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Abstract

Genipap (Genipa americana L.) is an exotic fruit largely consumed and well known, in Amazonian
pharmacopeia, to treat anemia, measles and uterine cancer. It is also used as a diuretic, digestive,
healing, laxative and antiseptic. The aim of this study was to apply an untargeted metabolomics
strategy to determine biomarkers of food intake after short-term consumption of genipap juice.
Sixteen healthy adult men were administered jenipap juice (250 mL) twice a day for three weeks.

Before and after the three weeks of consumption. the subjects drank a control drink, and they
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consumed a standard diet. Urine was collected after 0-6 h, 6-12 h and 12-24 h. An ultrahigh-
performance liquid chromatography-mass spectrometry (UHPLC-MS)-based metabolomics
approach was applied to analyze the urine samples. Principal components analysis (PCA) and
partial least squares discriminant analysis (PLS-DA) were performed to highlight experimental
differences between groups. The value of the area under the curve (AUC) of the receiver operator
characteristic (ROC) curve validated the identified biomarkers. Thirty-one statistically affected
urinary metabolites were putatively identified and were mainly related to iridoids family, medium-
chain fatty acids, and polyphenols. Also a group of urinary markers including dihydrocaffeic acid
(DHCA), 1-(4-hydroxyphenyl)-1,2-propanediol and 3-carboxy-4-methyl-5-propyl-2-
furanpropionic acid were established as biomarkers of genipap consumption. Our findings have
established a comprehensive panel of changes in the urinary metabolome and provided information
to monitor endogenous alterations that are linked to genipap juice intake. These data should be

used in further studies to understand the health implications of genipap juice consumption.

Keywords: untargeted metabolomics, urine, LC-MS, food biomarkers intake, iridoids, exotic

fruit.



1. Introduction

Amazonia has a large number of unexplored native and exotic fruits with potential use in
agroindustry and as a source of income for the local population (Rufino et al., 2010). Many of
these fruits are largely consumed and are also recommended for use as folk medicine to treat and/or
prevent disease. However, scientific data on bioactivity are still scarce for a large majority of these
exotic fruits. Studies that can define a list of biomarkers of food intake (BFI) and prove their
specific functionality for health are fundamental to add value to these products and provide new

options of functional food products to the consumer (Rogez ef al., 2004).

Genipap, or jagua (Genipa americana L.), is an exotic fruit native to the Amazon. The pulp
contains 4.4 to 25.7% carbohydrates (de Souza ef al., 2012; Morton, 1987), with reducing sugars
predominating, on average, at 9.4%, nonreducing sugars at 4.5% and total sugars between 3.8 to
12.4% (Figueiredo et al., 1986; Hansen et al., 2008; Orwa et al., 2009). Fiber content varies from
1.9 to 9% (Silva et al., 2009; Pacheco et al., 2015). The protein content is approximately 0.5 to
5.2%, and that of lipids is 0 to 1.6%, which is largely composed of saturated (52.3%) and
unsaturated fatty acids (25.6%) (Hamacek et al., 2013; Pacheco et al., 2015). With respect to
minerals, the pulp (100 g sample) contains 1.9% potassium, 2.0% magnesium (de Souza et al.,
2012), 8.5 to 17% thiamine, 18.5 to 37% riboflavin, and 3.4 to 5.2% niacin (J. F. Morton, [s.d.];
Villachica et al., 1996). Vitamin C content varies from 1.1 to 33 mg/100 g. Phenolic content can
reach 857.1 mg GAE.100"! g in dry samples (Porto et al., 2014), and iridoids in ripe fruit were
observed at 0.2 + 0.0 mg/g dry pulp (Bentes & Mercadante, 2014).

Some studies have suggested the bioactivity of this fruit. /n vitro antioxidant (Hwa ef al., 2011;
Son et al., 2015), anticancer (Li ef al., 2018; Shanmugam ef al., 2018), immunomodulatory (Hwa
etal.,2011; Son et al.,2015), placental cell regulation (Conceigao et al., 2011) and neuroprotective
(Liu et al., 2009) activities have already been shown. In animal models, other biological activities,
such as choleretic (Mikami & Takikawa, 2008), anticancer (Li ef al., 2018; Shanmugam et al.,
2018), hepatoprotective (Wu et al., 2009), anti-inflammatory (Koo et al., 2004; Viljoen et al.,
2012) and hypoglycemic (Wu et al., 2009) activities, have also been reported. Studies that
characterized this fruit refer to it as a source of bioactive compounds, mainly iridoids, but
bioavailability of these compounds and their potential impact on health are still unknown and

controversial (Bentes & Mercadante, 2014; Conceigao et al., 2011).



Described biological activities of the bioactive compounds present in this fruit are important to
investigate in humans because biomarker of food intake allows us to understand better the
interaction of food with the organism and eventually make diet-health associations. Thus, the
metabolomic approach represents a good tool for this type of investigation. Metabolomics
measures real parameters of physiological regulatory processes and gives more knowledge about
the metabolic pathways, such as the regulatory process and the interaction with the environment.
It is a signature of biochemical activity and is, so, more straightforward to correlate with the

phenotype (Garcia-Aloy et al., 2014)

In a previous study, the metabolites of acute genipap ingestion were tentatively identified (Dickson
et al., 2018). In this study, to investigate the effect of genipap juice intake on a medium-term
timescale, we performed untargeted metabolomics analyses on urine from humans before and after
three weeks of twice-daily genipap juice consumption. The objective of the present study was to
search for reliable differences in the human urinary metabolome and in routine blood analysis

results.

2. Materials and methods

2.1. Subjects

An open-label, crossover clinical trial was approved by the ethical committee of the Institute of
Health Sciences of the Federal University of Para (Belém, Brazil; ethical ID: 1.436.134). The study
was conducted in strict accordance with the international ethical guidelines for research involving
humans established in the Declaration of Helsinki and in compliance with resolution 196/96 of the
National Health Council of the Ministry of Health from Brazil. All participants provided written,

informed consent.
2.2. Study design

The selection of the 16 subjects, precautions taken during the wash-out period and genipap juice
preparation have been previously described (Dickson et al., 2018). The study was designed to
include two days with urine sample collection (day 1 for baseline and day 23) separated by 3 weeks
of daily genipap juice consumption totaling 500 ml, 250 ml after fasting in the morning, and 250
ml at the end of the afternoon (between 18:00 h and 19:00 h). For the baseline (day 1) and after
the 3 weeks (day 23) drinking the juice volunteers drank 500 mL of a placebo (water with white



crystallized cane sugar (95:5; w: w)) after at least 12 h of fasting. Volunteers were asked to drink
the placebo in a maximum lapse time of 20 min. During both days, the same standardized meals
were provided to volunteers on a normal schedule. All urine samples were collected in 3 different
bottles corresponding to 0—6 h, 6-12 h and 12-24 h after drinking. At each time point, 6 h, 12 h
and 24 h, volunteers were asked to empty their bladder into the corresponding bottle before
changing to a new one. Bottles were always kept under refrigeration, and immediately after
completing the urine collection for each timeperiod, total volume was measured, aliquots taken

from the bottles were stored at -80°C, and the rest of the urine was discarded.
2.3. Sample preparation and UHPLC-HRMS analysis

Urine samples were prepared as previously described (Dickson et al., 2018), thawed on ice, vortex
mixed for 1 min and centrifuged at 11000xg for 15 min at4 °C. An aliquot of 150 puL of supernatant
was diluted with 1.200 pL Milli-Q water and vortex mixed for 30 sec. Samples were centrifuged
again at 11000xg for 15 min at 4 °C, and the supernatant was kept at -80 °C until the day of
analysis. An aliquot of 5 uL of each sample was injected into a UHPLC (Thermo Fisher Scientific,
Courtaboeuf, France) and separated using a Hypersil Gold C18 column (100 mm % 2.1 mm, 1.9
um particle size) with the temperature set at 40 °C. The column was eluted using a 16.0 min
gradient with acetonitrile containing 0.1% formic acid (A) and water containing 0.1% formic acid
(B) at a flow rate of 0.4 mL/min. Agradient program was as follows: 1 min, 100% B; 4.7 min, 80%
B; 9.5 min, 25% B; 11 min, 0% B; 12 min, 0% B; and held up to 16 min. All samples were kept at
4°C during the analysis. MS analysis was performed using a Q Exactive Focus mass spectrometer
(Thermo Fisher Scientific, Courtaboeuf, France) equipped with a heated electrospray ionization
source (HESI). Spray voltage was set at 3500 V, and the HESI probe and transfer capillary
temperature were kept at 310 °C and 320 °C, respectively. Sheath and auxiliary gas were
maintained at 30 and 8 (arbitrary units), respectively, and the S-lens RF was set at 55 V. Analysis
was performed in full MS scan mode with switching ionization polarity mode. resolution was set
to 35000 full width at half maximum (FWHM) at m/z 200. Automatic gain control (AGC) was set
at 1e6 with a maximum injection time (IT) of 250 ms. Full MS spectra were acquired in profile
mode with the m/z range from 80 to 1000 m/z, and a collision energy of 40 eV. MS/MS experiments
for metabolite identification of selected ions were performed, and collision energies of 10, 20 and

30 eV were applied.



2.4. Data preprocessing and statistical analysis

Preprocessing and statistical analysis used in this study has been described elsewhere (Dickson et
al., 2018). Full MS raw data of both ionization polarities were extracted and preprocessed using
XCMS (Colin et al., 2006) software in the R environment (R Core Team, 2013). Filtration and
peak picking were performed using the xcmsSet function. CentWave function was used for peak
detection. Times of 2 and 15 s were used as the minimal and maximal chromatographic peak
widths, respectively. The minimum acceptable signal/noise was fixed at 3. A difference of 0.00005
m/z was used to consider peaks as having the same m/z. The maximal m/z deviation in consecutive
scans was set at 5 ppm. The noise was standardized to a relative intensity of 1000, and the
integration of the m/z centroid peak was performed through descent on Mexican hat filtered data.
For alignment, the Obiwarp method was used, and the peaks were grouped using the density
method. A bandwidth of 5 seconds and an m/z overlap width of 0.015 seconds were used to create
peak density chromatograms. Ions that did not appear in a minimum fraction of 0.75 of the
sample’s groups were considered a nonvalid group. Additionally, ions that did not appear in at
least 3 of the sample groups were excluded. The missing values were gap-filled with the fillPeaks
method. To perform normalization to correct the drift between different series, quality controls
consisting of pooled urine samples were used. Datasets obtained for positive and negative
ionization modes were pretreated using Pareto scaling and log transformation. Univariate and
multivariate statistical approaches were performed using Metaboanalyst (Xia & S Wishart, 2011)
to explore the differences between sample groups. A parametric ¢-test was calculated by applying
an adjusted value for the false discovery rate (FDR). All ions with a p-value < 0.05 (univariate)
and a VIP > 1 (variable importance in projection (VIP) of partial least-square multivariate
discriminant analysis) were considered statistically significant. In parallel, principal component
analysis (PCA) was performed with all detected ions to explore group differences. Partial least-
square discriminant analysis (PLS-DA) using SIMCA P (Sartorius Stedim Data Analytics AB,
Umea, Sweden) was applied to assess the variation between groups. The predictive ability of the
model was validated by cross validation ANOVA (CV-ANOVA), permutation tests (n=100) and
receiver operating characteristic (ROC) curves. ROC generation was performed using the
MetaboAnalyst web-based tool. Both individual and multiple biomarker ROC curves were built.

The accuracy and sensitivity of ROC analysis were assessed using the area under the curve (AUC).



The interpretation of the AUC results was as follows: 0.9-1.0 = excellent; 0.8-0.9 = good; 0.7—
0.8 = fair; 0.6-0.7 = poor; 0.5-0.6 = fail.

2.5. Metabolite identification and biological interpretation

To take into account all possible adducts and fragments, discriminant ions were clustered
according to their retention time and similar intensity features across all the samples. The 50 most
discriminant features in each ionization polarity were selected. Then, the identified parent ions
were fragmented with collision energies of 10, 20, and 30 eV. When available, all datasets were
matched with the in-house tool of the Workflow for Metabolomics web service (Caron et al.,
2014). For other cases, the fragmentation pattern was compared to the experimental pattern
reported in metabolite databases, including HMDB (Wishart et al., 2013) and METLIN (Smith e¢
al., 2005), or to the in silico fragmentation pattern generated by online software, such as CFM-ID
(Allen et al., 2014), MetFrag (Ruttkies et al., 2016) and MetFusion (Gerlich & Neumann, 2013).
When good matches were obtained, a tentative annotation was reported as well as the confidence

level of the identification suggested by the Metabolites Standards Initiative (Sumner ef al., 2007).

Biological interpretation was accomplished through available information in the literature as well
as with web-based software tools, such as BioCyc (Caspi et al., 2016), KEGG (Kanehisa & Goto,
2000), ChEBI (Degtyarenko et al., 2008), HMDB (Wishart et al., 2013), KNApSAcK
(http://kanaya.naist.jp/KNApSAcK/) and Metabolite Set Enrichment Analysis (MSEA) (Persicke
etal., 2012).

3. Results and discussion

After data LC-MS postprocessing, the urine analysis of sixteen volunteers after three weeks of
genipap juice consumption showed 1051 and 975 features in positive and negative mode,
respectively. Based on the t-test comparing the mean signal intensities before and after diet
intervention, 142 and 121 features were significantly different in positive and negative ionization
mode, respectively (P-value<0.05). 50 most discriminant features from each polarity were selected
(Supplementary material, Tables S1 and S2). Among them, thirty ions were putatively identified
in both ionization modes, with genipic acid detected in both positive and negative ionization

modes. Comparison with the most discriminant metabolites identified in acute exposure to genipap



(Dickson et al., 2018) revealed that twenty-two metabolites were common in both interventions,
which shows an important similarity between the pattern of metabolites excreted. Figure 1 shows
30 urinary metabolites tentatively identified after medium-term consumption of genipap juice.
Twenty-two (22) urinary metabolites were observed after both acute and medium-term
consumption, and eight (8) were exclusive to the medium-term study. Nine (9) urinary biomarkers
were exclusively detected in the acute study (Dickson et al., 2018). Biomarkers only detected after
medium-term exposure to genipap juice were tentatively identified as L,L-cyclo(leucylprolyl),
methylxanthine, pimelic acid, (Z)-3-(1-formyl-1-propenyl)pentanedioic  acid, 3-(1-
hydroxymethyl-1-propenyl)pentanedioic acid, vanillactic acid (VLA), 5-acetylamino-6-
formylamino-3-methyluracil (AFMU), and 3-hexenoic acid (Figure 1).

Unsupervised PCA analysis comprising all detected features in both ionization modes clearly
allowed for distinguishing the groups before and after medium-term genipap juice consumption
(Supplementary material, Figure S2). Supervised PLS-DA analysis resulted in a robust model that
was able to class subjects into the correct groups (Figure 2A). Model was validated by the cross-
validation ANOVA p-value (2.36 €28), R?Y (>0.8), Q%Y (>0.75) and the permutation tests that
showed no overfitting (Figure 2B).

Except for 8-hydroxygenipic acid, all compounds from the iridoid family derived from genipin
and genipic acid were identified in both acute and medium-term exposure to genipap juice.
Nonetheless, iridoid derivatives such as 11-deoxygenipic acid, genipin isomer, 3(4)-
dehydrogenipic acid, hydroxymethyl-cyclopenta[c]furan-1,3diol, 14-deoxygenipinic acid, and
3(7)-dehydrogenipinic acid were much more intense after acute consumption (Dickson et al.,
2018) than in this medium-term study. These results suggested that these compounds present in
genipap juice were probably absorbed in the upper digestive tract and excreted relatively quickly.
On the other hand, other metabolites, such as genipic acid and 12-demethylated-8-
hydroxygenipinic acid, increased considerably after medium-term intervention (by 1000-fold, on
average, for both compounds between acute and medium-term intervention). This fact suggests
that microbial enzymes from the microbiota probably mediate the formation of these metabolites.
Excretion of both iridoids showed high interindividual variability (Figure 3). Some individuals (4
out of 16 volunteers, individuals 19, 1, 28 and 7) showed very low excretion of genipic acid and

12-demethylated-8-hydroxygenipinic acid (D-8H genipinic acid). On the other hand, 1 volunteer



(individual 37) was able to excrete an average amount of genipic acid, but D-8H was almost
undetectable, while another individual (number 16) showed the opposite, with relatively high
excretion of D-8H genipinic acid but very low excretion of genipic acid. Individual 22 showed
very high excretion of both metabolites, while most individuals (8 out 16) showed similar excretion
patterns. Although the population studied was too small to draw a conclusion, these data suggest
the presence of different metabotypes of microbiota with different abilities to mediate the

formation of these iridoid metabolites.

After iridoids, the main urinary metabolites observed in acute and medium-term intervention were
(1R,6R)-6-hydroxy-2-succinylcyclohexa-2,4-diene-1-carboxylate, cinnamic acid derivatives and
CMPF  (3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid). The tentatively identified
metabolite (1R,6R)-6-hydroxy-2-succinylcyclohexa-2,4-diene-1-carboxylate is an intermediate of
the vitamin K biosynthetic pathway. Dihydrocaffeic acid (DHCA) is a relatively common
biomarker of polyphenol intake and has been reported as a biomarker of coffee, wine, fruits and
vegetables (Huang, de Paulis, & May, 2004; Wittemer et al., 2005). Even though this compound
is probably mainly absorbed in the upper gut tract, the excretion continued even 36 h after
consumption of the juice, indicating absorption in the lower gut tract and probable mediation of
microbiota. This result is in accordance with those of Wittemer et al. (2005), who detected DHCA

in human urine long after oral administration of artichoke leaf extract.

3-Carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF) is one of the main metabolites of
furan fatty acids that is reported as a robust biomarker of fish intake. Furan fatty acids (F-acids)
are heterocyclic fatty acids characterized by a central furan ring that has an unbranched fatty acid
chain (usually at positions 7, 9, 11, or 13) and an alkyl group. Widespread in food, F-acids are
found in vegetables, fruits, seed oil, milk fat, butter, fish, and fish oil. In plants, F-acids are
secondary metabolites produced in the process of defense against oxidative stress (Hanhineva et
al., 2015; Sinclair et al., 2018). Mammals cannot synthesize these compounds, so they are
introduced into the human body through food and the excretion of their metabolites can be
observed in urine and blood. These compounds are considered valuable antioxidants, seem to
inhibit the progression of non-enzymatic lipid peroxidation, and act in the elimination of radicals,
which provides a protective effect against cardiovascular diseases and therapy for the treatment of

other inflammatory disorders. Compounds present in the genipap may stimulate the degradation



pathway of furan fatty acids and, therefore, explain the CMPF increases. Excretion of CMPF in
our samples increased after the medium-term consumption of genipap juice (Supplementary
material Figure S3). Therefore, if in the control samples the levels of these compounds were low,
this means that their increase is related to the genipap juice consumption. F-acids from food are
incorporated into phospholipids and cholesterol esters and excreted in the urine. It is not yet known
where F-acids are metabolized to CMPF (Xu et al., 2017). In mammals this metabolite is likely
produced from the degradation of the methyl group in the B1 position by w-oxidation, originating
only from furan fatty acids with propyl in the position a2. This reaction is likely to occur in the
liver, but perhaps it can also be carried out by the microbiota in the large intestine and suffers
interference from the circadian cycle (Sinclair et al., 2018; Xu et al., 2017). Moreover, the
detection of nonconjugated compounds in urine was previously reported as a result of active
tubular secretion in the kidneys (Tsutsumi et al., 2002). Thus, we propose possible degradation
pathways that gave rise to this metabolite, it may be the result of the gut microbiota action on furan
fatty acids or it has been metabolized in the liver or kidneys. An analysis of the composition of F-
acids in genipap juice would be interesting to better relate the presence of its metabolites in urine
samples and its beneficial potential to human health. However, our results are encouraging in this

regard.

Another biomarker, the cyclic dipeptide L,L-cyclo(leucylprolyl), exhibited significantly decreased
excretion after medium-term consumption of genipap juice (Supplementary material Figure S4).
L,L-Cyclo(leucylprolyl) was previously identified as a blood biomarker of consumption of white
potatoes, corn, peas, alcohol and coffee (Guertin et al., 2014), exhibiting a significant increase
after food ingestion. It was also reported as a urinary biomarker of coffee intake (Guertin et al.,
2015; Rothwell ef al., 2014). This compound appears to be a microbial derivative metabolite from
microbiota (Yan et al., 2004), but in our case, ingestion of genipap juice appeared to reduce its
excretion, which may be explained by a modification of microbiota or competition between

substrates.

(Z)-3-(1-formyl-1-propenyl)pentanedioic acid, 3-(1-hydroxymethyl-1-propenyl)pentanedioic acid
and 3-hexanoic acid are among the most affected metabolites, apart from iridoid derivatives, that
appeared after medium-term consumption of genipap juice. These metabolites belong to the family

of medium-chain fatty acids (MCFAs), which are substrates of energy metabolism and anabolic

10



processes in mammals. MCFAs arise mostly from dietary triglycerides, including those in milk
and dairy products, are rich in carbon chains of 6-12 carbons and are easily absorbed into the
bloodstream during digestion. MCFAs are metabolized into ketone bodies in the liver and can be
converted to acetyl-CoA and used as a source of energy by the body (Lei et al., 2016; Wishart et
al., 2013). Some studies have shown that MCFAs have health benefits, such as weight control
(Aoyama, Nosaka, & Kasai, 2007; Takeuchi ef al., 2008), the management of some neurological
conditions (Lei et al., 2016) and antimicrobial activity (Huang et al., 2011)- (Z)-3-(1-Formyl-1-
propenyl)pentanedioic acid and 3-(1-hydroxymethyl-1-propenyl)pentanedioic acid were detected
as biomarkers in urine only after nutritional intervention with genipap juice. Excretion of these
MCFAs appeared to continue up to 24 h after the end of medium-term nutritional intervention,

suggesting probable microbiota intermediation (Schonfeld & Wojtczak, 2016).

Vanillactic acid (VLA) is a catecholamine and an end-product of L-dopa metabolism (Manegold
et al., 2009; Wassenberg et al., 2010). This metabolite that is normally present in urine increased
only for some individual after medium-term intervention with genipap juice. VLA increase in urine
has been related by some authors to aromatic L-amino acid decarboxylase (AADC) deficiency
(Manegold et al., 2009; Wassenberg et al., 2010; Wassenberg et al., 2012), and AADC is an
enzyme that produces serotonin and dopamine (Allen, Land, & Heales, 2009). This might support
part of the health-related functions of the phytochemicals contained in genipap (Yanagihara ef al.,
2014). However, little has been reported in the literature about the real impact of elevated VLA

levels in urine, and interpretation should be taken with caution.

Anyway, the following metabolites can be considered as good biomarkers of genipap juice intake,
as assessed by the ROC curves (Table 1) : (Z)-3-(1-formyl-1-propenyl)pentanedioic acid, 12-
demethylated-8-hydroxygenipinic acid, 3(4)-dehydrogenipic acid, 3(7)-dehydrogenipinic acid,
3(7)-dehydrogenipinic acid isomer, 11-deoxygenipic acid, dihydrocaffeic acid (DHCA), genipic
acid glucuronide, 14-deoxygenipinic acid, genipic acid, CMPF, 11-deoxygenipic acid isomer,
hydroxymethyl-cyclopenta[c]furan-1,3diol, hydroxyhydrocinnamic acid, 3-(1-hydroxymethyl-1-
propenyl)pentanedioic acid, genipin isomer, nonate, dimethylphenol and 1-(4-hydroxyphenyl)-
1,2-propanediol. A combined model could be also more robust than one that considered only one
biomarker. For instance, a model combining urinary excretion of DHCA, 1-(4-hydroxyphenyl)-

1,2-propanediol, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), vanillactic acid

11



(VLA), and 3-hexenoic acid is able to correctly assigned individuals in their respecting groups ”
before” and “after medium-term genipap consumption” with low error rate (<6%), AUC (0.995),
confidence interval (CI=0.97-1) and permutation test values (n=1000; p<0.001) (Supplementary

material Figure S2).

Conclusions

The main classes of metabolites excreted after medium-term consumption of genipap juice were
iridoids, medium-chain fatty acids, hydroxycinnamic acids and CMPF, which have known
biological activity. These compounds were highly correlated to genipap juice consumption, and
when combined, they constitute a strong composite biomarker of genipap juice consumption, as

shown by the ROC analysis.

Furthermore, these results provided an essential contribution to the knowledge about the
bioavailability of bioactive compounds from genipap fruit and potential biomarkers of its intake.
This study also gave some indication concerning health targets. Genipap shows potential in the
development of functional foods or nutraceuticals, as we identified relevant phytoactive
compounds linked to its consumption. The beneficial effects of genipap deserve more research,
and the biomarkers of food intake listed in this paper could also be used in epidemiological studies
to help understand the potential link between levels of genipap consumption and health status in

Amazon regions.
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Table 1: Putatively identified features. Table organized in ascending order according to the p-values obtained from t-tests.

Assigned identity Molecular Theoretical Calculated  Error(ppm) RT(min) Cluster p-value ROC curve
Formula m/z m/z Ions (T-test) AUC
(95%CI)
3(4)-Dehydrogenipic acid CoH 404 186.0884 [M + HJ* -1.5 3.87 2.579E33 1.0 (1-1)
187.0962
12-Demethylated-8- CioH 20, 244.0588 [M-H] 0.0 1.82 244.0545 9.7012E* 1.0 (1-1)
hydroxygenipinic acid 243.0510 199.0613
155.0714
(Z2)-3-(1-Formyl-1- CyH 1,05 200.0684 [M-H] 0.4 4.06 4.9379E-° 1.0 (1-1)
propenyl)pentanedioic acid 199.0613
3(7)-Dehydrogenipinic acid C;H;cO¢ 244.0952 [M-H] 0.1 4.67 4.7847E37  0.999
isomer 243.0874 (0.996-1)
3(7)-Dehydrogenipinic acid  C;;H;405 244.0952 [M-H] -0.2 4.05 225.0767 7.2973E-!  0.999
243.0874 (0.996-1)
14-Deoxygenipinic acid C11H 1405 226.0633 [M + HJ* -0.7 4.68 163.0752 4.7704E2  0.998
227.0911 149.0596 (0.991-1)
135.0803
Dihydroxyhydrocinnamic CyH 004 182.0579 [M+H] -1.0 4.83 137.0596 1.5993E2*  0.997
acid 183.0650 (0.987-1)
Dihydroxyhydrocinnamic CoH 1004 182.0579 [M-H,O]* -0.8 4.06 137.0596 8.6179E30  0.994
acid “isomer” 165.0544 (0.979- 1)
11-Deoxygenipic acid CoH,0; 168.0780 [M+H]" -1.0 3.89 151.0752 6.7696E>  0.992
169.0858 107.0853 (0.979-1)
Hydroxyhydrocinnamic acid  CoH;(O4 166.0629 [M+H]* -0.7 1.79 2.8069E- 0.981
167.0700 23 (0.943-1)
11-Deoxygenipic acid CgHgO, 168.0415 [M + HJ* -0.3 4.15 1.1632E1°  0.969
isomer 169.0494 (0.924-
0.994)
Genipic acid CoH 1,0, 184.0735 [M+H] -0.0 5.38 186.0839 2.3564E21  0.965
185.0808 95.0853 (0.911-
0.998)
1-(4-Hydroxyphenyl)-1,2- CoH,0; 168.0786 [M+H]" -1.0 4.77 9.08E12 0.958
propanediol 169.0858 (0.916-
0.987)
Hydroxymethyl- CsH 1,04 170.0586 171.0664 0.8 2.59 2.7102E7  0.953
cyclopenta[c]furan-1,3diol (0.908-
0.986)
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Table 1. continued

Assigned identity Molecular Theoretical Calculated Error(ppm) RT(min) Cluster p-value ROC curve
Formula m/z m/z Ions (T-test) AUC
(95%CI)
3-Carboxy-4-methyl-5- C,H 605 240.0997 [M + H]J* -0.7 4.62 223.0962  6.4083E-  0.951
propyl-2-furanpropionic acid 241.1068 2 (0.91-
(CMPF) 0.986)
Dimethylphenol CgH,,0 122.0731 [M+H] 0.9 391 7.99E-14 0.938
123.0803 (0.877-
0.971)
3-(1-Hydroxymethyl-1- CoH 405 202.0841 [M-H] 1.1 4.42 1.6362E- 0917
propenyl)pentanedioic acid 201.0770 i (0.853-
0.969)
Genipin isomer C1H 405 226.0841 [M+H]" -0.9 4.04 209.08070 2.9639E- 0.914
227.09114 165.09090 16 (0.847-
163.07518 0.966)
149.05965
Nonate CoH 604 188.1048 [M-H] 1.1 431 5.45E15 0.91
187.0977 (0.844-
0.965)
Cyclo(leucyl-prolyl) C1H3N,0, 210.1368 [M+H] -14 5.95 1.37E13 0.891
211.1438 (0.806-
0.943)
Prephenic acid C0H;¢06 226.0477 [M + H]J" -0.8 1.82 209.0443  3.78E 12 0.877 (0.8-
227.0549 0.94)
Vanillactic acid (VLA) C0H ;05 212.0684 [M-HJ 0.8 4.23 3.35E 4 0.875
211.0613 (0.788-
0.942)
(1R,6R)-6-Hydroxy-2- C1H 1,06 238.0488 [M + H]J* -1.3 493 223.0598  8.06E!! 0.865
succinylcyclohexa-2,4-diene-1- 241.0703 (0.787-
carboxylate 0.925)
Genipic acid isomer CoH;,04 184.0735 [M-H] 0.2 6.39 2.52E10 0.856
183.0664 (0.767-
0.926)
Table 1. continued
Assigned identity Molecular  Theoretical  Calculated  Error(ppm) RT(min) Cluster p-value ROC curve
Formula m/z m/z Tons (T-test)
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AUC
95%CIL

2-isopropylmalic acid C;H,05 176.0684 [M-H] 0.9 4.87 1.91E¢ 0.771
175.0613 (0.674-

CsH oN4O4  226.0702 [M-H]
225.0630 (0.644-
0.839

Genipic acid glucuronide Ci5sH50010 360.1064 M + 0.8 4.79 3.6732E2  0.57
anydroGlu]* (0.446-
378.1391 0.671)
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Figure Captions

Figure 1: PLS-DA metabolomic profiling of urine samples. (A) The PLS-DA loading plot shows strong discrimination between groups; (B)
model validation assessed by permutation test (n=100) values of R2Y (0.85) and Q2Y (-0.0931;0,78). The p-value after CV-ANOVA = 2.36 e?%.
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Figure 2: Venn diagram of the thirty-nine identified metabolites observed after acute and medium-term consumption of genipap juice.

Figure 3: Urinary excretion of genipic acid and 12-demethylated-8-hydroxygenipinic acid (D8H genipinic acid) for 16 individuals after 3 weeks

daily ingestion of genipap juice (time series correspond to urine collected 6, 12 and 24 hours).
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Highlights

e Genipap juice is a source of bioactive compounds.

e The iridoids, medium-chain fatty acids, and hydroxycinnamic acids are the main
metabolites of genipap juice intake in medium-term.

e DHCA, 1-(4-hydroxyphenyl)-1,2-propanediol and 3-Carboxy-4-methyl-5-propyl-2-
furanpropionic acid (CMPF) were established as biomarkers of genipap consumption.

e Genipap juice intake can be used in epidemiological studies to help understand it use and
effect to treat some diseases.
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