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1. Introduction

New findings in the metabolism of the saffron
apocarotenoids, crocins and crocetin, by the
human gut microbiotat

Carlos Javier Garcia, David Beltran, Maria Dolores Frutos-Lison,
Maria Teresa Garcia-Conesa, Francisco A. Tomas-Barberan 2 * and
Rocio Garcia-Villalba = *

The main constituents of saffron are the apocarotenoids crocins and crocetin, present in the stigmas.
Numerous healthy properties, especially those related to the effects on the central nervous system, have
been attributed to these compounds but the metabolites responsible for these effects are still unknown.
Previous evidences in animal models suggest a role for the gut microbiota in the pharmacokinetics and
the neuroprotective effects of these compounds. However, the interaction between these apocarote-
noids and the gut microbiota has been poorly studied. In this article, we have thoroughly investigated the
batch fermentation of crocin-1 and crocetin (10 yM) with human fecal samples of two donors at different
incubation times (0—-240 h) using a metabolomic approach. We corroborated a rapid transformation of
crocin-1 which looses the glucose molecules through de-glycosylation reactions until its complete trans-
formation into crocetin in 6 hours. A group of intermediate crocins with different degrees of glycosylation
were detected in a very short time. Crocetin was further metabolized and new microbial metabolites pro-
duced by double-bond reduction and demethylation reactions were identified for the first time: dihydro
and tetrahydro crocetins and di-demethyl crocetin. In addition, we detected changes in the levels of the
short chain fatty acids valeric acid and hexanoic acid suggesting further structural modifications of croce-
tin or changes in the catabolic production of these compounds. This research is a pioneering study of the
action of the human gut microbiota on the saffron apocarotenoids and goes one step further towards the
discovery of metabolites potentially involved in the benefits of saffron.

and anxiety.>® Despite all the biological and neuroprotective
activities, neither the specific molecules or metabolites

Crocins and crocetin are natural carotenoid-type compounds
found in the stigmas of the saffron (Crocus sativus L.) flowers
that give them their characteristic red color and are of great
interest in the agrifood, phytopharmaceutical and cosmetic
industries."”® There are numerous studies that highlight the
biomedical and pharmacological properties of saffron in the
prevention and development of various chronic diseases.®
Specifically, crocins and crocetin are attributed cardioprotec-
tive, hepatoprotective, antiviral, anticancer, antiatherosclerotic,
and antidiabetic activities." More recently, saffron and its
apocarotenoids have been associated with pharmacological
effects on the central nervous system with biological action on
memory and learning, neurodegenerative diseases, depression
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responsible for these effects nor the mechanisms of action
involved in them have been sufficiently studied.
Pharmacokinetic studies mainly in animal models”® and,
to a lesser extent, in healthy human volunteers® have revealed
a low absorption for crocins. In these studies, when crocins
were administered as pure compounds or in extracts, they were
rapidly hydrolyzed by p-glucosidase enzymes of the intestinal
epithelium to crocetin which is then easily absorbed and
detected in plasma in the free form and as glucuronide deriva-
tives (1 hour after crocin administration).>*" Rapid absorp-
tion of crocetin was also observed after its single oral adminis-
tration in humans.'? It is possible that part of the non-hydro-
lyzed crocins and (or) non-absorbed crocetin reach the colon.
Indeed, different authors have identified the presence of these
compounds in animal feces after crocin ingestion.*™® Xi
et al.,"® reported than 80% of the crocin administered to rats
(40 mg kg™') was excreted in the feces or remained in the
intestinal content. This means that approximately 6.4 mg of
crocin (6.5 pmol) reached the colon. Once they reach the large
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intestine, they can interact with the microbiota and be sub-
jected to further metabolic transformation. The potential
metabolism of crocins to crocetin by the intestinal microbiota
was already proposed in previous studies where the pharmaco-
kinetics of these compounds in pseudo-germ free rats'* and
rats subjected to antibiotic pretreatment'® were compared to
that of normal control rats. In both cases the amount of croce-
tin circulating in plasma was higher in the control animals
suggesting that the gut microbiota contributes to the trans-
formation of crocin to crocetin.

Regarding the neuroprotective effects attributed to the
saffron apocarotenoids, there is little in vivo evidence of croce-
tin reaching the brain after oral administration'® and only
some in vitro studies have demonstrated that trans-crocetin
was able to permeate through the blood-brain barrier (BBB) in
a quite slow process."* Therefore, a direct interaction of these
molecules with the brain tissues may not be responsible for
the potential benefits in this organ. Of note, Zhang et al.,
showed that oral administration of crocin and crocetin to a rat
model of cerebral ischemia-reperfusion injury, was associated to
a higher cerebral protection effect than an intravenous adminis-
tration."* For oral administration, crocin (60 mg kg™") and croce-
tin (20 mg kg™ )were administered once daily for 4 days. Further,
orally administered crocin showed less cerebral-protective effect
in pseudo germ-free rats that in normal rats." In this study the
neuroprotective effects were evaluated with: neurological deficit
score, measurement of infarct volume in perfused brains,
measurement of MDA level and total antioxidant capacity in
damaged brain tissues and metabolomics study of brain tissue.
In other study the consumption of saffron extracts improved
anxiety related behavior (analyzed with behavioral tests) in a
mouse model of low-grade chronic inflammation and this
improvement coincided with changes in gut microbial commu-
nity (increase of Akkermansia, Muribaculaceae, Christensenellacae
and Alloprevotella) and gut derived metabolites (reduction of di-
methylamine)."” All these studies have clearly indicated a key role
of the microbiota in the metabolism and neurological effects of
crocins and crocetin.

Since there is increasing evidence of the existence of a
bidirectional signaling between the gut microbiota and the
brain (the gut-brain axis),'® it is plausible that yet unknown
microbial metabolites derived from crocins and crocetin, or
changes in the fecal metabolome derived from the interaction
between these compounds and the intestinal bacteria may be
involved in the neurocognitive effects of these compounds. In
this sense, analysis of fatty acids is of particular interest
because they are key microbial metabolites to know bacteria
activity and their production, especially of short-chain fatty
acids (SCFAs) have been related to many health benefits,
including neuroprotective activities.’® Besides, the similarity of
fatty acids with the structure of the crocetin molecule suggests
that they could be produced from crocetin after decarboxyl-
ation reactions. However, the knowledge about all important
metabolic changes produced by the interaction of saffron caro-
tenoids with the gut microbiota is still scarce, especially in
humans.
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Overall, the interaction of carotenoids with gut microbiota
in the colon is an important gap in carotenoids research. The
potential interaction of carotenoids with the gut microbiota
has been generally overlooked but may be of relevance, as caro-
tenoids largely bypass absorption in the small intestine and
are passed on to the colon.?’ Some studies have indicated that
the intestinal microbiota may be a major factor underlying the
effectiveness of carotenoids’ beneficial effects.*!

The main aim of this work was to advance in the investi-
gation of the role of the human gut microbiota in the metab-
olism of crocins and crocetin using in vitro human fecal fer-
mentation and different analytical methodologies. The specific
objectives were: (1) further identify new metabolites potentially
derived from these compounds; (2) detect changes in the com-
position and levels of fecal fatty acids as a mean to detect
changes in the bacterial catabolic activity.

2. Materials and methods

2.1. Materials

Crocin-1 (crocetin digentiobioside ester, trans-4-GG) (>95%
purity) (PHL80391) and trans-crocetin (>98% purity) (SML3255)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Standard stock solutions 1.7 mM of crocin-1 were prepared in
water/DMSO (60/40, v/v) and 3 mM of crocetin in DMSO.
Chrysin also from Sigma-Aldrich (St Louis, MO, USA) was used
as internal standard and the standard stock solution was pre-
pared in methanol. Standards of short chain fatty acids
(SCFAs) (acetic, propionic, butyric, isobutyric, valeric, isovale-
ric and 2-ethyl butyric acid (IS)) and FAME (Fatty Acids Methyl
Ester) Mix 37 components were purchased from Sigma-Aldrich
(St Louis, MO, USA). Fermentation medium to grow anaerobes
(anaerobe basal broth, ABB) and Nutrient Broth were from
Oxoid (Basingstoke, Hampshire, UK) and r-cysteine hydro-
chloride from Panreac Quimica (Barcelona, Spain). DMSO,
methanol, 0.1% formic acid in water, acetonitrile, hexane and
ethyl acetate were supplied from Scharlab (Barcelona, Spain)
methyl tert-butyl ether from Sigma-Aldrich and formic acid
from Honeywell (Barcelona, Spain). Water was deionized using
a Milli-Q-system (Millipore, Bedford, MA, USA).

2.2. Gut microbiota incubations

Colonic fermentations were carried out using human fecal
samples from two healthy volunteers, a 42-year-old woman
with BMI 22 kg m™? and a 45-year-old man with BMI 24.6 kg
m™2, They followed a normal diet avoiding the consumption of
saffron at least three days before donating the samples and
declared not having ingested antibiotics for at least 3 months
before sample collection. In previous works these two volun-
teers had showed differences in the gut microbiota compo-
sition related to differences in the metabolism of other bio-
active compounds.>® All experiments were performed in
accordance with the ethical guidelines outlined in the
Declaration of Helsinki and approved by the CSIC ethics com-
mittee. Informed consents were obtained from human partici-
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pants of this study. Preparation of fecal suspension and sub-
sequent culturing experiments were conducted under anoxic
conditions in an anaerobic chamber (Don Whitley Scientific
Limited, Shipley, UK) with an atmosphere consisting of N,/H,/
CO, (80:10:10) at 37 °C. Fecal samples (10 g) were diluted
1/10 (w/v) in Nutrient Broth supplemented with 0.06% v-cysteine
hydrochloride and homogenized by stomacher in filter bags.

In a first experiment (Fig. 1), to know more about the kine-
tics of transformation of both apocarotenoids, fecal inocula
from two volunteers (1%, 800 pL) were independently incu-
bated in a fermentation medium to grow anaerobes (80 mL)
with 10 pM of crocin-1 or 10 pM of crocetin. The amount of
fecal inoculum used (1% of a stool solution previously diluted
1/10) with around 10° cfu g~' had already been shown to
provide optimal conditions for studying the human microbial
metabolim of bioactive compounds.?> The concentration of
apocarotenoids (10 uM) was chosen based on the information
available in literature,">'* taking into account the extraction
protocol and the sensitivity of the analytical method used and
not exceeding 0.5% DMSO in the medium. Two jars only with
crocetin or crocin-1 and medium were incubated as control.
The jars were incubated in anaerobic chambers at 37 °C to
mimic colon conditions and 2.5 mL of samples were collected
at 0,1, 2, 4, 6, 24, 48 and 120 h. Three replicates were taken at
each time point.

In a second experiment, to study the transformation kine-
tics of crocetin derived metabolites and other gut microbial
metabolites, a fecal inoculum from one of the volunteers (1%,
2.25 mL) was inoculated into the fermentation medium to
grow anaerobes (225 mL) and incubated with 10 pM of crocetin
(750 pL of standard stock 3 mM) for a longer period of time,
ie. 0,6,24, 30,48, 54,72, 78, 120 and 240 h. Two jars were pre-
pared as controls: fermentation medium with fecal inoculum
but without crocetin and fermentation medium with crocetin
but in the absence of bacteria. Three replicates were again
taken at each time point.

1stexperiment
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2.3.
IT MS

Quantitation of crocins and crocetin by HPLC-DAD-ESI

In the first experiment, 2.5 mL of medium obtained after incu-
bation were extracted with 5 mL of ethyl acetate in a thermo-
block with agitation for 10 min at room temperature. Samples
were centrifuged at 3500¢ and 4 °C for 10 min (Thermo
Scientific™ Sorvall™ ST 16, Germany.) The supernatants
(4 mL) were evaporated in a speed vacuum concentrator
(Savant SPD121P, ThermoScientific, Alcobendas, Spain), re-dis-
solved in 200 pL of methanol with 0.1 pM of IS (chrysin) and
filtered through a 0.22 pm 13 mm PVDF filter (Sharlab,
Barcelona, Spain) before injection. This fraction mainly con-
tained crocetin (recovery percentage 89 + 3%). In the samples
incubated with crocin-1 due to the more polar character of this
molecule, it was necessary to apply a different extraction proto-
col. The remaining aqueous fraction after removing the ethyl
acetate layer was passed through a Sep-Pak C18 cartridge
(Chromafix C18) size L (Machery-Nagel, Diiren, Germany) pre-
viously conditioned with 10 mL of methanol and then with
10 mL of water. Crocin-1 and other crocins were eluted with
2 mL of methanol that was filtered through a 0.22 pm filter
before injection.

Samples were injected in an Agilent 1100 HPLC system
equipped with a photodiode array detector (G1315D) (Agilent
Technologies, Waldbronn, Germany) and coupled in series to
a HCT ion trap mass spectrometer (Bruker Daltonics, Bremen,
Germany) through an electrospray ionization (ESI) interface
(HPLC-DAD-ESI-MS/MS (IT)). The chromatographic separation
was achieved using a reversed-phase C18 Poroshell column,
100 mm x 3 mm, and 2.7 pum particle size (Agilent
Technologies). The method used was a binary gradient, A
(water/formic acid, 99:1 (v/v)) and B (acetonitrile), settled in
the following gradients: 0 min, 3% B; 20 min, 50% B; 29 min,
90% B; 31 min, 90% B; 32 min, 3% B; 35 min, 3% B. The flow
rate was 0.4 mL min~", the injection volume was 10 L, and

e
A = gam =
Ethyl acetate extraction C18 SPE extraction
: — —
Volur;treer 1 10 “(')\I{' crocin crocetin quantitation crocins quantitation
Volunteer 2 =} 10 uM crocetin \ ‘
Batch fermentation UPLC-ESI-QTOF HPLC-DAD-ESI-IT
Time:0, 1,2, 4,6,24, 48,120 h t:0,24,120h
crocetin
2d experiment [ l
- &= wefp Ethyl acetate extraction > PLC-ESI-QTOF
a 10 uM crocetin crocetin derived metabolites L
Volunteer 1 = §
‘} — gl(l;fz\E extra(t:tclo;\.
— s quantitation t:0,6,24,48, 120 h
Batch fermentation — GC-MS
—_— hexane/MTBE (4:1) and methyl esterification /

Time: 0, 6, 24, 30, 48, 54, 72, 78,120,240 h

FAME determination

Fig. 1 Scheme of the experiments and analysis developed in the study.
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the column temperature was settled at 25 °C. The UV-Vis
spectra were acquired in the range of 200 to 600 nm and the
chromatograms were registered at 430 nm. In the mass
spectrometer, nitrogen was used as drying, nebulizing and col-
lision gas. The ESI parameters were: nebulizer pressure 65 psi,
dry gas flow 11 L min™" and dry gas temperature 350 °C. The
capillary voltage was set at 4 kV and spectra were acquired in
negative ionization mode in the range of m/z 100-1200, and
target mass 327. Automatic MS/MS mode was applied with
fragmentation amplitude 1 V and number of parents, 3.
Carotenoids (crocins and crocetin) were identified by their UV
spectra, retention time, molecular weight and MS/MS fragmen-
tation pattern and were quantified in UV at 430 nm using cali-
bration curve of the authentic standards.

2.4. UPLC-ESI-QTOF analysis and untargeted metabolomics
approach

Samples from the first experiment incubated with crocetin at
times 0, 24 and 120 h and extracted with ethyl acetate as
described in the section 2.3 were also analyzed using an
Agilent 1290 Infinity LC system coupled to the 6550 Accurate-
Mass Quadrupole time-of-flight (QTOF) (Agilent Technologies,
Waldbronn, Germany) using an electrospray interface (Jet
Stream Technology). The chromatographic conditions were the
same described previously but using water with 0.1% formic
acid as phase A and acetonitrile with 0.1% formic acid as
phase B and 5 pL of injection. The optimal conditions of the
electrospray interface were as follows: gas temperature 280 °C,
drying gas 11 L min™", nebulizer 45 psi, sheath gas tempera-
ture 400 °C and sheath gas flow 12 L min~"'. Spectra were
acquired in the m/z range 100-1100 in negative mode, and
fragmentor voltage was 100 V. MS/MS product ion spectra were
collected at a m/z range of 50-800 using a retention time
window of 1 min, a collision energy of 10, 20 and 40 V and an
acquisition rate of 4 spectra per s.

Data were acquired in both centroid and profile mode. Raw
data acquired was converted to .abf data file and then was pro-
cessed by MS-DIAL 5.1.2 (prime.psc.riken.jp/compms) for
creating the data matrices. The features extraction parameters
were set in order to cover the complete metabolome of the
samples. Data collection was set at 0.01 Da of MS1 tolerance
and the peak detection parameters included a minimum peak
height of abundance 1000 and a mass slide with 0.1 Da.
Regarding to the smoothing method the linear Weighted
moving average with a smoothing level of 3 scans. Then the
data matrices were exported to Metaboanalyst platform (meta-
boanalayst.ca, Xia Lab) for evaluation and creation the multi-
variate models by partial least square discriminant analysis
(PLS-DAD). Both missing values and abundance filters and log
transformation and autoscaling were applied prior to creating
the multivariate models. Additionally, and after the evaluation
of the multivariate models, a featured extraction parameters
based on the in-house database built for crocins and crocetin
were applied. This step allowed the tentative identification of
new molecules derived from crocetin. After data processing,
the crocetin derivatives identified were analyzed by Mass
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Hunter Qualitative 10.0 qualitative (Version B.10.0, Agilent
software metabolomics, Agilent Technologies, Waldbronn,
Germany).

2.5. Analysis of crocetin-derived metabolites

Samples from the second experiment were extracted with ethyl
acetate as described in section 2.3 and were analyzed with
UPLC-ESI-QTOF as described in section 2.4. A target screening
strategy was applied to identify the metabolites previously
identified and to search for the potential biotransformation
products. The screening was based on mass filtering at the
exact mass of the compound investigated using narrow mass
extraction windows (0.01 m/z). The identification was based on
accurate mass, isotopic pattern, MS/MS fragmentation pat-
terns, elution order.

2.6. Analysis of fatty acids

Samples from the second experiment incubated at time 0, 6,
24, 48 and 120 h were chosen for the analysis of fatty acids:
long, medium and short-chain fatty acids.

2.6.1. Analysis of short chain fatty acids (SCFAs). Samples
were extracted following the protocol previously described with
some modifications.>® Briefly, 250 pL of medium were acidi-
fied with 25 pl of 5% o-phosphoric acid (final concentration
0.5%) and after vortexing were extracted with 1 mL of methyl
tert-butyl ether with 100 pM of ethyl butyric acid (IS). Samples
were homogenized with a stirrer thermoblock for about
10 min at 4 °C and centrifuged for 10 min at 17 000g at 4 °C.
Organic phase was collected and 50 pL was transferred to an
insert in a vial for the injection in the GC-MS. For the analysis
of SCFAs we used a GC-MS consisted of an Agilent 7890A
(Agilent Technologies, Santa Clara, CA, USA) equipped with an
automatic liquid sampler (MPS2; Gerstel, Miilheim, Germany)
and coupled with an Agilent 5975C mass selective detector
using a previously published method.*®

2.6.2. Analysis of medium and long chain fatty acids. For
the analysis of medium and long chain fatty acids, 2.5 mL of
sample were extracted with 5 mL of a mixture of hexane/
methyl tert-butyl ether (4:1, v:v). After 10 min in a thermo-
block at 4 °C with agitation, samples were centrifuged at 3500g
and 4 °C for 10 min, 3 mL were evaporated and the residue
was subjected to a methyl esterification. For this, 3 mL of
methanolic HCI (10%) were added to the lipid extract and were
heated at 90 °C for 2 h after vigorous shaking. After cooling to
room temperature 1 mL of n-hexane was added. The mix was
vortexed and centrifuged at 3500g and 4 °C for 10 min. The
organic phase was transferred to an amber vial with 10 mg of
sodium sulfate to eliminate water residues and after centrifu-
gation the recovered hexane was put into an insert vial for the
injection. For the analysis of FAME gas chromatograph was
fitted with a high-polarity, polyethylene glycol, fused silica
capillary column DB-WAXetr (30 m, 0.25 mm id, 0.25 mm film
thickness; Agilent Technologies), and helium was used as the
carrier gas at 1 mL min~". The injection volume was 1 uL and
the injection temperature 250 °C. The column temperature
was initially 90 °C, then increased to 150 °C at 15 °C min™*, to

This journal is © The Royal Society of Chemistry 2024
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170 °C at 5 °C min™", and finally to 250 °C at 20 °C min™" and
kept at this temperature for 2 min (total time 14 min). Solvent
delay was 3.5 min. The detector was operated in electron
impact ionization mode (electron energy 70 eV), scanning the
m/z 30-250 range. The temperatures of the ion source, quadru-
pole, and interface were 230, 150, and 280 °C, respectively.

3. Results

3.1. Transformation kinetics of crocin-1 and crocetin

The transformation kinetics of crocin-1 in the control incu-
bation and in both volunteers is shown in Fig. 2. It can be
already observed in Fig. 2A (control) that the total amount of
crocin-1 added to the medium (10 uM) was not completely
recovered at time 0. Indeed, the HPLC-UV chromatogram
obtained at time 0 (Fig. 3A) shows crocin-1 (trans-4-GG) as the
main compound (peak 1, tr 13.9 min) but also the presence of
other peak at longer retention time (18.1 min) that correspond
to the cis isomer (cis-4-GG) and smaller peaks (peaks 2 and 3)
corresponding to: crocetin gentiobiosylglucosyl ester (trans-3-
Gg) and crocetin diglucosyl ester (trans-2-gg) (structures infor-
mation in Fig. 4A and Table 1). We checked that the original
standard of crocin-1 was pure so, this cis—trans isomerization
and slight hydrolysis probably occurred during the extraction
protocol. It has been reported that the cis-trans isomerization
can be induced by light and temperature.>* Total crocins (sum
of all crocins) and crocin-1 were quite stable in the absence of
bacteria throughout the incubation period and the ratio
crocin-1/total crocins remained the same, which indicates that
there was no transformation between them during the incu-
bation period without bacteria (Fig. 2A). Only a decrease in the
total crocins and specially in crocin-1 was observed at the end
of the study (5 days of incubation), showing the instability of
these compounds at this incubation time in the absence of
bacteria.

In the presence of bacteria, both crocin-1 and total crocins
rapidly disappeared from the medium within the first 6 hours
of incubation. The behavior during these first hours was a bit
different between the two volunteers. The decrease was faster
in volunteer 2 that showed lower disappearance half-life time
of total crocins (3.2 h) than volunteer 1 (4.78 h) and also lower
concentrations of total crocins after 4 hours (2.03 uM in volun-
teer 2 vs. 8.12 pM in volunteer 1) (Fig. 2B and C). In volunteer
1, the ratio crocin-1/total crocins decreased with the incu-
bation time reaching very low values at 4 hours which indi-
cates the transformation of crocin-1 into other intermediate
crocins by the gut microbiota. Fig. 3B shows the chromato-
gram of this volunteer after 4 h of incubation and we can
observe many different crocins (Table 1) with different degrees
of glycoslylation obtained from crocin-1 (structures in Fig. 4A).
Identification of crocins was performed comparing the UV
spectra and the retention time of the peaks with literature and
MS data.>®?® The main compounds in the chromatogram
(peaks 2, 3, 5 and 6) were the trans-isomers obtained by the
gradual loss of different glucose molecules from the crocin-1
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(trans-4-GG). Smaller peaks with longer retention times (peaks
8, 9, 10, 11) were the corresponding cis-isomers probably pro-
duced from the previous ones during the extraction protocol.
At the same time that the crocins begin to disappear
(around 4 hours), crocetin starts to appear reaching a
maximum concentration in both volunteers around 6 hours,
where a complete transformation of crocins into crocetin was
observed. HPLC-UV chromatograms at 6 h of incubation
(Fig. 3C and D) shows the complete disappearance of crocins
and the appearance of crocetin. As occurred with crocins, the
main peak corresponds to trans-crocetin, the natural form of
the carotenoids, but a small percentage (around 10%) was
transform to the cis-isomer. After this time, crocetin decreased
with the incubation time indicating further metabolization.
This transformation was further confirmed in the incubations
with crocetin (Fig. 5). Crocetin was very stable throughout the
incubation time in the absence of bacteria but a rapid decrease
was observed between 6 and 24 hours in the fecal samples
incubation. After 120 h less than 25% of crocetin was detected
in the medium, clearly indicating its transformation by the gut
microbiota. Considering these results, we studied the for-
mation of new microbial metabolites derived from crocetin.

3.2. Untargeted metabolomics approach after fecal
fermentation with crocetin

Samples from the first experiment incubated with crocetin at
three times (0, 24 and 120 h), were chosen to be analyzed by
UPLC-ESI-QTOF and an untargeted approach was applied.

From the full data set based on 36 samples (3 times x (2 vol-
unteers with crocetin + 2 volunteers without crocetin) x 3 repli-
cates), a total of 35097 ions were found and used for creating
the data matrix. After filtering by abundance and RSD to
remove uninformative features, 25419 ions were selected for
modelling by PLS-DA. The multivariate model created based
on 5 components presented a fit of the model of 99.7% (R* =
0.997) and a prediction value of 75.1% (Q® = 0.751). The score
plot of the PLS-DA model based on two components (Fig. 6)
explained the 37.2% of the total variability of the data.

The major source of variation was the incubation time
explained by component 1 and showed in Fig. 6 with different
colors. The highest differences were observed between time 0
(negative values, on the left) and times 24 and 120 h (positive
values, on the right). In addition, we found differences in com-
ponent 2 scores between control samples and samples incu-
bated with crocetin at both times 24 and 120 h. The impact in
the metabolome of the samples incubated with crocetin was
explained by the component 2: control samples appear in the
upper part (positive values) and samples incubated with croce-
tin in the bottom (negative values). So, the incubation with cro-
cetin seems to affect the fecal metabolome of both volunteers.
In view of these results, an untargeted strategy was applied by
searching for new metabolites that only appeared after incu-
bation of crocetin with fecal bacteria and that could be derived
from the crocetin molecule. We applied different filters to con-
sider only those molecules that did not appear at time 0 and
were found at time 24 and 120 h. We only considered metab-
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tin; 13: cis-crocetin.

olites that were absent in the control samples to eliminate
those molecules that could come from the degradation of cro-
cetin in the absence of bacteria or from the bacteria activity in
the absence of substrate. Using these filters and applying fea-
tured extraction parameters based on the in-house database
built for crocins and crocetins with more than 180 possible
derived metabolites, more than 400 compounds were tenta-
tively identified as originated in the medium because of the
presence of crocetin. An exhaustive evaluation of the data was
done using exact mass, isotopic distribution and MS/MS frag-
mentation patterns. The final list of candidates was filtered
and classified by intensity at any time sampling point, and
those up to 50 000 counts were passed to further MS/MS ana-
lysis. The experimental MS/MS data set and the in-house data-
base SMILES of the candidates were used to compare the frag-
mentation with the Competitive Fragmentation Modelling for
Metabolite identification (CFM-ID 4.0). With all this valuable
information we could identify new metabolites derived from
crocetin (Table 2). The main reactions detected were reduction
of the double bonds and demethylations (Fig. 4B). Six new
compounds derived from the reduction of the double bonds of
crocetin were identified and confirmed by MS/MS, including
three isomers of dihydrocrocetin and other three of tetrahydro-
crocetin. In reverse phase chromatography these compounds

This journal is © The Royal Society of Chemistry 2024

were separated by chain length and the degree of unsaturation.
Dihydrocrocetin and tetrahydrocrocetin showed less polarity
and longer retention time than crocetin because, in general,
the double bonds reduce the retention time in reverse phase
chromatography. The MS/MS profile of dihydrocrocetin was
characterized by two fragments that corresponded to the loss
of one carboxylic acid (—44) or both (—88) (Fig. 7). The same
behavior was observed for crocetin (the original molecule).
Besides, this family of dicarboxylic acids suffer spontaneous
in-source fragmentation so, their characteristic fragments
could be identified in the MS scan without applying MS/MS.
In the case of tetrahydrocrocetin isomers, only one of the frag-
ments was identified due to a low signal intensity. The same
happened with another compound tentatively identified as di-
demethyl crocetin obtained in samples incubated with bac-
teria after demethylation reactions. This metabolite showed a
shorter retention time than crocetin due to the loss of the two
non-polar methyl groups. Using the in-house database we
searched for other dicarboxylic acids considering all possible
combinations of double bound reductions and demethylations
of the crocetin molecule but the ions obtained did not reach
the minimum score value in the assignment of the correct
molecular formula or in the isotopic distribution or did not
have enough intensity to be confirmed by MS/MS.

Food Funct., 2024,15, 9315-9329 | 9321
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Table 1 Crocins and crocetin isomers identified in the medium during the incubation by HPLC-DAD-ESI-MS

Number Compound” Retention time (min) M - H|~ MS/MS

1 trans-4-GG 13.97 533 (z=2) 975, 697, 651, 510, 323
2 trans-3-Gg 15.06 452 (z=2) 813, 651, 535, 489, 323
3 trans-2-gg 16.34 697 (651 + 46) 651, 489, 327

4 cis-4-GG 18.11 976 651, 489, 327

5 trans-2-G 18.27 651 327,283

6 trans-1-g 20.05 489 446, 327, 283, 239

7 Cis-2-gg 20.77 651 489, 327

8 cis-2-G 21.70 651 327,283, 239

9 cis-2-G 22.03 651 327,283, 239

10 cis-1-g 23.82 489 446, 327, 283, 239

11 cis-1-g 24.06 489 446, 327, 283, 239

12 trans-Crocetin 24.71 327 283,239

13 cis-Crocetin 27.32 327 283, 239

“Nomenclature of crocins was based on the proposal of Carmona et al.,*® the first part describes the cis/trans form of the aglycon part, followed
by the total number of sugar moieties, and finally, the type of sugar in each part of the crocin structure. Namely, G refers to gentiobioside, and g

to glucose.

3.3. Transformation kinetics of crocetin derivatives with a

dicarboxylic structure
The transformation kinetics of the new identified metabolites

derived from crocetin were studied in a second experiment
incubating crocetin with a larger number of sampling points

9322 | Food Funct., 2024, 15, 9315-9329

at longer times (Fig. 8). The reduced metabolites (dihydro and
tetrahydro derivatives) began to appear at 24 h coinciding with
the decrease of crocetin in the medium. Their values increased
over time reaching the maximum between 54 and 78 h
depending on the compound and remaining constant after
78 hours. A different behavior was observed for the demethyl-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Kinetic of transformation of crocetin by the human gut microbiota in vitro. —@— Control (medium with crocetin), —m— volunteer 1, —A— vol-
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ated compound that appeared later, sometime between 120
and 240 hours of incubation.

3.4. Changes in fatty acids

We also studied the possibility of finding decarboxylated
metabolites from crocetin. The decarboxylation and chain
shortening of crocetin molecule could produce fatty acids with
different chain lengths (Fig. 4B). To study changes in fatty
acids, samples at time 0, 6, 24, 48 and 120 h from the second
experiment (incubation with crocetin) were subjected to
different analytical methodologies. Medium and long chain
fatty acids were analyzed by GC-MS after extraction and methyl
esterification of the samples and four compounds were identi-
fied: tridecanoic acid 12-methyl-methyl ester, hexadecanoic
acid methyl ester, octadecanoic acid methyl ester, and 13-doco-
senoic acid methyl ester (ESI Fig. 11). These compounds were
already present in the medium at time 0 and their concen-
tration was modified with the incubation time in the presence
of fecal bacteria. However, no significant differences were
found when crocetin was added to the medium (data not
shown).

SCFAs were also analyzed by GC-MS. These SCFAs were ana-
lyzed for two reasons: (1) they could be directly derived from
the crocetin molecule after reactions of decarboxylation,
reduction and degradation that include aliphatic-chain short-
ening reactions and (2) these SCFAs are one of the main
microbial metabolites produced by gut bacteria, so changes in
these SCFAs could indicate changes in the microbial popu-
lations due to the interaction with crocin and crocetin. No sig-
nificant changes were found in the smallest fatty acids (acetic,
propionic, butyric and isobutyric) between the samples incu-
bated with and without crocetin but a clear statistically signifi-
cant increase was observed in fatty acids with 5 and 6 carbon

This journal is © The Royal Society of Chemistry 2024

atoms (valeric acid and hexanoic acid) (ESI Fig. 2t). After 48
and 120 h a higher concentration of these metabolites was
observed after the incubation with crocetin.

4. Discussion

In this paper we have described for the first time the trans-
formation kinetics of the saffron apocarotenoids, crocin and
crocetin, by human gut microbiota. Only two in vitro studies
with animal fecal samples have been previously reported.'™'*
We herein first time report and confirm that crocin-1 (a digen-
tiobiosyl ester of crocetin) (Fig. 2B and C) was totally trans-
formed by the human gut microbiota in less than 6 hours into
crocetin (the aglycone form containing an apocarotenoid
dicarboxylic acid). This fast conversion of crocin-1 into croce-
tin was previously reported in in vitro incubations with gut
content of rats adding 2 uM of crocin or crocetin and incubat-
ing in anaerobic conditions for 2 hours,** but this is the first
time that these results are observed with humans. In another
work, an 80% reduction of a mixture of crocins was observed
in the incubation for 5 hours of mice fecal homogenate with
saffron extracts but no presence of crocetin was detected.'’
They attributed the decline of crocins to fecal metabolism
towards backbone-cleaved products with smaller alkyl units
that are not detectable at 440 nm. They did not indicate the
formation of any specific degradation products. The deglycosy-
lation is a common reaction of the intestinal bacteria which
show extensive metabolic capacity, primarily by p-glucosidase
enzymes for the hydrolysis of glycosidic bonds. This reaction
has been extensively reported in the family of polyphenols
because most of them exist in foods as glycosylated forms.
They cannot be absorbed in these native forms and are hydro-

Food Funct, 2024, 15, 9315-9329 | 9323
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Table 2 Compounds identified after incubation of fecal samples of two volunteers with crocetin at 24 and 120 h

Compound Formula mlz ppm Rt MS/MS fragments (neg polarity) Collision energy (eV)
Dihydrocrocetin 1 CyoH2604 329.1751 -2.08 22.8 285.1867;241.1962 10
Dihydrocrocetin 2 CyoHy60,4 329.1750 -1.02 23.47 285.1863;241.1962 10
Dihydrocrocetin 3 CyoH,60, 329.1750 -1.63 23.87 285.1864;241.1965 10
Tetrahydrocrocetin 1 CyoH,50, 331.1911 -2.73 23.7 287.2024 10
Tetrahydrocrocetin 2 CyoHy50,4 331.1907 0.75 24.08 287.2020 10
Tetrahydrocrocetin 3 CyoH»50, 331.1913 —0.72 24.37 287.2021 10
Dedimethylcrocetin C15H500,4 299.1288 -3.55 13.69 — —
27,28

lyzed by the gut microbiota.
crocin-1 (trans-4-GG) was observed, especially in volunteer 1.
After 4 hours of incubation a series of intermediate crocins

9324 | Food Funct, 2024, 15, 9315-9329

A gradual deglycosylation of

(trans-3-Gg, trans-2-gg, trans-2-G and trans-1-g) resulting from
the sequential loss of different glucose molecules was identi-
fied (Table 1). However, this transformation was fast and the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 MS/MS fragmentation spectra of dihydrocrocetin.

metabolites did not remain in the medium for a long time.
This means that different crocin patterns could be present in
the colon at some time after ingestion where they could exert
local effects and affect the microbiota-gut-brain crosstalk.
These intermediate metabolites were identified for the first
time in this study. In the paper reported by Lautenschliger
et al., the incubation of saffron extracts with mouse feces did
hardly change the crocin pattern, but in this case the incu-
bation conditions were different.'' Once generated in the
colon, crocetin could be bioavailable. The presence of higher
concentration of crocetin in urine and plasma of control rats
consuming crocin compared with germ free rats and rats
treated with antibiotics indicate that crocetin is produced and
absorbed in the colon.'**® Besides, other studies have shown
in vitro permeation of crocetin through intestinal barrier by
passive transcellular diffusion.™

After the complete deglycosylation of crocin-1 to trans-croce-
tin, the catabolic activity of bacteria continued metabolizing
the crocetin molecule but at longer times, between 6 and
24 hours. After 24 hours of incubation less than 30% of croce-
tin was detected in the medium. This decrease of crocetin in

This journal is © The Royal Society of Chemistry 2024

the medium with bacteria was also previously reported in
rats'* but a lower transformation rate (around 50%) was
observed probably because of the shorter incubation times
used (2 hours). However, they did not investigate the presence
of other metabolites.

The use of untargeted metabolomics, applying multivariate
analysis and considering the complete metabolome, allowed
to discriminate between the samples incubated with and
without crocetin, although the incubation time was the most
discriminant parameter. These results indicate that the incu-
bation with crocetin seems to affect the fecal metabolome pro-
duced by bacteria in both volunteers. Fecal metabolomics pro-
vided important information of gut microbial metabolism and
its interaction with environmental factors, such as dietary
intake, although there is a considerable unexplored poten-
tial.>® These results open the possibility of further studies to
identify possible pathways related to neuroprotective effects
affected by the presence of crocetin.

In this work we focused on the identification of crocetin-
derived metabolites. After an exhaustive analysis of the untar-
geted metabolomics data, different dicarboxylic acids derived

Food Funct, 2024, 15, 9315-9329 | 9325
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from crocetin were identified: three isomers of dihydrocroce- the colon and presence in plasma and urine. Future human
tin, three isomers of tetrahydrocrocetin and di-demethyl- intervention studies will be needed to shed light to these ques-
crocetin. There is still no evidence of its possible absorption in  tions. The reduction of the double bonds and demethylations
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were the main metabolic reactions identified on the crocetin
molecule. Particular fragmentation profiles of these dicar-
boxylic acids were observed, sequentially losing both car-
boxylic groups. These molecules were fragmented under the
conditions of the ionization source. This may help to find bio-
markers derived from crocetin in further untargeted metabolo-
mics studies only using MS data. Reductions of double bonds
and demethylation are common reactions of the intestinal bac-
teria together with decarboxylation, dehydroxylation or chain
shortening.®® Other bioactive compounds are subjected to
reduction reactions by the gut microbiota: curcumin that is
reduced to dihydrocurcumin and tetrahydrocurcumin by the
highly expressed NADPH-dependent curcumin/dihydrocurcu-
min reductase (CurA) of E. coli DH10B,*' daidzein that is
reduced to dihydrodaidzein by Lactobacilluss p. Niu-016 with
daidzein reductase activity,>> or resveratrol that is reduced to
dihydroresveratrol by Slackia equolifaciens and Adlercreutzia
equolifaciens.*® Double bond hydrogenation was also the main
catabolic reaction observed in the microbial metabolism of
sesquiterpene lactones, terpenoid phytochemicals present in
lettuce, endive and escarole.®® Demethylation is also a
common gut microbial reaction and compounds such as
hesperetin, xanthohumol, dimethoxyflavone and methoxylated
isoflavonoids can undergo demethylation reaction under the
action of gut microbes.*® As an example, formononetin and
biochanin A udergo demethylation to produce daidzein and
genistein under the action of E. limosum ATCC 8486.° The
specific microorganisms and enzymes involved in crocetin
metabolism should be investigated in the future to fully under-
stand the apocarotenoids metabolism and their impact in
human health. We could expect the presence of other metab-
olites resulting from the reduction of the different double
bonds (up to 7) or demethylation of the different methyl
groups (up to 4) present in the crocetin molecule. However,
although masses corresponding to these compounds were
detected we were unable to definitely confirm the identity of
these metabolites with the available data. Future studies with
higher concentrations and with larger number of volunteers
could be proposed to explore the presence of other metabolites
of this family. These results are pioneers in the study of caro-
tenoids colonic fermentation, a topic that still lacks infor-
mation and clear evidence.>"*® Recently, in vitro fermentation
of p-carotene with human fecal samples showed its transform-
ation into retinol and a further hydrolyzation into retinoic acid
by human gut microbiota.””

Apart from the dicarboxylic acid derivatives we also studied
the possibility of finding decarboxylated metabolites from cro-
cetin. Decarboxylation reactions represent another of the bio-
transformation capabilities of the gut microbiota. A well-
known example of such reaction involves the decarboxylation
of -dopa to produce dopamine or the decarboxylation of aro-
matic amino acids to produce aromatic amines.*® The de-
carboxylation and chain shortening of crocetin molecule could
produce fatty acids with different chain lengths. Using
different GC-MS methodologies we analyzed short, medium
and long chain fatty acids after the incubation with crocetin.

This journal is © The Royal Society of Chemistry 2024
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In this case, we did not expect to find unique metabolites
derived from crocetin because fatty acids are metabolites com-
monly present in fecal fermentations. No differences were
observed in medium and long chain fatty acids (tridecanoic
acid 12-methyl, hexadecanoic acid, octadecanoic acid and
13-docosenoic acid) as a response to the incubation with croce-
tin. Regarding short chain fatty acids, only larger amounts
were observed in valeric acid and hexanoic acid (caproic acid)
in the presence of crocetin. However, it is not possible to con-
clude that these compounds derived from crocetin molecule
after decarboxylation and chain shortening reactions because
they are also the main metabolites produced in the colon by
bacterial fermentation of undigested carbohydrates. In any
case the presence of crocetin seems to modulate the presence
of this SCFAs. Although less studied than the more abundant
acetic, propionic and butyric acids, they have also been shown
to exert important physiological effects (regulation of meta-
bolic, endocrine and immune functions, prevention of inflam-
mation, maintenance of gut integrity),>*® including their key
role in central nervous sytem.'’ In particular, valeric and
caproic acid have demonstrated anti-inflammatory pro-
perties,"” activity as a potent histone deacetylase inhibitor
(HDD)*® and modulation of brain functions.** Knowing
whether these metabolites derive from the crocetin molecule
or are simply modulated by it through changes in gut
microbial populations requires further research. Gut micro-
biota composition is associated to health effects, so studying
these potential changes in gut microbiota abundance and
diversity as a consequence of the interaction with these apocar-
otenoids and their metabolites is also an important and little
explored issue'” to be considered in future studies.

5. Conclusions

This work has given further and strong evidence of the role of
human gut microbiota in the metabolism of the saffron caro-
tenoids, crocin and crocetin. We report for the first time, the
rapid and total transformation of crocin-1 into crocetin
through a series of intermediate crocins with different degree
of glycosylation and the further transformation of crocetin. We
have identified several crocetin-derived microbial metabolites,
mainly dicarboxylic acids, produced after reduction and de-
methylation reactions. These metabolites constitute potential
molecules candidates to be responsible for the biological
effects attributed to the saffron apocarotenoids and high-
lighted the possibility to expand the family of microbial
metabolites of crocetin. Besides, possible changes in fatty
acids as a consequence of the metabolization and/or inter-
action of crocetin with the gut bacteria were detected.
Identifying all these changes at the metabolome level will be
very important to understand the mechanisms by which the
protective effects of apocarotenoids are exerted. This new and
future insights in the bacterial metabolism of crocetin consti-
tute a relevant advance in understanding the relationship
between crocetin and human health.
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