ratcliffe, B.; Duncan, A.J. Influence of Plant and Bacterial Myrosinase Activity on 
the Metabolic Fate of Glucosinolates in Gnotobiotic Rats. Br. J. Nutr. 2003, 90, 395–404, 
doi:10.1079/bjn2003900. 

65. Miękus, N.; Marszałek, K.; Podlacha, M.; Iqbal, A.; Puchalski, C.; Świergiel, A.H. Health Benefits of Plant-
Derived Sulfur Compounds, Glucosinolates, and Organosulfur Compounds. Mol. Basel Switz. 2020, 25, 
E3804, doi:10.3390/molecules25173804. 

66. Combourieu, B.; Elfoul, L.; Delort, A.M.; Rabot, S. Identification of New Derivatives of Sinigrin and 
Glucotropaeolin Produced by the Human Digestive Microflora Using 1H NMR Spectroscopy Analysis of 
in Vitro Incubations. Drug Metab. Dispos. Biol. Fate Chem. 2001, 29, 1440–1445. 

67. Cheng, D.-L.; Hashimoto, K.; Uda, Y. In Vitro Digestion of Sinigrin and Glucotropaeolin by Single Strains 
of Bifidobacterium and Identification of the Digestive Products. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. 

Res. Assoc. 2004, 42, 351–357, doi:10.1016/j.fct.2003.09.008. 
68. Johnson, A.J.; Zheng, J.J.; Kang, J.W.; Saboe, A.; Knights, D.; Zivkovic, A.M. A Guide to Diet-Microbiome 

Study Design. Front. Nutr. 2020, 7, 79, doi:10.3389/fnut.2020.00079. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2023                   doi:10.20944/preprints202311.1263.v1

https://doi.org/10.20944/preprints202311.1263.v1

