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Preface to “Crocus sativus L. Extract and Its
Constituents: Chemistry, Pharmacology and
Therapeutic Potential”

Dear Colleagues,

the search for beneficial effects of plant extracts in therapy is a hot issue. Crocus sativus L. and
its constituents are being studied intensively as potential candidates for the treatment of a wide
range of diseases, including cancer, diabetes, cardiovascular diseases, neuropsychiatric disorders,
and neurodegenerative diseases.

This book aims to assess new advances in the understanding of the therapeutic action of saffron
and its constituents in targeting different pathologies. In this context, we strongly believe that it
will be of great interest for pharmacologists and researchers not only working in the field of the
therapeutic potential of Crocus sativus L. and its bioactive constituents, but for all these working in
the field of natural products and their potential use as drugs.

As guest editors, we would like to express our gratitude to all the authors for their contributions
to this book.

Nikolaos Pitsikas, Konstantinos Dimas
Editors
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Natural products or organic compounds isolated from natural sources as primary or
secondary metabolites have inspired numerous drugs. It is not an overstatement that the
majority of medicines in clinics, even in the 21st century, have been derived from natural
resources despite the declining of industry research into natural products due to a variety
of drawbacks [1].

Saffron crocus, considered to be the most valuable spice by weight [2], and its bioactive
constituents, have been reported to have been studied for the treatment of a wide range of
pathologies including neuropsychiatric and neurodegenerative disorders, cancer, diabetes,
and even cardiovascular diseases.

In this special issue on the chemistry, pharmacology, and therapeutic potential of
Crocus sativus L. extract and its constituents, two reviews report new data and advances
in the fields of schizophrenia and cancer. In the first review, Pitsikas critically assesses
advances in the research of these molecules for therapy for schizophrenia, a chronic,
mentally devastating disease [3]. In the second review, Labrianidou and her colleagues
provide an insight into the advances in research on the anticancer properties of saffron and
its components, discussing preclinical data, clinical trials, and patents aiming to improve
the pharmacological properties of saffron and its major ingredients [4].

This special issue of Molecules aims furthermore to assess new advances in the un-
derstanding of the therapeutic action of saffron and its constituents in targeting different
pathologies. In this context, eight original research articles covering some recent advances
in the therapeutic actions of saffron and its ingredients in different diseases are reported
herein. Amin et al. present new data on the effects of saffron and its major ingredients,
safranal and crocin, on colon cancer cells with mismatch repair (MMR) deficiency and
microsatellite instability. In this study, saffron and its components are reported to show
a significant anti-proliferative effect in cells with deficient MMR [5]. In another inter-
esting work, Suhrid Banskota et al. present data which suggest that pre-treatment with
saffron inhibits dextran sulfate sodium (DSS)-induced pro-inflammatory cytokine secretion;
modulates gut microbiota composition; prevents the depletion of short-chain fatty acids
(SCFA) such as isobutyric acid, acetic acid, and propionic acid; and reduces susceptibility
to colitis, a result of special interest, as long-standing colitis is well-known to be associated
with increased risk of colon cancer [6]. Four articles report novel findings on the effects
of saffron and its ingredients on neuropsychiatric disorders. In the first of two articles,
Pitsikas and Tarantilis report the beneficial effects of crocins on memory loss, induced by
the widely used anesthetic ketamine, in rats [7]. In the second article, the same authors
find that the anxiolytic properties of crocins are mediated by their agonistic action on the
GABA j-benzodiazepine receptor [8]. Orio et al. evidence the antidepressant effects of a
standardized saffron extract, Affron®, suggesting that oral saffron may exert a beneficial
action in anxious and depressive states [9]. The collection of the articles reporting new
findings on neurological disorders is filled in nicely with a work by Maggi and colleagues,
demonstrating the ability of saffron to cope with retinal neurodegeneration, and this benefi-
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cial action appears to be dependent on the presence of specific crocins and the contribution
of other saffron components [10].

The interesting results of two studies performed by Rossi and colleagues [11] and
Kakouri et al. [12] corroborate further for the therapeutic potential of saffron. Specifically,
Rossi et al. demonstrate the efficacy of crocetin in alleviating irradiation injury in an
in vitro model of the pubertal testis, suggesting the therapeutic potential of this bioactive
constituent of saffron as a fertoprotective agent against ionizing radiation’s deleterious
effects in the pubertal period [11].

Additionally, Kakouri and her colleagues, in a nice, in vivo study conducted on the
zebrafish, demonstrate that that the application of crocins reduces glucose levels in the
zebrafish embryo and enhances insulin expression. They further show that following a
single administration of crocins, the expression of phosphoenolpyruvate carboxykinasel
(pckl), a key gene involved in glucose metabolism, is increased, which is indicative of a
putative role for crocins in glucose metabolism and insulin management [12].

The collection of this special issue is completed with two articles on two novel methods
regarding the bioanalysis of saffron extracts. Gikas et al. report the use of high-resolution
mass spectrometry metabolomics studies as novel tools to develop a fingerprint of the
various saffron extracts which obviously, given the health-promoting effects of the extracts,
can be of great importance for the selection of the appropriate saffron sample [13]. Fi-
nally, Girme et al. report the development and application of the pharmacokinetics of
a new bioanalytical method based on a sensitive and ultra-fast liquid chromatography
(UFLC)-tandem mass spectrometry method with high assay-based precision and accuracy
on analytical quality control levels and excellent recoveries in plasma samples [14]. These
latter results, as the authors state, suggest that this new procedure may be an appropri-
ate bioanalytical method for preclinical/clinical trials on Crocus sativus extract’s main
ingredients.

In conclusion, in this special issue of Molecules, we are delighted to have received
several works that we hope provide new and interesting information for the scientific
community on the chemistry, pharmacology, and therapeutic potential of Crocus sativus L.
extract and its constituents.

Acknowledgments: The guest editors would like to express their gratitude to all the authors for their
contributions to this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Schizophrenia is a chronic mental devastating disease. Current therapy suffers from various
limitations including low efficacy and serious side effects. Thus, there is an urgent necessity to develop
new antipsychotics with higher efficacy and safety. The dried stigma of the plant Crocus sativus
L., (CS) commonly known as saffron, are used in traditional medicine for various purposes. It has
been demonstrated that saffron and its bioactive components crocins and safranal exert a beneficial
action in different pathologies of the central nervous system such as anxiety, depression, epilepsy
and memory problems. Recently, their role as potential antipsychotic agents is under investigation.
In the present review, I intended to critically assess advances in research of these molecules for
the treatment of schizophrenia, comment on their advantages over currently used neuroleptics as
well-remaining challenges. Up to our days, few preclinical studies have been conducted to this end.
In spite of it, results are encouraging and strongly corroborate that additional research is mandatory
aiming to definitively establish a role for saffron and its bioactive components for the treatment of
schizophrenia.

Keywords: Crocus sativus L.; crocins; schizophrenia

1. Schizophrenia

Schizophrenia is a serious chronic mental disease that affects up to 1% of the world
population. It is a complex heterogeneous psychiatric disorder that impairs social, oc-
cupational and individual functioning and causes an adjective decrease in the quality of
life of patients. This disease usually is manifested in late adolescence or early adulthood.
Schizophrenics display serious psychotic symptoms, which can be classified into three
major categories: positive symptoms (e.g., hallucinations, delusions, disordered thinking,
catatonic behavior), negative symptoms (e.g., social withdrawal, anhedonia, avolition,
neglect of hygiene) and cognitive disturbances (e.g., in attention, executive functioning
and memory) [1].

Schizophrenia’s causes and pathophysiology are not yet elucidated. Nevertheless, it
is widely acknowledged as a composite neurodevelopmental disease affected by genetic
and environmental factors [2,3]. Specifically, it has been revealed that monozygotic siblings
of schizophrenics have a 50-80% risk of developing the disease. Further, incomplete
maturation of the brain and abnormal synaptic connections between different brain areas
are also evidenced [4] Interestingly, an increasing number of reports propose the implication
of oxidative stress in the pathophysiology of schizophrenia [5].

Additionally, several lines of evidence suggest that malfunctioning of different neuro-
transmitter systems, as are dopamine (DA), glutamate, cholinergic, serotonergic and the
GABAergic systems is associated with the appearance of this disease [6]. In particular,
positive symptoms of schizophrenia are associated with overactivation of dopaminergic
neurotransmission in the striatum, while negative symptoms and cognitive impairments
appear to be dependent on dopaminergic hypofunction in the prefrontal cortex [7].

Glutamate hypofunction seems also to be involved in the pathophysiology of
schizophrenia. Abnormal glutamatergic transmission is related to secondary dopaminergic
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dysfunction in the striatum and prefrontal cortex. In this context, it has been shown that
pharmacological blockade of NMDA receptor induces negative symptoms and cognitive
deficits that were not alleviated by neuroleptics [7]. Moreover, the functionality of the
GABAergic system, the major inhibitory neurotransmitter in the brain, is compromised in
schizophrenia [8]. Since GABAergic firing modulates dopaminergic transmission in the
prefrontal cortex, the malfunctioning of GABA interneurons seems to play a role in the
appearance of some of the clinical symptoms of schizophrenia [9].

Clinical findings indicate that conventional antipsychotics (either those of the first gen-
eration, or atypical) display a certain efficacy in the alleviation of positive symptoms but are
inefficacious in relieving negative symptoms and cognitive impairments of schizophrenia
patients. These medications, however, are associated with important side effects which com-
promise their benefit. Specifically, motor side effects (Parkinsonism) are related with the
administration of traditional neuroleptics (e.g., chlorpromazine, haloperidol). Conversely,
the administration of atypical antipsychotics (e.g., clozapine, olanzapine, risperidone) does
not produce Parkinsonism but causes weight gain. In addition, 30% of patients are resistant
to the above-described treatments. Collectively, these results suggest that there is a pressing
necessity to find novel compounds which could provide alleviation of negative symptoms
and cognitive deficits typical features of schizophrenia patients [10,11].

Among the different alternative approaches for the therapy of schizophrenia, the in-
volvement of the plant saffron and its bioactive components as potential anti-schizophrenia
agents has lately been suggested. In the current analysis, I intend to assess with critical
feeling the potential beneficial action of saffron and its components for the treatment of
schizophrenia.

2. Crocus sativus L. (Saffron)

Crocus sativus L. (CS), is a perennial herb and a member of the Iridaceae family, of
genus Crocus, the line of Liliaceae. This plant is cultivated in a number of countries such as
Azerbaijan, China, France, Greece, Egypt, India, Iran, Israel, Italy, Mexico, Morocco, Spain
and Turkey. The spice saffron is the end product of this plant. Saffron, in filaments, is the
dried dark-red stigmas of CS flower. The weight of a single stigma is circa 2 mg and each
flower has three stigmata; 150.000 flowers must be thoroughly selected separately to gain
1 kg of spice. Saffron has a characteristic color, taste and smell. From ancient to modern
times the history of saffron is full of applications. It is widely utilized as a perfume, as a
spice for flavoring and staining food and drink preparations. The most common way to
consume saffron is still to mix it with food or to add it to any hot or warm drink [12,13].

Additionally, saffron is commonly utilized in traditional medicine, as a beneficial agent
for the therapy of various pathologies of the cardiovascular, respiratory, gastrointestinal
and nervous system For review see [14].

2.1. Chemistry of CS

The prevailing non-volatile components of the saffron are crocins, crocetin, safranal
picrocrocin and flavonoids (querectin and kaempferol) [12]. The coloring components of
saffron are crocins (C44Hg4O»4), which are unusual water-soluble carotenoids (glycosyl
esters of crocetin). The major component is a digentiobiosyl ester of crocetin (C44HgaOn4,
8,8’-diapo-¥Y,¥’-carotenedioic acid bis (6-0-B-D-glucopyranosyl-B-D-glucopyranosyl) es-
ter). Safranal (C19H140, 2,6,6-trimethyl-1,3-cyclohexadiene-1- carboxaldehyde), which
is responsible for the characteristic aroma of saffron is a monoterpene aldehyde. The
principal bitter-tasting substance is picrocrocin a glycoside of safranal (C14H¢O7, 4-(8-D-
glucopyranosyloxy)-2,6,6-trimethyl-1-cyclohexene-1- carboxaldehyde) [15-17].

In Figure 1 the molecular structures of CS and its constituent crocins, picrocrocin and
safranal are illustrated.
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Figure 1. Chemical structures of saffron bioactive components. Crocins (CRCs): Glucosyl ester of
Crocetin, Ry = 4-D-Geotiobiosyl, R, = 4-D-Geotiobiosyl, R; = 4-D-Gentiobiosyl, R, = 4-D-glucosyl.,
R; = &-D-Gentiobiosyl, R, = H, Ry = &4-D-glucosyl, Ry = a-D-glucosyl., Ry = &-D-glucosyl, R, = H,
Crocetin Ry = H, Ry = H., B. Picrocrocin., C. Safranal.

2.2. Pharmacology of CS and Its Bioactive Components

Based on a conspicuous number of preclinical and clinical data an exciting pharmaco-
logical profile of saffron and its bioactive ingredients is turning up.

2.2.1. Effects of CS and Its Constituents on Non-Neurological /Neuropsychiatric
Pathologies

In a series of preclinical in vitro and in vivo studies the anti-cancer, anti-nociceptive
and anti-inflammatory properties of saffron have been revealed. Additionally, it has been
reported that CS and its bioactive ingredients reduced atherosclerosis and hepatotoxicity,
diminish hyperlipidemia, display a protective action on myocardial injury and consistently
reduce blood pressure [14,18,19].
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As a whole, what emerges from these preclinical findings is that CS and its active
components appear to express a beneficial action in preclinical models of different non-
neurological /neuropsychiatric pathologies. Until now, however, there is a lack of clinical
results validating the therapeutic efficiency of saffron observed in the above-mentioned
preclinical pathological models. Thus, clinical studies should be designed and conducted
in order to properly address this important issue.

2.2.2. Effects of CS and Its Constituents on Pathologies of The Central Nervous System

In a series of preclinical studies, the anticonvulsant properties of the aqueous and
ethanolic extracts of CS and safranal have been observed and. Specifically, it has been
demonstrated that CS extracts and safranal counteracted pentylenetetrazol-induced seizures
in mice and rats and these effects seem to be mediated by their interaction with the GABAer-
gic and opioids systems [20,21]. Further, both saffron and its active components were
found to be protective in preclinical models of Parkinson’s disease (PD) and cerebral
ischemia [22-25].

The efficacy of saffron and crocins to attenuate memory impairments in preclinical
models associated with Alzheimer’s disease (AD), cerebral injuries, or schizophrenia
is well documented For a review, see [26]. The outcome of clinical trials designed to
examine the efficiency of saffron in alleviating memory problems, a common feature of
AD, proposes that the effects exerted by CS on cognition, although modest, were similar
to those displayed by the reference molecules donepezil and memantine. Importantly,
in all human studies conducted, treatment with saffron, in contrast with donepezil and
memantine, did not induce noticeable undesired effects [27].

Intensive preclinical research revealed a consistent antidepressant-like effect of saffron
and its major constituents crocins and safranal [28]. This antidepressant-like effect of saffron
observed in rodents was corroborated by clinical findings. Studies carried out in humans
evidenced the efficacy of saffron in the therapy of mild-to-moderate depression [29,30]. In
this context, it has been reported that saffron attenuated sexual malfunction in both males
and females which was caused by the challenge with the selective serotonin re-uptake
inhibitor (SSRI) antidepressant agent fluoxetine [31,32].

Up to now, few studies have been conducted aiming to investigate the potential anti-
anxiety effect of CS and its components. In spite of the scant number of studies (preclinical
and clinical), the results reported appear promising. Further research is mandatory in order
to fully elucidate and establish the anxiolytic profile of saffron and its bioactive components.
For review, please see [33].

2.2.3. Pharmacokinetic and Safety Studies

Pharmacokinetic studies revealed that crocins, following oral administration, are not
absorbed in the gastrointestinal tract (GIT) but are hydrolyzed to crocetin and in this
form are absorbed in the GIT [34,35]. Crocetin is the active metabolite among which
crocins exert their beneficial actions. Crocetin reaches the blood circulation and is found
to be relatively quickly distributed in all tissues of the human body [36] can be partially
conjugated with mono and diglucuronides in the GIT and in the liver [37]. A recent report
demonstrated, however, that after oral application also crocins can be absorbed through GIT
with poorer bioavailability compared to crocetin [38]. As a whole, either crocins or crocetin
when applied orally, display low stability, poor absorption and low bioavailability [39].
Reportedly in this context, it has been evidenced that intraperitoneal or intravenous rather
oral administration of saffron and its active components might provide higher levels of
absorption and bioavailability [38,40]. In particular, Zhang and colleagues have indicated
that intravenous application of crocins in rats did not reveal the presence of crocetin in
plasma but solely crocins were detected, eliciting thus that hepatic metabolism of crocins
would be insignificant [38]. Further studies are required, however, aiming to clarify this
important issue.
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Interestingly, it has been shown that crocins despite their high hydrophilic profile,
similarly to crocetine [41,42], can cross the blood-brain barrier (BBB) and reach the central
nervous system [40]. Concerning safranal, it can be hypothesized that might be able
to penetrate the BBB since in a series of studies its anticonvulsant and antidepressant
properties have been revealed [20,21,28].

Toxicological investigations performed in rodents that have received saffron extracts
shown that the hematological and the biochemical parameters of the animals were not
altered by treatment with saffron and remained at physiological levels [43]. In this context, it
has been reported that the oral LDsg of CS was 20.7 g/kg when was delivered as a decoction
in mice [44]. Further research confirmed the good safety profile of CS and its ingredients.
Specifically, it has been observed that acute treatment of mice with saffron (up to 3 g, either
orally (p.o.) or intraperitoneally (i.p.)) and repeated with crocin (15-180 mg/kg, i.p.) did
not affect a series of biochemical, hematological and pathological markers recorded [45].

The outline of human studies confirmed the safe profile of CS extracts and crocin
observed in preclinical experiments. In a double-blind, placebo-controlled study, carried
out on healthy volunteers, repeated challenge with saffron (200400 mg/day, for seven
consecutive days) did not induce appreciable abnormalities. It caused only some minor con-
sistency clinical and laboratory parameter changes such as hypotension, reduced platelets
and bleeding time and increased creatinine and blood urea nitrogen levels [46].

In agreement with the above, are the findings of another clinical trial conducted on
healthy participants who received 20 mg/day of crocin for 30 consecutive days. Treatment
with crocin did not produce any alteration of various hematological, biochemical, hormonal
and urinary parameters recorded [47]. Finally, the challenge with very high doses of saffron
(1.2-2 g) in healthy volunteers caused nausea, diarrhea, vomiting, and bleeding [48]. As
a whole, saffron and its main bioactive components can be considered as safe natural
products displaying very low toxicity.

3. Effects of CS and Its Constituents in Schizophrenia
3.1. Preclinical Studies

Table 1 summarizes the existing literature regarding the effects of crocins on animal
models of schizophrenia. Crocins (15-30 mg/kg, acutely) counteracted disruption of non-
spatial recognition memory caused by acute administration of the NMDA receptor antago-
nist ketamine (3 mg/kg, acutely) in rats. This finding strongly proposes the involvement
of this bioactive ingredient of CS in schizophrenia-related cognitive impairments. Addi-
tionally, crocins (50 mg/kg, acutely) attenuated ketamine (25 mg/kg, acutely)—induced
psychotomimetic effects (hypermotility, stereotypies and ataxia) in the rat. Further, in a
behavioural procedure mimicking the negative symptoms of schizophrenia (social inter-
action test), these active components of saffron (50 mg/kg, acutely) were found able to
reduce the social isolation-induced by treatment with ketamine (8 mg/kg, sub-chronically)
in rats [49].

In agreement with the above, crocins (30 mg/kg, acutely) antagonized disruption
of non-spatial recognition memory caused by a single injection of the mixed DA D1/D2
receptor agonist apomorphine (1 mg/kg). By contrast, crocins failed to counteracted spatial
recognition memory induced by apomorphine (1 mg/kg, acutely). It has been suggested
that this dual action of crocins on recognition memory deficits observed in a dopaminergic
model of amnesia might depend to differences in stimuli intensity (higher in non-spatial
tasks as compared to spatial tasks) [50].
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Table 1. Effects of crocins on preclinical models of schizophrenia.

Scheme Agent Dose Range Route Behavioral Test Effect Reference
. 15, 30 . :
Crocins e i.p. acute Crocins (15, 30 mg/kg) counteracted )
530 mg/ li(g ORT ketamine-induced non-spatial [49]
Rat Ketamine ( Ii]nOg IQ T;o’ i.p. acute recognition memory deficits.
. ip. Crocins (50 mg/kg) attenuated )
Ketamine 8 mg/kg (SD sub-chronic St ketamine-induced social isolation. (4]
Motor activity, Crocins (50 mg/kg) attenuated
. 25 mg/kg . . o o
Ketamine . O i.p. acute stereotypies, ketamine-induced hypermotility, [49]
(motor activity) . . .
ataxia stereotypies and ataxia.
. 15, 30 . :
Crocins e i.p. acute Crocins (15, 30 mg/kg) counteracted
Rat A hi 510 mg/ li(g . ORT ketamine-induced non-spatial (501
pomorphune igg é 0 & Lp- acute recognition memory deficits.
i re i.p. t
Rat Crocins 50 mg/kg Lp- acute OLT No effect [50]
Apomorphine 1mg/kg i.p. acute
Crocins 25,50 mg/kg i.p. acute RR. OFT Crocin (25, 50 mg/kg) counteracted [51]
R MK-801 1mg/kg i.p. acute ’ MK-801-induced motor activity deficits.
at Crocins 25,50 mg/k i.p. acute Crocin (25, 50 mg/kg) counteracted
g/ Kg P MWM 5/<8 [51]
MK-801 1mg/kg ip. acute MK-801-induced spatial memory deficits. .

Abbreviations: i.p, intraperitoneally; MWM, Morris water maze; OFT, open field test; OLT, object location task; ORT, object recognition
task; RR, rotarod; SI, social interaction.

It has recently been reported that crocin attenuated schizophrenia-like symptoms in
a glutamatergic model of this psychiatric disease. In particular, crocin (25 and 50 mg/kg,
acutely) attenuated motor disturbances and spatial navigation impairments induced by
acute administration of the NMDA receptor antagonist MK-801 (1 mg/kg) in rats [51].

It is important to emphasize that the beneficial effects of crocins, summarized in
Table 1, were observed following intraperitoneal application of them in rodents. Intraperi-
toneal compared to oral route of administration might be of higher utility since it can be
avoided the first-pass metabolism and/or gastric hydrolysis and obtain consistent bioavail-
ability profile of the compound (elimination of liver-induced metabolism as well exposure
of crocins in a low pH of the stomach [52].

3.2. Clinical Studies

Up to our days, clinical information dealing with a potential anti-schizophrenia
efficacy of CS and its bioactive constituents is inconsistent. Only one clinical study was
conducted aiming to evaluate the safety and the tolerability of treatment with saffron and
crocin in schizophrenia patients. This was a double-blind, placebo-controlled trial and
participated 61 schizophrenics. Patients were treated twice daily with saffron or crocin
(15 mg) or placebo for 12 consecutive weeks. In agreement with prior reports [27,29,53], the
results of this study showed that saffron extracts, safranal and crocin were well-tolerated
in schizophrenics [54]. In this context, is important to emphasize that challenge with a
saffron aqueous extract (30 mg/day, for 12 weeks) administered in schizophrenics on
treatment with olanzapine prevented the metabolic syndrome, a well-known side effect of
this atypical neuroleptic [55].

3.3. Potential Mechanism of Action of CS and Its Constituents in Schizophrenia

The exact mechanism(s) through which crocins exert their effects on schizophrenia-
like behavior caused by glutamatergic and dopaminergic dysfunction is (are) not yet
elucidated. Research is needed aiming to clarify this important issue. That schizophrenia-
like effects of NMDA receptor antagonists (e.g., ketamine, MK-801) are related to increased
concentrations of glutamate, hypermaotility, stereotypy and cognition deficits [56,57] is
well-documented. In this context, it has been reported that acute systemic administration
of safranal reduced kainic acid-induced increase of extracellular glutamate concentrations
in the rat hippocampus [58]. Further, it has been observed that either saffron or crocetin
but not crocins partly counteract the NMDA receptor by binding to the phencyclidine
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(PCP) binding site of it [59]. The apparent failure of crocins to bind at the NMDA receptor
might depend on pharmacokinetic issues, and in particular, their poor intestinal absorption
after oral administration in rats [59]. Moreover, it has been shown that CS extracts and
crocetin normalized excessive glutamatergic synaptic transmission in rat cortical brain
slices [60]. Finally, CS extracts and crocetin were found to display a strong affinity for the
sigma (o)1 receptor [59]. As a whole, these results propose that this decrease of glutamate
concentrations by CS and its constituents might be crucial for the beneficial action exerted
by crocins on NMDA receptor antagonists-induced psychotomimetic effects and cognitive
deficits.

There is poor evidence concerning the mechanism(s) by which crocins could counteract
the detrimental effects of apomorphine on non-spatial recognition memory. In this context,
it has been reported that apomorphine prevented the induction of long-term potentiation
(LTP) which is the electrophysiological correlate of cognition [61], while crocins promote
it [62].

Although the pathogenesis of schizophrenia is not yet fully clarified, a possible associ-
ation with oxidative stress [5,51], inflammation [51,63] and abnormally low concentrations
of different neurotrophins as is the brain-derived neurotrophic factor (BDNF) [64] has
been suggested. In line with the above, in a series of reports, the pro-oxidative and pro-
inflammatory profile either of NMDA receptor antagonists [51,65] or apomorphine [61] has
emerged. The potent antioxidant properties of crocins may offer an alternative explanation
for the beneficial effects exerted by these bioactive components of saffron in preclinical
models of schizophrenia [66-69]. In this context, it has recently been demonstrated that
the neuroprotective action of crocins evidenced in a preclinical glutamatergic model of
schizophrenia was related to their ability to restore the expression of BDNF and that of the
silent information regulator-1 (SIRT-1), a modulator of oxidative stress and inflammation,
thus eliciting alleviation of the oxidative stress [51].

4. Conclusions

There is poor available information (either preclinical or clinical) concerning a potential
beneficial role for CS and its bioactive constituents in the therapy of schizophrenia. In spite
of it, the few preclinical data produced do not lack consistency and are really promising.
The latter elicits that future research is mandatory in order to definitively establish if these
compounds are suitable candidates and provide a benefit in the therapy of schizophrenia.
It is important to underline the clinical efficacy expressed by saffron and its constituents in
depression [28-30] and anxiety [33] which are typical features of patients suffering from
schizophrenia [70,71] and further emphasize their good safety profile expressed in human
studies.

Future research should examine the efficacy of these natural products on preclinical
models resembling attentional deficits and extensively evaluate their efficacy on animal
models mimicking negative symptoms of this devastating psychiatric disorder. The utiliza-
tion of other than pharmacological models (e.g., neurodevelopmental, genetic etc.) will be
of high value. Finally, in the case of positive preclinical findings, human studies (double-
blind, placebo-controlled studies) by recruiting an appropriate number of participants
should be conducted in order to evaluate the efficacy of these compounds in schizophrenia.
A summary of some future research activities (either preclinical or clinical) is provided in
Table 2.
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Table 2. Summary of future studies designed to evaluate the role of Crocus sativus and its bioactive
components in schizophrenia. Key plans.

Preclinical research

Acute vs. repeated drug treatment
Not pharmacological animal models of schizophrenia (genetic, neonatal ventral hippocampal
lesions models etc)

Evaluation of the effects of saffron and its constituents in animal models of attentional deficits
Further evaluation of the effects of saffron and its constituents in animal models resembling
cognitive impairments and negative symptoms of schizophrenia
Investigation of potential mechanismy(s) of action underlying the beneficial effects of saffron and
its constituents observed in preclinical studies (molecular, biochemical, neurochemical,
electrophysiological studies etc)

Clinical research

Multi-center, double-blind, placebo-controlled studies
Studies of the effects of saffron alone in schizophrenia patients
Studies of the effects of saffron in combination with atypical antipsychotics in schizophrenia
patients
Use of broad dose range of C. sativus
Appropriate number of participants

Funding: This research received no external fundings.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
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Abstract: Crocus sativus L. belongs to the Iridaceae family and it is commonly known as saffron.
The different cultures together with the geoclimatic characteristics of the territory determine a different
chemical composition that characterizes the final product. This is why a complete knowledge of this
product is fundamental, from which more than 150 chemical compounds have been extracted from,
but only about one third of them have been identified. The chemical composition of saffron has been
studied in relation to its efficacy in coping with neurodegenerative retinal diseases. Accordingly,
experimental results provide evidence of a strict correlation between chemical composition and
neuroprotective capacity. We found that saffron’s ability to cope with retinal neurodegeneration is
related to: (1) the presence of specific crocins and (2) the contribution of other saffron components.
We summarize previous evidence and provide original data showing that results obtained both
“in vivo” and “in vitro” lead to the same conclusion.

Keywords: saffron; crocins; neuroprotective activity; P2X7 receptor; fraction

1. Introduction

Saffron is a spice obtained from the dehydrated stigmas of the flower Crocus sativus Linnaeus,
a member of the family of Iridaceae and probably the result of intensive artificial selection of the
Crocus cartwrightianus, native in the Island of Crete. Saffron was first grown in Iran, where currently
about 90% of the global production comes from [1]. Other producing countries are Spain, Greece, Italy,
Morocco, Egypt, Israel, New Zealand, Australia, Pakistan, and India.

The production process of the spice follows a complex procedure that is articulated in several
phases: (a) flower collection, (b) separation of the stigmas or cleaning, and (c) drying and conservation.
Each of these steps in the production process of saffron is strongly influenced by the traditions present
in the area of cultivation while following general guidelines. The different cultures together with the
geoclimatic characteristics of the territory determine a different chemical composition that characterizes
the final product, making it distinguishable from others. In addition, changes in the preparation
procedures might strongly modify the final composition of chemical components. Saffron is one of the
most expensive spices in the world, but high costs lead to a high rate of counterfeiting. The scientific
community’s interest in this product, however, is not limited to guaranteeing its authenticity to
the consumer. Advanced pharmacological studies have in fact highlighted its numerous beneficial
health effects, including a neuroprotective activity on retinal photoreceptors undergoing/exposed to
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oxidative stress [2]. Multiple ways of actions have been suggested and widely exploited in microarray
experiments [3] and in cellular [4] and animal models [2,5-8]. In addition. interesting data have been
obtained in clinical trials with patients affected by either age-related macular degeneration (AMD) or
Stargardt [9] and the results are very promising [9-12].

The chemistry of saffron is complex; this spice has primary metabolites, which are ubiquitous in
nature, such as carbohydrates, minerals, fats, vitamins, amino acids, and proteins. A large number of
compounds belong to different classes of secondary metabolites, products of metabolism not ubiquitous
but important for the development or reproduction of the organism, such as carotenoids, monoterpenes,
and flavonoids, including mainly anthocyanins [13].

Carotenoids are the most important constituents of the spice, from which it derives its color.
They include fat-soluble ones, such as «- and 3-carotene, lycopene, and zeaxanthin, and water-soluble
ones like the apocarotenoid crocetin (CygH4O4) and crocins, the polyene esters of the mono- and
di-glycoside crocetin.

Crocins are a family of carotenoids unusually soluble in water as they are mono- and di-glycosylated
esters of the dicarboxylic acid crocetin [14]. They make up 3.5% of the weight of the stigmas in the
plant. The glycosidic carotenoids of saffron, like all glycosides, are usually thermally labile and
photochemically sensitive, especially in solution. Like their precursor, crocins exist in the two
isomeric forms 13-cis and all-trans. There is a great variety of crocins because there are different
combinations of carbohydrates that can go to esterify one or both carboxyl groups and both isomeric
forms. Although these crocins differ in substituents and in configuration, they are very similar in their
chemical-physical properties and in particular polarity. These similarities make their separation and
subsequent identification extremely difficult [15-18].

Among the oxidation products of carotenoids, we find two compounds: picrocrocin (monoterpene
glycoside) and safranal (cyclic monoterpene aldehyde) that give/are responsible for the spice’s bitterness
strength and aromatic strength, respectively. According to the most accredited hypothesis, the precursor
is considered zeaxanthin, which is broken at both ends by the enzyme CsZCD (Crocus sativus zeaxanthin
cleavage dioxygenase) to generate the crocetindialdehyde [19], which can be oxidized and esterified
by different glucosyltransferases to give the crocins [20], and picrocrocin. Picrocrocin (C14H¢0y),
which constitutes 3.7% of the weight of the stigma, has been identified only in the genus Crocus,
of which the only edible spice is Crocus sativus L.; therefore, it constitutes the molecular marker
of saffron. During the drying process, the p-glucosidase enzyme acts on picrocrocin to release
4-hydroxy-2,6,6-trimethyl-1-cyclohexene-1-carboxyaldehyde (HTCC, C19H160,) [21]. For dehydration
it is transformed into safranal (C;9H140). This is present with a percentage of 0.02% in the stigma and
is the major component of the volatile fraction of saffron.

The main aim of this paper was to provide evidence of the relationship between the chemical
composition of saffron and its neuroprotective activity. Here, we used a consolidated animal model of
retinal degeneration to test saffron differing in its chemical components to check whether different
saffron preparations might have different efficacy. Experiments involving HPLC analysis and animal
treatment were performed in parallel. In addition, we wonder whether all the chemical components of
saffron are important in supporting its neuroprotective activities. To test this point we separated two
fractions to test crocins and other components separately in both cellular and animal models.

2. Results

2.1. Correlation between Saffron Chemical Composition and Neuroprotective Activity

The saffron samples were analyzed with the chromatographic method described in the previous
section. A qualitative identification of the HPLC-DAD chromatographic peaks was performed using
literature data, for similar experimental conditions, on the basis of the well-known absorption spectra
of the main constituents of saffron, as well as the relative intensities of the peaks and elution order
in chromatograms [22-24]. Crocins have characteristic UV-vis spectra, both trans and cis crocins
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have a very intense absorption band between 400 and 500 nm, and a further band between 260 and
274 nm, but only cis crocins have a relative absorption maximum at 326-327 nm [14,22,24-27]. Since the
analytical standards of these molecules are lacking, a method based on the combination of the areas of
the HPLC-DAD peaks observed at 440 nm with the coefficients determined by spectrophotometric
analysis was used [28] for the quantitative analysis of crocins. The formula used to determine the
concentration of crocins is:

Muw;.El" (440 nm).A;

¢ (mg/g) = , (1)

Etc

where Mw; and A; are the molecular weight and the percentage peak area, respectively, E 1% o (440 nm)
is the coloring strength of the saffron sample, and ¢ is the extinction coefficient (89,000 M~'cm™! for
trans-crocins and 63,350 M~1em™! for cis-crocins).

The results of the experiments carried out by administering different saffron with different
contents of crocins to an animal model of retinal-induced degeneration are shown below (Figure 1).
Given the high number of tested saffron samples, we concentrated on and quantified the two most
abundant crocins: trans-crocetin bis ((3-p-gentiobiosyl) ester (T1) and trans-crocetin (3-p-gentiobiosyl)
(B-p-glucosyl) ester (12).
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Figure 1. Thickness of the outer nuclear layer (ONL) as a function of the retinal position starting from
the dorsal edge of the retina up to the optic nerve entrance and continuing into the ventral retina
in 5 experimental groups: healthy animals (control), animals exposed to light damage (LD), and LD
animals treated with three different saffron preparations. All animal groups were sacrificed a week
after LD. Each point of the graph is the average +SEM of 5 experiments.

In Figure 1 and Table 1, the comparison between five experimental groups of rats (five animals
per group) is shown. In three groups (saffron 1, saffron 2, saffron 3), the degeneration was induced
with intense light damage (LD) and saffron with different crocin contents was administered through
the diet:

e  Group saffron 1: Rats treated with saffron having a content of T1 equal to 13% (mg/g) and T2
equal to 5% (mg/g).

e  Group saffron 2: Rats treated with saffron having a content of T1 equal to 14% and T2 equal to 5%.

e  Group saffron 3: Rats treated with saffron having a content of T1 equal to 17% and T2 equal to 8%.

e  Group LD: Rats untreated but subjected to light damage for 24 h (diseased retina).

e  Group control: Healthy animals (healthy retina).
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Table 1. Statistical analysis of data performed using Student’s f test.

Saffron 1 Saffron 2 Saffron 3 Control Light Damage
Saffron 1 Not significant p <0.001 p <0.001 Not significant
Saffron 2 Not significant p <0.001 p <0.001 Not significant
Saffron 3 p <0.001 p <0.001 p <0.005 p <0.001
Control p <0.001 p <0.001 p < 0.005 p <0.001

Light damage  Not significant  Not significant p <0.001 p <0.001

These results show that the neuroprotective activity of saffron depends on the chemical composition
of this spice. Looking at Figure 2, it is evident that the ONL of a retina of an animal treated with
saffron 3 (neuroprotective saffron) is close in thickness to that of a healthy animal. On the contrary,
saffron 1 and 2 (non neuroprotective saffron) do not have neuroprotective activity. The ONL of the two
experimental groups 1 and 2 is similar to that of the retina of an animal exposed to LD and untreated.
It has to be noted that according to the International Organization for Standardization (ISO) criteria [29]
(looking at the coloring strength), all three saffron belong to class I. These results have allowed the
filing of an international patent.

LD + LD+
non neuroprotective saffron neuroprotective saffron

LD retina Control retina

Figure 2. Cross-section of the retina of animals belonging to 4 experimental groups: animals exposed
to damage from light not treated with saffron (retinal LD), healthy animals (control retinal), animals
exposed to light damage and treated with active saffron (LD+ active saffron), animals exposed to light
damage and treated with inactive saffron (LD+ inactive saffron). Images were taken in corresponding
dorsal retinal regions. The coloring agent used was bisbenzimide.

2.2. Saffron Components on Cellular Models

To evaluate whether the efficacy of saffron treatment is due to the entire chemical composition of
spice or mainly due to specific molecular components [30-32], we separated a saffron extract into two
fractions: one containing the most polar active components (kaempferol derivates and picrocrocin)
and another containing the crocins, the most apolar molecules. The two fractions were previously
tested on an animal model [6].

Here, we report new data on two different cellular models: the photoreceptor-derived mouse 661W
cells and the HEK293 cells permanently expressing P2X7R. Recently, we found a novel mechanism of
saffron neuroprotection by acting directly on the ionotropic P2X7 receptor (P2X7R) [4]. In Corso et al.
(2016) [4], we showed that saffron protects photoreceptors from ATP-induced cytotoxicity.

First, we tested both fractions on photoreceptor-derived mouse 661W cells. These cells are a
good model for in vitro experiments on retina since they show the biochemical and cellular properties
of retinal photoreceptors and activate the same apoptotic program in response to different stresses.
Moreover, they express P2X7R [4]. Figure 3 shows viability measurements on 661W cells stressed
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with different concentrations of ATP. Cells were incubated with ATP (5 and 10 mM), saffron, crocins,
and picocrocins/kaempferol derivates at concentrations of 25 ug/mL for 24 h. As previously observed
for saffron [4], both components alone also did not change the cell viability (98%). The stress induced
by ATP was concentration dependent, reducing cell viability from 57% to 20% at 5 and 10 mM ATP,
respectively. Both fractions, crocins (Cr) and picocrocins/kaempferol derivates (PC/Canf), were able to
protect against ATP stress but in a different manner. In particular, Cr was more effective, increasing
the viability to 69% and 27%, respectively, at 5 and 10 mM ATP. A smaller but significant protection
was also observed in the presence of PC/Canf, which raised the viability to 67% and 23% at 5 and
10 mM ATP. However, both fractions were less effective than the entire saffron extract (77% and 30%).
When cells were incubated with ATP and Cr and PC/Canf together, the viability increased compared to
the single fractions but less than with saffron alone.

>

661W cells

normalized viability

!

w

normalized viability

Figure 3. Saffron components increase the viability of 661W and HEK-P2X7R cells. (A) Cytotoxic effect
in mouse retinal photoreceptor-derived 661W cells induced by application of 5 and 10mM ATP for
24 h and by the co-treatment of ATP saffron, crocins (Cr), picocrocins/kaempferol derivates (PC/Canf)
(25 pug/mL ). (B) Cytotoxicity assay induced on HEK293-P2X7R cells by 10 uM BzATP for 24 h and by
the co-treatment of BzZATP with 25 ug/mL saffron, Cr, and PC/Canf. Viable cells were counted using an
MTT assay (see Materials and Methods) and normalized to control cells. Differences between treatment
of ATP and ATP plus saffron and plus the two fractions or BZATP (see Materials and Methods) and
BzATP plus saffron and plus the two fractions were significant (* p < 0.05, ** p < 0.01). Data + SEM
were obtained from triplicates in at least 5 different experiments.
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Similar experiments were conducted in HEK293 cells permanently expressing P2X7R to test the
effect of the two fractions on the isolated receptor. Viability measurements were obtained from MTT
tests in HEK-P2X7R cells incubated for 24 h with saffron or Cr or PC/Canf and the selective agonist
2/(3")-O-(4-Benzoylbenzoyl)adenosine 5’-triphosphate triethylammonium salt (BzATP). We used 10 pM
BzATP to reduce cell viability almost to 60%. As observed for 661W cells, Cr reduced cell mortality
more than PC/Canf but less than saffron (Figure 3B).

The P2X7 receptor is characterized by two states of permeability [33]. A common feature of both
conductance states is the elevation of free [Ca?*];, which can reach dramatic levels upon repeated
or prolonged application of an agonist. As previously shown, micromolar concentrations of the
selective agonist BZATP induced an intracellular calcium elevation in HEK293 cells transfected with the
full-length rat P2X7R [4]. Here, we tested the effect of the two fractions in HEK-P2X7R cells loaded with
FURA2-AM (Figure 4). First, we verified that both Cr and PC/Canf alone did not change intracellular
calcium (Figure 4A, inserts in lower panels). On the contrary, when cells were exposed to 3 uM BzATP,
the typical biphasic calcium response with a rapid and a slow [Ca?*]; rise was observed (Figure 4A,
upper left). Finally, cells were exposed to the same concentration of BzZATP in the presence of 25 ug/mL
Cr and subsequently in the presence of 25 ug/mL PC/Canf. As shown, the two components of saffron
produced different effects on the [Ca®*]; response evoked by BzATP application; crocins reduced the
[Ca2*]; rise, similar to that observed with saffron while picocrocins did not. Moreover, crocins slowed
the kinetics of the calcium response as previously found in the presence of saffron [4] and confirmed in
the second panel of Figure 4. Vice versa, when cells were exposed to fraction 2, the rise component of
the calcium response induced by BzATP was slightly accelerated.

A

|
saffron 25ug/mi

Cr 25pug/ml PC/Canf
25 pg/m

—_ ] N e " — e m— — -

Cr 25ug/ml PC/Canf 25ug/ml
I I
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Figure 4. Cont.

22



Molecules 2020, 25, 5618

. o
o
|

*%

:
\

A F340/F380
o
(o]
1

o
~
1

MANN

0.0~

S & » &

N \ N Q X

RN Q%‘%ﬁg R %@& o ,fa\?q

Q;"y. S QY .V R™&

Q?/ly‘ &8 8 ,\Y)& &

F S
x

Figure 4. Effect of saffron components on the BzZATP-induced [CaZ*]; elevation in HEK293-P2X7R
cells. (A) Representative traces of the fluorescence ratio, indicative of [Ca?*]; variation, in response to
application of 3 uM BzATP alone (first trace) or to application of BZATP plus 25 pg/mL saffron (second
trace), 25 pg/mL crocins (Cr) (third trace), and 25 pg/mL picocrocins/canferols (PC/Canf) (fourth trace).
In each experiment, saffron and both fractions were applied 5 min before the application of BZATP.
As observed from the insert, the exposure to Cr or PC/Canf alone did not induce any variation of the
trace. Horizontal bars indicate the time period of saffron, Cr and PC/Canf (black bars), and BZATP (grey
bars) applications. (B) The histogram reports the quantitative analysis of [Ca®*]; variation elicited by
BzATP plus saffron, Cr and PC/Canf. Differences between BzATP and BzATP plus saffron or Cr were
significant (** p < 0.01), while with PC/Canf no. Data + SEM were obtained from 44, 61, 44, and 39 cells
in the presence of BzATP, plus saffron, plus Cr, and plus PC/Canf, respectively.

2.3. Metabolites of Saffron in Animal Tissues

An open problem is to understand how saffron metabolites reach the various tissues after oral
intake. This paper shows the results of analyzed saffron metabolites in different tissues in animal
models and blood and urine in AMD patients. Here, we report the data discussed but not shown in a
previous paper [5]. We provide evidence of the presence of saffron metabolites only in degenerating
retinas. We used 15 animals treated with saffron and LD and 5 control animals treated with saffron
without damage. All animals were sacrificed in the morning under the same conditions, saffron
was administered through drinking water, and the daily dose was dissolved in the volume of water
consumed in 24 h.

Chromatographic analysis of the collected samples revealed the following: in all plasma samples,
we found crocetin, while no traces of saffron metabolites were found in other tissue samples, except
for degenerating retinas (in 7 of 15 animals, traces of the two main crocins the trans-crocetin bis
(B-p-gentiobiosyl) ester and trans-crocetin((3-p-gentiobiosyl)([3-p-glucosyl) ester). The results are shown
in Figure 5. We did not find any metabolite (crocetin and/or crocins) in the retina of healthy animals.

In addition to animal tissue samples, we analyzed the blood and urine of two patients with AMD,
who were treated with saffron for over a year and three healthy volunteers, who took saffron for two
weeks at the same dose of the patients (20 mg/die) (data not shown). Samples were taken two hours
after the intake of the morning saffron pill. The most interesting aspect is that crocetin was found
only in the samples of healthy volunteers; on the contrary, nothing was found in the blood and urine
samples of the patients.

23



Molecules 2020, 25, 5618

EMcrocetin WT1 OT2

100
90
80
70
60

40
30
20
10

% samples
ul
o o
%)
o I
|
|

Figure 5. Presence of the main metabolites of saffron: crocetin, trans-crocetin bis (3-b-gentiobiosyl) ester
(T1) and trans-crocetin ((3-p-gentiobiosyl) (3-p-glucosyl) ester (T2), in the different tissues analyzed.
Crocetin is present in plasma samples from animals treated with and without LD, while the two most
abundant crocins of saffron are present only in retinal and vitreous samples in about 50% of animals
treated and exposed to light damage.

3. Discussion

Saffron is an ancient spice whose beneficial properties have been known for a long time. In the
past years, our laboratory has focused the attention on its ability to protect against neurodegeneration,
in particular age-related macular degeneration (AMD) and Stargardt. By using different approaches
from in vitro to in vivo experiments, also on patients, we found different mechanisms of action of this
spice. However, to date, our comprehension is not yet complete. This is probably due to the complexity
of the chemical components present in the stigmas of this spice. The composition of the constituents
is like a “digital fingerprint” for each saffron sample and provides information on its geographical
origin. Is it possible that these different components give different efficacies to protect photoreceptors
from stress? To answer this question, we correlated the chemical components of different saffron with
their neuroprotective capacity. In particular, we concentrated on the carotenoids, crocins and crocetin,
both showing antioxidant properties and which may also suppress the activation of proinflammatory
pathways [34-36]. We found that the composition of crocins was important for saffron neuroprotection.
Only a saffron sample with a particular concentration of trans-crocetin bis (3-p-gentiobiosyl) ester (T1)
and trans-crocetin ((3-p-gentiobiosyl) (3-p-glucosyl) ester (T2) was able to protects retinal neurons from
light damage (Figures 1 and 2). It should be noted that the difference between “neuroprotective” saffron
and “non neuroprotective” saffron is due to the small percentage in the crocins concentration. Looking
at chromatogrames, it is not possible to appreciate the difference in the contents of crocins. It should
be noted that we were able to determine the relationship between neuroprotective saffron activity
and chemical composition only through experiments conducted in parallel between the chemical
characterization of saffron used and an animal model. Experiments performed in vitro confirmed
these results: the screening of different saffron on two cellular models stressed by ATP indicated that
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the “neuroprotective” saffron increased cell viability and decreased calcium entrance significantly,
while the “non neuroprotective” saffron did not (data not shown).

Given the importance of the crocin composition to obtain a “good efficient saffron”, it is legitimate
to ask whether crocins alone are able to reproduce the effects obtained by the whole spice.

Therefore, two fractions, picocrocin/kaempferol derivates and crocins, were isolated from the
stigmas of saffron and parallel experiments were carried out on 661W and HEK-P2X7R cells. The first
cellular model was derived from retinal tumors of a transgenic mouse line and showed biochemical
and cellular properties of photoreceptors, while the P2X7 receptor has been proposed as a potential
therapeutic target in Central Nervous System (CNS) diseases [37,38]. In particular, high levels of
extracellular ATP in the retina could be the cause of retinal neurodegeneration [39-41]. Previously,
saffron was found to act directly on this receptor [3]; therefore, we also asked if specific saffron fractions
conserved this characteristic. In both cellular models, the presence of crocins was important for
protection from stress induced by ATP (Figure 3). The fraction containing picocrocin and kaempferol
derivates was still able to increase cell viability but with less significance. However, both fractions
appeared less effective than total saffron: even in the presence of the two fractions, cell viability did not
reach the same values obtained with saffron. Moreover, FURA2 experiments showed that crocins were
able to reduce ATP-evoked calcium entry while the fraction picocrocin and kaempferol derivates did
not (Figure 4). These data strongly suggest that crocins, together with other yet unidentified saffron
compounds, directly target P2X7 receptors, inhibiting their activity, which may be a primary cause for
their protective effects against ATP-induced cell mortality (Figure 3). Similar effects were previously
observed in an LD animal model [6], where the ability of saffron and its different chemical components
to reduce the neuroinflammatory response in the retina was evaluated by the quantification of the
number of microglia cells. As observed from in vitro experiments, saffron in stigmas had a strong
neuroprotective activity. The fraction containing crocins showed neuroprotective effects, although with
greater variability; the fraction containing kaempferol derivates and picrocrocin reduced the number of
cells of the microglia in the retina but with less significance. All these data highlight the importance of
crocins in the neuroprotection of the retina; however, they clearly point out that the single component
or different components together were not able to reproduce the effect obtained with the whole saffron
extract and confirmed the complexity of its way of action. These results are not surprising, since the
two fractions, although representative of the chemical composition of saffron, are obtained by specific
extraction methods that may miss certain compounds of the spice.

Different studies have examined the toxicity of saffron. From in vivo studies, saffron has very low
toxicity for doses of up to 1.5 g per day, while at high doses, it causes illness: daily doses > 5 g can induce
intestinal bleeding [42]. Ayatollahi et al. (2013) [43] excluded side effects in 60 healthy volunteers
related to a treatment with saffron (doses ranging from 200 to 400 mg) for 7 days. Accordingly, it is
possible to affirm with confidence that in our case, the treatment with saffron showed no side effects at
least at the dose used in humans, considering that patients were treated with amounts 10-20 times
lower (20 mg/die).

Several studies conducted in mice and rats showed that the metabolic fate of crocetin and crocins
is very different from the one of other C40 carotenoids [44,45]. The orally administered crocins are not
detectable in the plasma of rats [44], and its concentration does not tend to accumulate after repeated
doses of oral crocins. As for humans, it seems that crocins are absorbed very quickly compared to
other carotenoids and that they are eliminated within 8 hours. [46]. Our data indicated that crocins
and crocetin were present in the retina of LD animals while in healthy animals, saffron metabolites
were found only in the plasma; no traces of crocins and crocetin were present in the retina of healthy
animals (Figure 5). The most likely hypothesis is that crocins may be resynthesized from crocetin.
Crocetin might reach the retina only as a result of damage of the blood-brain barrier [5]. These data
were confirmed by the analysis of the blood and urine samples of patients with AMD and healthy
volunteers. Crocetin was found only in the samples of healthy volunteers and not in patients. From the
results of this study, it is reasonable to think that only patients with AMD quickly process saffron
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metabolites [47]. Further experiments are necessary to exploit this interesting point as this is only
a suggestion.

Saffron appears to have high potential for the treatment of neurodegenerative diseases. Altogether,
the results obtained both “in vivo” and ”in vitro” support the hypothesis of multiple and integrated
ways of action able to cope with neurodegenerative processes. One possibility might be that saffron
globally activates tissue resilience, as it has been recently hypothesized [48]. This complex action
might be supported by the integrated activity of the entire molecular composition of saffron with a
very precise chemical profile.

4. Materials and Methods

4.1. Chemical Analysis of Saffron

We used an HPLC method and spectrophotometric analysis to analyze saffron stigmas, from
different regions (Abruzzo, Tuscany, Sardinia, Umbria and Sicily) and from foreign countries (Morocco,
Iran, Greece, India, New Zealand, Tasmania, Egypt, and Spain).

Sample preparation for spectrophotometric analysis was carried out according to the procedure
ISO-3632 [29], but saffron and solvent amounts were reduced proportionally. About 50 mg of saffron
stigma were gently ground in a mortar. In total, 10 mg of powdered sample were suspended in a
20 mL volumetric flask filled with 18 mL of distilled water; the suspension was kept under magnetic
stirring for 1 h in the dark and finally diluted to 20 mL. The spectrophotometric measurement was
carried out on a suitable aliquot of aqueous extract after a 10 fold dilution and filtration on a 0.45 uM
Whatman Spartan 13/0.2 RC (Whatman, GE Healthcare Life Sciences, Little Chalfont, UK) cellulose
filter. The UV-vis spectra were acquired in the 200-700 nm range with a Cary 50 Probe (Agilent
Techologies, Santa Clara, CA, USA) spectrophotometer using a 1 cm pathway quartz cuvette and
pure water for blank correction. The spectra were recorded with a 1 nm resolution. Chromatographic
analysis was done using method II of the paper [49].

4.2. Animal Model

The Italian Ministry of Health (authorization number 83/96-A of 29/11/1996) authorized the
experiments on animals. In addition, all procedures were in line with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were approved by the local Ethical Committee of
University of L’Aquila. We followed the protocol extensively reported in Maccarone et al. (2008) [2] for
both light-induced damage treatment and histological analysis.

4.2.1. Light Damage (LD)

Sprague-Dawley adult albino rats (2 months old) born and raised in our colony at 5 lux mean
luminance were moved singularly into a cage with cold-white fluorescent lights placed at the top
and at the bottom to ensure an iso-luminance environment (1000 lux) inside the cage. The litter was
removed from the cage to prevent rats from hiding their eyes from the light. Light exposure started
at the beginning of the day phase in the animal house, therefore immediately after the 12 hours of
darkness. Animals were consecutively exposed to 1000 lux light for 24 hours, and immediately after,
they were placed back into normal cages and returned to normal conditions.

4.2.2. Saffron Treatment

The animals belonging to the “LD + saffron” group were treated with saffron to test neuroprotection.
Stigmas of saffron (previously tested for their chemical composition) were dissolved in water to obtain a
suspension, and 1 mg/kg was offered daily to rats, for 7 days before the light damage. Saffron treatment
uninterruptedly continued during the whole recovery period up to the sacrifice of the animals (7 days
after LD).
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4.2.3. Immunohistochemistry and Morphological Evaluation by Quantitative Histology

One week after bright light exposure, the eyes were enucleated and fixed in 4% paraformaldehyde
for 1 hour, washed in 0.1 M phosphate-buffered saline (PBS, pH 7.4), and cryoprotected by immersion
in 15% sucrose overnight. Eyes were embedded in optimum cutting temperature (OCT) compound
(TissueTek; Qiagen, Valencia, CA, USA), snap frozen in liquid nitrogen/isopentane, and cryosectioned
at 20 uM. Sections were collected on gelatin- and poly-L-lysine-coated slides. Sections were three
5-minute washed in PBS and counterstaining with DN A-specific label, bisbenzamide (Hoechst) 1:10,000,
for 1 minute at room temperature (RT) to measure the thickness of the photoreceptor layer. The outer
nuclear layer (ONL) thickness was measured starting at the dorsal edge along the vertical meridian
crossing the optic nerve. Measurements were reported at 1-mm intervals (each point was the mean of
four measurements at 250 uM intervals). In each retina, we measured two sections. Images were taken
using a confocal microscope (Nikon, Tokyo, Japan) and fluorescence microscope (Nikon).

4.3. Solid-Phase Extraction (SPE)

Saffron extract was separated into two fractions: one containing the most polar active components
(kaempferol derivates and picrocrocin) and another containing the crocins, the most apolar molecules.

The separation of the different chemical components of saffron was carefully managed with the
following solid-phase extraction (SPE) procedure: saffron sample (40 mg) was suspended in 40 mL
of a 50/50 CH30OH/H,O v/v mixture, under magnetic stirring for 1 hour in the dark. Subsequently,
it was centrifuged at 1000 rpm for 5 minutes and the supernatant was dried in a vacuum distiller
(rotavapor: 30 °C, 150 rpm). The dry sample was dissolved in a volume of 20 mL of deionized water.
The sample was passed through an appropriate SPE C18 cartridge (ISOLUTE with 1 g of stationary
phase). The extraction steps were:

1.  Conditioning: 2 x 5 mL Hexane 2 x 5 mL Methanol (alternating).
2. Loading: 15 mL of extract 40 mg recovered in 20 mL H,O.

3. Elution A: 2 X 1 mL H,O-EtOH (75:25).

4. Elution B: 2 x 1 mL EtOH (100%).

With elution A, we obtained the fraction characterized by the presence of kaempferol derivates
and picrocrocin, and with elution B, we obtained the fraction constituted by frans and cis crocins.
The entire extraction procedure was repeated simultaneously at least three times for each kind of tested
sorbent material.

The two fractions were characterized by an HPLC system used for saffron analysis. After the
HPLC analysis, the fractions were dried with a vacuum dryer to remove ethanol and were dissolved in
water for animal treatment [2].

We evaluated the effect of two main saffron components, crocins (fraction 1) and
picocrocins/kaempferol derivates (fraction 2), on two cellular models.

4.4. Cell Cultures

The mouse retinal photoreceptor-derived 661W cell line (kindly provided by Dr. Muayyad
Al-Ubaidi (University of Oklahoma Health Sciences Center, OK, USA)) was cultured in Dulbecco
minimum essential medium supplemented with 10% FBS, 10% r-glutamine, 100 units/mL penicillin,
and 100 pg/mL streptomycin (Gibco). Human embryonic kidney cell line HEK293 stably transfected
with a pcDNAS3 plasmid containing the full-length rat P2X7-GFP cDNA was maintained in Dulbecco’s
modified Eagle’s medium/NutrientMixture F-12 Ham supplemented with 10% FBS, 5 mg/mL
gentamycin, and 200 mM glutamine.
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4.4.1. Viability Assay

Confluent cells were seeded in 96-well culture plates at a density of 5 x 10% cells/well.
After 24 h, cells were incubated with saffron and two fractions of saffron, crocins and
picocrocins/kaempferol derivates at a concentration of 25 ug/mL alone and with different concentrations
of ATP or 2/(3')-O-(4-Benzoylbenzoyl)adenosine 5'-triphosphate triethylammonium salt (BzATP).
Cell viability was assessed 24 hours after cell treatment by measuring the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) (Sigma-Aldrich). The absorption at
570 nm was measured using a FLUOstar Omega micro-plate reader.

4.4.2. Intracellular Calcium Measurements

Intracellular calcium measurements [Ca*]; were performed by using the fluorescent Ca?* indicator
fura-2 AM. Cells were loaded with 5 uM fura-2 AM dissolved in extracellular solution with 0.1% of
pluronic acid to improve dye uptake, for 45 minutes at 37 °C. The cell coverslip was placed on the
stage of an inverted fluorescence microscope Nikon TE200 (Nikon, Tokyo, Japan) equipped with a
dual excitation fluorometric calcium imaging system (Hamamatsu, Sunayama-Cho, Japan). Cells were
excited at 340 and 380 nm at a sampling rate of 0.5 Hz, and fluorescence emission, measured at
510 nm, was acquired with a digital CCD camera (Hamamatsu C4742-95-12ER). The external standard
solution was composed of (in mM) 135 NaCl, 5.4 KCl, 1 CaCl,, 5 Hepes, and 10 glucose at pH 7.3.
The fluorescence ratio F340/F380 was used to monitor [Ca%*]; changes. Monochromator settings,
chopper frequency, and data acquisition were controlled by a dedicated software (Aquacosmos/Ratio
U7501-01, Hamamatsu).

Data were analyzed using IgorPro (Wavemetrics. Portland, Oregon). Results are presented as
mean + standard error of at least 4 independent experiments. Statistical analysis was performed using
student’s ¢ test or one-way ANOVA to compare the different data sets. Differences were regarded as
statistically significant for * p < 0.05 and ** p < 0.01.

4.5. Tissue Analysis for Saffron Metabolites

We analyzed saffron metabolites in different tissues in both animal models and in blood and urine
of AMD patients. We used an animal model with induced photoreceptor degeneration [2], treated
with saffron through the diet at a dose of 5 mg/kg for a week. As an experimental control group,
we used animals without degeneration treated with saffron. The analyzed samples of tissue were retina,
plasma, urine, kidney, and liver. Plasma and urine samples from healthy volunteers and AMD patients
who took saffron for over a year were analyzed. The samples were analyzed using the solid-phase
extraction procedure (SPE) of Yamauchi et al. (2011) [30]. The different tissues were combined with
2.0 mL of methanol, then centrifuged (3000 rpm, 10 minutes) and subjected to the extraction procedure.
The various eluates were analyzed with the following HPLC system: Sinergy 4 uM Fusion-RP column
(250 x 150 nm, Phenomenex), photodiode array detector (DAD, 210-500 nm, Waters) [5].
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Abstract: Anxiety is a chronic severe psychiatric disorder. Crocins are among the various
bioactive components of the plant Crocus sativus L. (Iridaceae) and their implication in anxiety
is well-documented. However, which is the mechanism of action underlying the anti-anxiety effects
of crocins remains unknown. In this context, it has been suggested that these beneficial effects might
be ascribed to the agonistic properties of these bioactive ingredients of saffron on the GABA type A
receptor. The current experimentation was undertaken to clarify this issue in the rat. For this research
project, the light/dark and the open field tests were used. A single injection of crocins (50 mg/kg,
i.p., 60 min before testing) induces an anti-anxiety-like effect revealed either in the light-dark or
open field tests. Acute administration of the GABA 5-benzodiazepine receptor antagonist flumazenil
(10 mg/kg, i.p., 30 min before testing) abolished the above mentioned anxiolytic effects of crocins.
The current findings suggest a functional interaction between crocins and the GABA receptor
allosteric modulator flumazenil on anxiety.

Keywords: crocins; flumazenil; anxiety; rat

1. Introduction

Anxiety is a serious psychiatric disease. Various forms of this psychiatric disorder, such as
generalized anxiety disorder (GAD), specific phobias (agoraphobia, social phobia, etc.), post-traumatic
stress disorder (PTSD), obsessive-compulsive disorder (OCD) and panic disorder have been described.
Common features of all these disorders are temporary worry and exaggerated fear [1].

Although a conspicuous number of pharmacological approaches are actually used aiming to
alleviate the symptoms of this psychiatric pathology [f.i., benzodiazepines, partial agonists of the
serotonergic 5-HT1 4 receptor, selective serotonin reuptake inhibitors (SSRIs)] different types of anxiety
do not respond satisfactorily to these medications [2]. Additionally, these medications are often
associated to severe side effects [3].

Based on the above, there is a mandatory necessity to unfold novel molecules for the therapy of
this severe psychiatric disease [4]. Among the various alternative approaches for the treatment of
anxiety symptoms, the involvement of the extracts of the stigmas of Crocus sativus L. (saffron) and its
bioactive constituents as potential anti-anxiety agents has recently been proposed [5].
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Crocus sativus L. (Iridaceae) is a plant cultivated in many countries all around the world including
Iran, India, Italy, Spain and Greece. Its product is the well-known spice saffron. Saffron is the dried red
stigmas of the flower. The main substances of saffron are crocins, picrocrocin and safranal. Crocins,
glucosyl esters of crocetin, are water-soluble carotenoids and are responsible for its characteristic
color. Picrocrocin, glycoside of safranal, is responsible for the bitter taste of the spice and is precursor
of safranal. Safranal, the main component of the distilled essential oil, is a monoterpene aldehyde,
responsible for its characteristic aroma [6,7].

The stigmas of C. sativus L. (saffron) are used in folk medicine as an anticatarrhal, eupeptic,
expectorant and emmenagogue [8]. Contemporary preclinical pharmacological studies have
demonstrated that saffron’s crude extracts and purified chemicals possess anti-tumor effects,
display anti-inflammatory properties and counteract atherosclerosis and hepatic damage [8].
Additionally, the outcome of various preclinical and clinical studies suggest a promising effect
of saffron and its bioactive constituents in different pathologies of the central nervous system including
depression, schizophrenia, memory disorders and anxiety [5].

Specifically, crocins were found to display anxiolytic effects in different behavioral procedures
assessing anxiety either in rats [9,10] or mice [11]. However, the mechanism of action underlying the
anti-anxiety effects of crocins is not yet elucidated.

Consistent experimental evidence proposes that the anxiolytic effects of benzodiazepines are
mediated by their agonistic action on the GABA 5 receptor [12]. In this context, it has been observed
that some other flavonoids isolated from plants express an affinity for the benzodiazepine binding site
at the GABA receptor [13,14]. It has been reported that crocins enhance the anti-epileptic properties
of diazepam [15] while the anti-convulsant action of safranal seems to be mediated by its agonistic
action on the GABA4 receptor [16].

Based on the above, it can be hypothesized that the GABA 4 receptor might be a potential target
of anxiolytic effects of crocins. The current study was designed to examine this issue. Consequently,
the anxiolytic-like effects of crocins in the rat were challenged with the benzodiazepine receptor
antagonist, flumazenil. The light/dark box and open field tests were the behavioral paradigms used for
this evaluation. The light/dark test is a behavioral procedure that is based on the innate aversion of
rodents to strongly illuminated zones and the conflicting tendency of rodents to explore new spaces [17].
The open field test implies an encounter of the rodent with new open spaces and trigger behavioral
and physiological reactions associated to anxiety [18].

2. Results

2.1. Experiment 1: Effects of Acute Administration of Crocins and Flumazenil on Rats” Performance in the
Light/Dark Test

Data are illustrated in Figure 1. Analysis of the first entry into to the dark chamber (Figure 1A)
and the number of transitions between the two compartments data (Figure 1B) did not evidence
a statistically significant main effect either of flumazenil or of crocins or a statistically significant
interaction between crocins and flumazenil. Analysis of the total time spent in the light chamber
data revealed a statistically significant main effect of flumazenil [F(1,31) = 10.24, p = 0.003], of crocins
[F(1,31) = 10.52, p = 0.003] and a significant flumazenil x crocins interaction [F(1,31) = 15.02, p < 0.001].
The post-hoc analysis conducted on these data showed that rats treated with vehicle + crocins (50 mg/kg)
spent more time in the lit chamber of the apparatus with respect to the vehicle + vehicle, flumazenil
(10 mg/kg) + vehicle and flumazenil (10 mg/kg) + crocins (50 mg/kg) groups (p < 0.05, Figure 1C).
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Figure 1. Light/dark box test. Crocins and flumazenil were injected intraperitoneally 60 and 30 min
respectively before testing. The graphic illustrates the means + S.E.M. of 8 rats per experimental group.
(A) Latency to enter the dark chamber. (B) Number of transitions. (C) Time spent in the light chamber.
* p <0.05 vs. all the other groups.
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2.2. Experiment 2: Effects of Acute Administration of Crocins and Flumazenil on Rats” Performance in the
Open Field Test

Data are illustrated in Table 1. The effects of acute treatment either with flumazenil or crocins did
not affect the number of squares crossed, the rearing and grooming episodes. Interestingly, a main
effect of flumazenil [F(1,31) = 12.5, p = 0.001], of crocins [F(1,31) = 9.7, p = 0.004] and a statistically
significant interaction between flumazenil and crocins [F(1,31) = 15.65, p < 0.001] was evidenced with
regard to the time consumed in the central zone of the arena. The post-hoc comparisons showed that
rats that received crocins (50 mg/kg) + vehicle spent more time in the central area of the open field
apparatus compared to all the other treatment groups (p < 0.05).

Table 1. Effects of acute treatment with crocins and flumazenil on rats” performance in the open field
test (n = 8 rats per group).

Treatment Number of Number of Time Spent in the Grooming
Squares Crossed Rearings Central Zone (s.) Duration (s.)
Vehicle + vehicle 96 +5.5 294 +4 78123 10.8 +2.1
Flumazenil (10 mg/kg) + 107.3+63 32+14 93+2.1 94+17
vehicle
Crocins (50 mg/kg) + vehicle 944 + 4 29+15 21.1+£1.7*% 78+0.8
Flumazenzil + crocins 99.6 +4.9 328 +25 85+0.7 9.9 +0.5

Crocins and flumazenil were injected intraperitoneally 60 or 30 min before testing respectively. The values are
mean + SEM. * p < 0.05 vs. all the other groups.

3. Discussions

The light/dark test has been shown to reliably predict the anxiolytic- and anxiogenic-like effects
of drugs in rodents [17]. This test has the advantages of being quick and easy to use without prior
training of the animals and neither food nor water deprivation is required [19]. Transitions in this test
are considered an index of activity/exploration because habituation over time is seen with this measure,
whereas the time spent in each compartment reflects aversion/attraction [20].

The open field test is a typical behavioral paradigm of anxiety evaluating neophobia. In this
behavioral procedure either mice or rats usually manifest fear for open spaces. Therefore, the amount
of time consumed in the central zone of the apparatus reflects an anxiety state [18].

The objective of the current study was to examine whether or not the GABA 5-benzodiazepine
receptor is involved in the anti-anxiety properties of crocins.

In agreement with previous results of ours, crocins induced anxiolytic-like effects in rats [9,10].
In particular, crocins (50 mg/kg) administered 60 min before testing, in rats augmented the time
consumed in the aversive (lit) compartment of the apparatus (light/dark box) and the time consumed
in the central zone of the open field arena as compared with all the other experimental groups. It is the
first time, to our knowledge, that the anti-anxiety effects of crocins were observed in the open field test.
Further, the current findings are in line with prior reports in which the aqueous extracts of saffron
and crocin were found to reduce stress-induced anorexia [11] in mice and diminish anxiety symptoms
assessed in the elevated plus maze test and freezing behavior in rats [21].

The GABA -benzodiazepine receptor antagonist flumazenil blocked the anxiolytic effects of
crocins in both anxiety procedures tested. Flumazenil on its own was inactive either in the light/dark
or in the open field test. The results here exposed propose that the anxiolytic effects of crocins may be
mediated by their interaction with the benzodiazepine binding site on the GABA 4 receptor.

Chemicals that influence general activity may alter rodents” performance in anxiety tests because
of changes in motoric activity that are unrelated to any anxiogenic- or anxiolytic effects of the compound.
The results here presented cannot be ascribed to a potential action exerted by both crocins and flumazenil
on general activity because the number of transitions between the two different compartments in the
light/dark box test and the number of squares crossed and number of rearing events registered in the
open field test did not vary among the different treatment groups.
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Our results are in contrast with a recent study in which flumazenil was found unable to reverse
the effects of crocins on anxiety [22]. Important differences however, underlie this discrepancy. In the
present study, crocins (50 mg/kg) were injected 60 min before testing and displayed their anxiolytic
profile in agreement with previous studies [9,10]. Further, flumazenil was injected at the dose of
10 mg/kg, 30 min before testing. On the contrary, in the study by Ceremuga and colleagues [22] the
treatment schedule of compounds was different to that used in our study. Specifically, crocins (50 mg/kg,
30 min before testing) failed to induce an anti-anxiety effect while flumazenil was administered at a lower
dose and at different time point (3 mg/kg, 10 min before testing) and did not affect crocins performance.

It is well-documented that flumazenil counteracted the anxiolytic effects also of
non-benzodiazepine compounds (f.i., 5-HT1, receptor agonists and 5-HT3 receptor antagonists).
This suggests that the GABA 5-benzodiazepine receptor may be a common downstream component of
different neurochemical systems modulating anxiety states [23].

The observed reversal of the effects of flumazenil on crocins anxiolytic effects corroborates the
hypothesis of crocins acting directly or indirectly on the GABA 5-benzodiazepine receptor. A direct
interaction of crocins with the GABA 4 receptor complex might involve their action on Cl” conductance.
An indirect action of crocins might reside on the modulation of metabolism or regulation of GABA
release. Research is mandatory in order to evaluate this hypothesis.

The GABA type A receptor is a pentameric ligand-gated chloride channel constituted of distinct
classes of subunits («1-a6, f1-33, Y1-=y3, 9, ¢, 0, mand p1-p3). This receptor is a molecular target for
various classes of benzodiazepine-site ligands. It has been suggested that binding to the &2 subunit
is crucial for the anxiolytic effects of benzodiazepines [24]. Thus, by utilizing appropriate ligands it
will be of interest to investigate whether or not the anxiolytic effects of crocins might be mediated by
their interaction with the a2 subunit of the GABA receptor. In line with the above, additional studies
should be performed aiming to elucidate if the anti-anxiety effects displayed by crocins can be mediated
also by other types of receptors related to GABAergic, serotonergic or to glutamatergic system.

In summary, the present results suggest that the GABA -benzodiazepine receptor complex might
modulate crocins’ beneficial effects on anxiety. The current findings also indicate a functional interaction
between crocins and the benzodiazepine ligand site.

4. Materials and Methods

4.1. Drugs

Crocins used in the current experimentation were derived from the same batch of plant material
(saffron) and the same purification procedure, extraction and separation. Our plant material was
kindly offered by the Cooperative of Saffron, Krokos, Kozani, Greece.

Crocins were isolated from the red dried stigmas of C. sativus using a slightly modified method
described previously [25]. They were purified from stigmas after successive and exhaustive extraction
by: (a) petroleum ether 40-60 °C; (b) diethyl ether (Et;O) and (c) methanol (MeOH) 80% using
ultrasound assisted extraction. The ultrasound extraction was performed in a Sonorex, Super RK 255H
type (300 mm X 150 mm X 150 mm internal dimensions) ultrasound water bath (indirect sonication),
at the fixed frequency of 35 kHz. The temperature of the sonicated water was 25 °C. Procedures (a)
and (b) took place in order for the stigmas to be free the final extract from the presence of unwanted
compounds such as lipids, safranal and picrocrocin. The methanol extract after evaporation (condensed
to dryness) under vacuum at room temperature, provided crocins, which are dark red powder residue.
Crocins are unusual water-soluble carotenoids (glucosyl esters of crocetin). The chemical profile of
crocins has been well documented in previous studies [7,26-28] and we evaluated the quality of the
fresh prepared extract used in this study. The major component is a digentiobiosyl ester of crocetin [29].
The purity of crocins was 85% (by HPLC). Crocins were dissolved in saline (NaCl 0.9%). The dose
of crocins (50 mg/kg) which induced the highest anti-anxiety properties under to our experimental
conditions was selected based on previous findings [9,10]. Specifically, in a previous study designed to
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test at which concentration crocins might display an anti-anxiety it has been demonstrated that crocins
were effective as anxiolytic agents at 50 but not at 15 or 30 mg/kg [9].

Flumazenil (Sigma, St. Louis, MO, USA) was dissolved in saline containing 0.1% Tween 80.
The dose of flumazenil (10 mg/kg) was selected based on previous studies [30,31] and our unpublished
observations. In those studies [30,31] flumazenil reversed the anxiolytic effects of different potential
anti-anxiety agents as are the g-hydroxybutyrate, a product of GABA metabolism and MGS0039,
a selective group Il metabotropic glutamate receptor antagonist.

All drug solutions were freshly prepared on the day of testing and were administered
intraperitoneally (i.p.) in a volume of 1 mL/kg. For all studies, control animals received isovolumetric
amounts of the specific vehicle solutions.

4.2. Animals

Independent groups of naive male (3-month-old) Wistar rats (Hellenic Pasteur Institute, Athens,
Greece) weighing 250-300 g were used. The animals were housed in Makrolon cages (47.5 cm length x
20.5 cm height X 27 cm width), three per cage in a regulated environment (21 + 1 °C; 50-55% relative
humidity; 12-h/12-h light/dark cycle, lights on at 07.00 h) with free access to food and water.

The procedures that involved animals and their care were in accordance with international
guidelines and national (Animal Act, P.D. 160/91) and international laws and policies (EEC Council
Directive 86/609, JL 358, 1, 12 December 1987). Experiments were approved by the local committee
(Prefecture of Larissa, Greece, protocol number 255200/1 October 2020).

4.3. Behavior

4.3.1. Light/Dark Test

The light/dark box apparatus consisted of a wooden box (48 cm length X 24 cm height X 27 cm
width) divided into two equal-size chambers by a barrier that contained a doorway (10 cm height
x 10 cm width). One of the chambers was painted black and was covered with a lid and the other
chamber was painted white and illuminated with a 60-W light bulb placed 40 cm above the upper
edge of the apparatus. Testing was conducted in agreement to a prior report [32]. In brief, on the
test day, animals were moved to the obscured test room and remained in their home cages for 2 h.
Subsequently, the rats were positioned in the middle of the lit chamber, facing away from the dark
chamber. Animals were allowed to freely move the test apparatus for 5 min. The latency to enter
(with all four paws) the dark chamber, number of transitions and time spent in the light and dark
compartments were registered.

4.3.2. Open Field Test

The test apparatus consisted of a dark arena made of Plexiglas (70 cm length X 50 cm height x
70 cm width). The open field was divided-by black lines-into 16 squares of 17.5 x 17.5 cm?. The central
four squares were defined as the central area, in which rats” behavior was considered as a measure
of anxiety [18]. The test was conducted in agreement to previous reports [32,33]. On the test day,
the rats were moved to the dimly illuminated (20 lux) test room and remained their home cages for
2 h. Subsequently, each rat was positioned in the same corner of the apparatus and its behavior was
registered for 5 min. The parameters recorded were: (a) the total time spent in the central area of the
open field arena as defined by all forepaws being in the central four squares of the apparatus, (b) the
number of squares crossed (which reflects horizontal activity), (c) the number of rearing episodes
(which reflects vertical activity, defined as raising both forepaws above the floor while balancing on
hind limbs) and (d) the duration of self-grooming episodes.
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4.4. Experimental Protocol

Daily testing was carried out between 9:00 AM and 3:00 PM during the light phase of the light/dark
cycle. To avoid the presence of olfactory traces, all the apparatuses (light/dark box and open field
apparatus) were intensively cleaned with 20% ethanol and then wiped with dry paper after each
animals’ performance.

Animals’ behavior in the light/dark and open field tests was video-recorded. Data evaluation was
performed by an experimenter who was not involved in the experimental protocol.

4.4.1. Experiment 1: Effects of Acute Challenge with Crocins and Flumazenil on Animals” Performance
in the Light/Dark Test

Animals were randomly divided into four experimental groups with 8 rats per group as follows:
vehicle (NaCl 0.9%) + vehicle (NaCl 0.9% containing 0.1% Tween 80); vehicle (NaCl 0.9% containing 0.1%
Tween 80) + flumazenil (10 mg/kg); vehicle (NaCl 0.9%) + crocins (50 mg/kg) and flumazenil (10 mg/kg)
+ crocins (50 mg/kg). Control rats were treated with the vehicle 60 and 30 min i.p. respectively before
testing. Crocins and flumazenil were injected 60 and 30 min respectively before testing.

4.4.2. Experiment 2: Effects of Acute Challenge with Crocins and Flumazenil on Animals’ Performance
in the Open Field Test

The same experimental design used in experiment 1 was applied for experiment 2.

4.5. Statistical Analysis

Data are expressed as mean + S.E.M. Data were analyzed using the two-way analysis of variance
(ANOVA). The factors were flumazenil and crocins. Post-hoc comparisons between treatment means
were made with the Tukey’s post-hoc test. Values of p < 0.05 were considered statistically significant.
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Abstract: Consistent experimental evidence suggests that anesthetic doses of the non-competitive
N-methyl-D-aspartate (NMDA) receptor antagonist ketamine cause severe memory impairments
in rodents. Crocins are among the various bioactive ingredients of the plant Crocus sativus L., and
their implication in memory is well-documented. It has not yet been elucidated if crocins are
able to attenuate the memory deficits produced by anesthetic ketamine. The present study was
undertaken aiming to clarify this issue in the rat. For this aim, the object recognition, the object
location and the habituation tests, reflecting non-spatial recognition memory, spatial recognition
memory and associative memory, respectively, were utilized. A post-training challenge with crocins
(15-30 mg/kg, intraperitoneally (i.p.), acutely) counteracted anesthetic ketamine (100 mg/kg, i.p.)-
induced performance impairments in all the above-mentioned behavioral memory paradigms. The
current findings suggest that crocins modulate anesthetic ketamine’s amnestic effects.

Keywords: crocins; anesthetic ketamine; memory; rat

1. Introduction

Ketamine is a drug largely utilized in clinical and veterinary medicine due to its
important anesthetic and analgesic properties [1,2]. Ketamine binds to the phencyclidine
(PCP) binding site within the pore of the channel of the N-methyl-D-aspartate (NMDA)
receptor and exerts its effects as a non-competitive antagonist [3]. Exposure to a low-dose
range of ketamine (sub-anesthetic doses) induces schizophrenia-like symptoms, including
memory impairments, both in humans and rodents [2].

By contrast, anesthetic doses of ketamine cause an anesthetic state called “dissociative
anesthesia” characterized by severe sensory loss and analgesia, and does not depress the
cardiovascular or the respiratory system, but disrupts cognition [4,5]. Regarding the latter,
it has been demonstrated that a challenge with anesthetic ketamine disrupted rodents’
anterograde memory [6], memory consolidation [7] and recall of previous information [8,9].
Based on the complexity of the behavioral paradigm used and in agreement with clinical
findings [10], 72 h are required for the recovery of memory in rats that receive anesthetic
doses of ketamine [6]. Anesthetic ketamine’s adverse behavioral effects are ascribed to
its inhibitory action on the NMDA receptor [11] and on the extracellular signal-regulated
kinase (ERK) signal transduction pathway [12]. Additionally, anesthetic ketamine promotes
the overexpression of the transcriptional marker c-fos [13] and oxidative stress [14].

Crocus sativus L. is a plant cultivated in many countries all around the world including
Iran, India, Italy, Spain and Greece. The spice saffron is its product. Saffron is the dried
red stigmas of the flower. The major components of saffron are crocins, picrocrocin and
safranal. [15,16].

43



Molecules 2021, 26, 528

The stigmas of C. sativus L. are used in traditional medicine as an anti-catarrhal,
eupeptic, expectorant and emmenagogue [17]. Modern pharmacological studies have
demonstrated that saffron’s crude extracts and purified chemicals possess anti-tumor and
anti-inflammatory properties, counteract atherosclerosis and hepatic damage [17], and
exert a beneficial action in different pathologies of the central nervous system including
depression, schizophrenia and anxiety [18].

In line with the above, a conspicuous number of preclinical and clinical studies
propose the involvement of crocins in cognition [19]. Crocins, glycosyl esters of crocetin,
are water-soluble carotenoids. It has recently been shown that crocins, despite their highly
hydrophilic profile, are capable of penetrating the blood-brain barrier and reaching the
central nervous system following intraperitoneal administration in mice [20]. In this
context, it has been demonstrated that crocins attenuated the schizophrenia-like behavioral
deficits, including cognitive impairments, induced by sub-anesthetic doses of ketamine
in rats [21]. In particular, crocins counteracted the disruption of non-spatial recognition
memory caused by sub-anesthetic ketamine in a procedure reflecting the modulation
of post-training memory components (the storage and/or retrieval of information) [21].
Several lines of evidence suggest that the beneficial effects exerted by crocins on memory
might be related to their strong anti-oxidant properties [22,23].

Little is known at present regarding if and how crocins are able to attenuate the
cognitive deficits caused by the administration of anesthetic doses of ketamine in animals.
In spite of its well-documented amnestic effects, anesthetic ketamine increases cerebral
blood flow and metabolism in spontaneously breathing patients and does not influence
intracranial pressure [24], and it did not induce neurodegeneration in the developing
brain [25]. Due to these interesting properties, ketamine is the anesthetic of choice in
specific situations such as patients with compromised hemodynamic profiles or suffering
from asthma [24] and in pediatrics [25]. Thus, compounds that might be able to attenuate
the cognition problems associated with the administration of anesthetic ketamine might be
of high utility in clinical practice.

Furthermore, it has not yet been elucidated if crocins can attenuate the cognitive
deficits induced by anesthetic doses of ketamine related to types of memory other than
non-spatial recognition memory (e.g., spatial recognition memory and associative memory)
and modulate mnemonic components other than the storage and retrieval of information
(e.g., the acquisition of information).

Taking the above into account, the aim of our research was to test the efficiency of
crocins in attenuating the usual memory problems expressed by rats that have received
anesthetic ketamine. For these studies, the object recognition task (ORT), the object location
task (OLT) and the habituation test (HT) were used. The ORT and OLT measure non-
spatial [26] and spatial recognition memory [27], respectively, while the HT is a non-
associative learning task [28].

2. Results

In line with prior results, the righting reflex was lost in rats within 8 min, and anesthe-
sia was extinguished in all groups of rats that received ketamine within 30 min, indepen-
dently of the pharmacological treatment [6,9,29,30].

2.1. Experiment 1: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on Animals’
Performance in the ORT

The evaluation of the discrimination index D data evidenced a statistically significant
main effect of ketamine (F(1,47) = 25.2, p < 0.001), a statistically significant main effect of
crocins (F(2,47) = 4.6, p = 0.016) and a significant ketamine x crocins interaction (F(2,47) = 8.4,
p <0.001). Post hoc comparisons showed that the ketamine + vehicle group displayed an
inferior index D with respect to all the other experimental groups, including the ketamine
+ 15 mg/kg crocins and ketamine + 30 mg/kg crocins groups (p < 0.05; Figure 1A).
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Figure 1. Object recognition task. The histogram represents the mean + S.E.M. of 8 rats per treatment
group. (A) Discrimination index D performance expressed by various groups of rats during the
choice phase (T2). * p < 0.05 vs. all the other groups including the ketamine + crocins (15 mg/kg) and
ketamine + crocins (30 mg/kg) groups. (B) Total exploration times.

Assessment of the exploratory activity data obtained for the various groups of rats
during the choice phase (T2) did not show significant effects of ketamine, crocins or their
combination (Figure 1B). The results indicate that treatment with crocins alleviated the
disruption of non-spatial recognition memory caused by anesthetic ketamine.

2.2. Experiment 2: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on Animals’
Performance in the OLT

Discrimination index D index data analysis showed a statistically significant main
effect of ketamine (F(1,47) = 27.99, p < 0.001), a statistically significant main effect of crocins
(F(2,47) = 4.06, p = 0.024) and a significant interaction between ketamine and crocins
(F(2,47) = 4.09, p = 0.024). Subsequent post hoc comparisons indicated that the ketamine-
and vehicle-treated rats displayed a significantly inferior index D with respect to all the
other populations of rats, including the ketamine + 15 mg/kg crocins and ketamine +
30 mg/kg crocins groups (p < 0.05; Figure 2A).
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Figure 2. Object location task. The histogram represents the mean £ S.E.M. of 8 rats per treatment
group. (A) Discrimination index D performance expressed by different groups of rats during T2.
*p <0.05 vs. all the other groups including the ketamine + crocins (15 mg/kg) and ketamine + crocins
(30 mg/kg) groups. (B) Total exploration times.

Assessment of the exploratory activity data obtained for the various groups of rats
during the choice phase (T2) did not show significant effects of ketamine, crocins or their
combination (Figure 2B). The results indicate that crocins counteracted anesthetic ketamine-
induced spatial recognition memory deficits.

2.3. Experiment 3: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on Animals’
Performance in the HT

The HT results are reported in Figure 3. Overall analysis of the number of rearings
revealed an effect of crocins (F(1,63) = 12.3, p < 0.001) and of trials (F(1,63) = 18.8, p < 0.001)
but not an effect of ketamine or an interaction between ketamine, crocins and trials. A post
hoc analysis carried out on these data indicated that the vehicle + vehicle, vehicle + crocins
and ketamine + crocins groups but not the ketamine + vehicle group expressed significantly
lower numbers of rearing episodes during Day 2 with respect to their performance during
Day 1 (p < 0.05).
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Figure 3. Habituation test. The histogram represents the mean £ S.E.M. of 8 rats per treatment group. * p < 0.05 vs. the

same groups of rats on Day 1; * p < 0.05 vs. all the other groups on Day 2.

A two-way ANOVA test conducted on results related to rats’ performance during
Day 1 did not evidence any effect either of ketamine or of crocins or an interaction ketamine
x crocins. Conversely, evaluation of the Day 2 data showed a main effect of crocins (F(1,31) =
5.9, p = 0.022) but not an effect of ketamine or an interaction between ketamine and crocins.
Post hoc comparisons showed that the ketamine + vehicle group displayed a significantly
higher number of rearings compared to all the other experimental groups, including the
ketamine + 15 mg/kg crocins and ketamine + 30 mg/kg crocins groups (p < 0.05).

The high number of rearing episodes displayed by the ketamine + vehicle-treated rats
is an indication of an impairing effect caused by anesthetic ketamine on the associative
learning abilities of the rats. The reduction of it by crocins suggests that this bioactive
component of saffron counteracted the disruption of associative memory induced by
anesthetic ketamine.

3. Discussion

According to previous reports, anesthetic ketamine impaired rodents” performance
in either the ORT [6,9,29,30] or OLT [6], two procedures reflecting non-spatial and spa-
tial recognition memory, respectively. Interestingly, for the first time to our knowledge,
anesthetic ketamine also disrupted the performance of animals in the HT, a behavioral
paradigm assessing associative learning [28].

An acute challenge with crocins (15-30 mg/kg) counteracted the impairing effects
caused by anesthetic ketamine on cognition evidenced in the above-reported behavioral
paradigms. A per se effect of crocins was not revealed. In both recognition memory studies
(ORT and OLT) and in the associative learning experiment (HT), retention was assessed
24 h after the training trial. This means that the effects of the compounds were revealed
in procedures assessing long-term memory. Concerning the ORT and OLT, the chemicals
were injected immediately after the sample phase. This suggests that ketamine and crocins
might have acted on post-training memory components (the storage and/or retrieval of
information). Conversely, in the habituation test, the compounds were administered 24 h
before the training trial. The latter implies that the compounds could critically have exerted
their effects on the encoding of information, although possible effects on the consolidation
and retrieval of information can also be considered.

The present results provide new information with respect to previous findings of ours
in which crocins were found to be able to attenuate the non-spatial recognition memory
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deficits produced by sub-anesthetic ketamine [21]. Specifically, in the present experi-
ments, crocins counteracted anesthetic ketamine’s amnestic effects in different behavioral
paradigms, reflecting non-spatial recognition but also spatial recognition and associative
memory, respectively. Moreover, the current findings suggest that crocins modulated the
memory disturbances induced by anesthetic ketamine in procedures evaluating not only
the storage and retrieval but also the acquisition of information.

The compounds were administered peripherally. It cannot be ruled out, therefore,
that unspecific factors (e.g., sensorimotor or motivational) might have influenced rats’
performance in the various memory tasks. It has been shown, however, that the exploratory
levels displayed by animals either in the ORT and OLT during the retention trial (Day
2) and the number of rearing episodes expressed by rats during the training trial (Day
1) in the HT were not different among the various experimental groups. This pattern of
results, thus, suggests that the implication of non-specific factors in the effects of anesthetic
ketamine and crocins on animals’ cognitive performance can probably be excluded.

The mechanism(s) underlying anesthetic ketamine’s adverse effects, has (have) been,
at least partially, attributed to its inhibitory effect on the NMDA receptor. It has been
demonstrated that anesthetic ketamine inhibits glutamatergic neurotransmission by reduc-
ing glutamate release and suppressing axonal conduction, polysynaptic potential and cell
excitability [31,32]. Anesthetic ketamine seems to reduce NMDA-mediated responses by
two distinct mechanisms: (a) anesthetic concentrations of ketamine seem to block the open
channel of the NMDA receptor and thereby decrease the mean channel-open time, and
(b) reducing the frequency of channel opening through an allosteric mechanism [33]. A
recent report has indicated that cognitive impairments induced by anesthetic ketamine
might be dependent on its suppressing effects on astrocyte-mediated slow inward current
(SIC) synchronization [34].

There is also evidence that alternative target sites, such as the GABA 5 and the nicotinic
cholinergic receptor, might be implicated in the amnestic effects of anesthetic ketamine.
In this context, it has been reported that the potential interaction of ketamine with the
GABA 5-benzodiazepine receptor [29] and the &7 sub-unit of the nicotinic acetylcholine
receptor [30] might also be involved in anesthetic ketamine’s amnestic action.

The mechanism(s) through which crocins reversed anesthetic ketamine’s impairing
action on memory is (are) not yet elucidated and is (are) still a matter of investigation. In
this context, it has been shown that saffron extracts and crocetin (the hydrolysis product
of crocins) but not crocins partly antagonize the NMDA receptor by binding to the PCP
binding site of it. In addition, both chemicals display an affinity for the sigma (o) 1
receptor [35]. This apparent failure of crocins to bind at the NMDA receptor might depend
on pharmacokinetic issues and, in particular, their poor intestinal absorption after oral
administration in the rat [35].

Another study confirmed the above-mentioned antagonistic effects of saffron and
crocetin on the NMDA receptor since both molecules reduced glutamatergic transmission in
rat cortical brain slices [36]. Importantly, this partial blocking of the NMDA receptor might
be critical for the presumed therapeutic effects of saffron and its bioactive constituents [35].

Furthermore, it has been reported that anesthetic ketamine interferes with the ERK sig-
nal transduction pathway since it has been shown that the inhibition of ERK by anesthetic
ketamine underlies the memory impairments observed in the young rat [12]. Interestingly,
it has recently been shown that crocins were able to reverse memory deficits caused by a
challenge with hyoscine and normalized ERK levels in the rat hippocampus [37].

Anesthetic ketamine was also found to induce the overexpression of the transcription
marker c-fos, which is an index of neuronal damage [13]. By contrast, in a series of
studies, the beneficial action of saffron and crocins against cognitive dysfunctions, a typical
feature of neurodegenerative diseases such as Alzheimer’s disease, or cerebral ischemia
has been revealed [38]. In particular, crocins (injected intraperitoneally) were found to
exert an inhibitory action on acetylcholinesterase activity [39] and demonstrated efficacy
in counteracting 3-amyloid (Af{)-induced cognitive deficits [40] and c-fos overexpression
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in rats [41]. In this context, it has been revealed that the oral administration of crocins
conferred neuroprotection in a rat model of cerebral ischemia [42].

A correlation between anesthetic ketamine and oxidative stress has also been proposed.
It has been demonstrated that anesthetic ketamine impaired mitochondrial function and
potentiated superoxide dismutase activity in the rat brain [14]. Regarding this latter issue,
the well-known anti-oxidant properties of crocins may provide an alternative explanation
for the findings reported here. Specifically, the oral or intraperitoneal administration of
crocins attenuated memory deficits caused either by streptozotocin or chronic stress and
enhanced anti-oxidant activity in rodents [22,23].

Collectively, it can be hypothesized that the partial antagonistic affinity of saffron
and crocetin for the NMDA receptor, and the beneficial role played by crocins in the ERK
pathway and c-fos expression along with their potent anti-oxidant properties might be
critical for counteracting the amnestic effects of anesthetic ketamine.

The present work has some limitations. The current results might be considered
preliminary and are limited to behavioral findings. Further research (e.g., molecular,
biochemical and electrophysiological studies) is required to elucidate the mechanism(s) of
action underlying crocins’ anti-amnestic effects.

In summary, the present results show, for the first time to our knowledge, that a
bioactive constituent of saffron (crocins) exerts a modulatory role on anesthetic ketamine’s
amnestic effects. The findings reported here might be of importance since ketamine is largely
utilized in clinical and veterinary medicine in anesthesia and perioperative analgesia.

4. Materials and Methods
4.1. Animals

Different populations of male (3-month-old) Wistar rats (Hellenic Pasteur Institute,
Athens, Greece) weighing 250-300 g were used for each experiment. The rats were housed
in Makrolon cages (47.5 cm length x 20.5 cm height x 27 cm width), with three per cage, in
a standard environment (21 £ 1 °C; 50-55% relative humidity; 12 h/12 h light/dark cycle,
lights on at 7 a.m.) with access to food and water ad libitum.

The experiments that involved animals and their care were conducted in accordance
with international guidelines and national (Animal Act, P.D. 160/91) and international
laws and policies (EEC Council Directive 86/609, JL 358, 1, 12 December 1987). The present
study was approved by the local committee (Prefecture of Larissa, Greece, protocol number
255200/1 October, 2020).

4.2. Behavior
4.2.1. Object Recognition Task (ORT)

The ORT assesses non-spatial recognition memory abilities in rodents. This paradigm
lacks a reward, and it is based on the spontaneous exploratory behavior of rodents [26].
The test apparatus consisted of a dark open box made of Plexiglas (80 cm length x 50 cm
height x 60 cm width) that was illuminated by a 60 W light suspended 60 cm above the
box. The light intensity was equal in the different parts of the apparatus. The objects to be
discriminated (in triplicate) were made of glass, plastic or metal, and were in three different
shapes—metallic cubes, glass pyramids and plastic cylinders 7 cm high—and could not be
displaced by rats.

The ORT was performed as described previously [6]. Briefly, during the week before
undertaking the testing, the animals were handled twice a day for 3 consecutive days.
Before testing, the rats were allowed to explore the empty apparatus for 2 min for 3
consecutive days. During testing, a session that consisted of two trials was conducted.
During the “sample” trial (T1), two identical samples (objects) were positioned in two
opposite corners of the apparatus in a casual fashion, 10 cm away from the sidewalls. A
rat was gently positioned in the center of the arena and allowed to inspect the two similar
objects. After the sample phase (T1), the rat went back to its home cage, and an intertrial
interval (ITI) followed. Subsequently, the “choice” trial (T2) was conducted. During T2, a
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novel object substituted one of the objects presented during T1. The animals, thus, were
re-exposed to two objects: a copy of the familiar (F) object and the novel (N) object. All the
combinations and positions of the objects were counterbalanced to reduce the potential
bias due to preferences for specific places or objects.

Directing the nose toward the object at a distance no more of 2 cm and/or touching
the object with the nose was considered exploratory behavior. Turning around or sitting
on the object was not considered exploratory behavior. The total time spent by the rats
exploring the two identical objects (F1 and F2) during the sample phase (T1) and the total
time spent exploring the two different objects (F and N) during the choice trial (T2) were
manually recorded by using a stopwatch. The discrimination between F and N during T2
was measured by comparing the time spent exploring the familiar object with the time
spent exploring the novel object. Because the exploratory time may be influenced by
differences in the total exploratory activity, a discrimination index (D) representing the
preference for the new as opposed to familiar object was calculated as follows: D =N —
F/N + E where N is the exploration time for the novel object, F is that for the familiar object
and N+F is the total exploration time for both objects during T2 [43]. Correct recognition
was shown by rats consistently spending more time inspecting a novel object than the
familiar one during T2 [26].

4.2.2. Object Location Task (OLT)

The OLT is a version of the ORT that evaluates spatial recognition memory. This task
assesses the ability of rodents to discriminate the novelty of the object locations but not the
objects themselves because the testing arena is already familiar to the animals [27]. The
testing arena was that utilized in the ORT. The apparatus was placed in a large observation
room and was surrounded with external large and typical objects (cues) to assist the animals
to successfully perform the test. These cues were kept in a fixed position for the entire
testing period. The objects were the same objects as in the ORT.

The OLT was performed as described elsewhere [27,44]. Briefly, during the week
before undertaking testing, the animals were handled twice daily for 3 consecutive days.
Before testing, the rats were allowed to explore the empty apparatus for 2 min for 3
consecutive days. During testing, a session that consisted of two trials was carried out.
During the “sample” trial (T1), two identical samples (objects) were positioned in two
opposite corners of the apparatus in a casual fashion, 10 cm away from the sidewalls. A
rat was gently positioned in the center of the arena and allowed to inspect the two similar
objects. After the sample phase (T1), the rat went back to its home cage, and an intertrial
interval (ITI) followed. Subsequently, the “choice” trial (T2) was conducted. During T2, one
of the two similar objects was relocated to a different position (new location (NL)), while
the other object remained in the same position (familiar location (FL)) as in the sample
phase (T1). Thus, the two objects were now in diagonal corners. All the combinations and
positions of the objects were counterbalanced to reduce the potential bias due to preferences
for specific places or objects.

The definition of exploration is described above in the object recognition protocol.
The time spent by the rats exploring each object during T1 and T2 was manually recorded
with a stopwatch. The discrimination between the FL and NL during T2 was measured by
comparing the time spent exploring the object in the FL with the time spent exploring the
object in the NL. Because the exploratory time may be influenced by differences in the total
exploratory activity, a discrimination index (D) representing the preference for the new
as opposed to familiar object position was calculated as follows: D = NL — FL/NL + FL,
where NL is the exploration time for the object in the novel position, FL is that for the object
in the familiar location and NL + FL is the total exploration time for both objects during
T2 [43]. Correct recognition is shown by rats spending consistently more time inspecting
the novel place of the object than the familiar one during the choice trial T2 [26].
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4.2.3. Habituation Test (HT)

The retention of a habituation to a novel environment reflects a non-associative, non-
aversive form of learning. It can be quantified by the number of rearing episodes expressed
by rodents in each test trial. A decrement in rearing episodes during the retention trial is
considered to be an index of the intact non-associative memory abilities of rodents [28]. The
apparatus consisted of a box made of Plexiglas (41 cm length x 33 cm height x 41 cm width).
The test was performed as described previously [28]. Each animal was placed into the test
arena, and the number of rearing episodes was recorded for 5 min. During testing, a session
that consisted of two 5 min trials was performed. An intertrial period of 24 h was utilized.

In all the above-reported behavioral procedures, in order to avoid the presence of olfac-
tory traces, devices and objects (where necessary) were washed with a solution containing
20% alcohol following each trial and then dried with sanitary towels.

4.3. Drugs

The crocins used in the current experiments were derived from the same batch of plant
material (saffron) and the same purification procedure, extraction and separation. Our
plant material was kindly offered by the Cooperative of Saffron, Krokos, Kozani, Greece.

The crocins were isolated from the red dried stigmas of C. sativus using a slightly
modified method described previously [45]. They were purified from the stigmas after
successive and exhaustive extraction with (a) petroleum ether at 40-60 °C, (b) diethyl ether
(Et;0) and (c) 80% methanol (MeOH) using ultrasound-assisted extraction. The ultrasound
extraction was performed in a Sonorex, Super RK 255H type (300 x 150 x 150 mm internal
dimensions) ultrasound water bath (indirect sonication), at a fixed frequency of 35 kHz.
The temperature of the sonicated water was 25 °C. Procedures (a) and (b) took place in
order for the stigmas to be free of the picrocrocin and safranal, respectively. The methanol
extract, after evaporation (condensed to dryness) under vacuum at room temperature,
provided crocins, which were dark red powder residue. Crocins are unusual water-soluble
carotenoids (glucosyl esters of crocetin). The major component is a digentiobiosyl ester of
crocetin (approximately 60% of the total crocins) [46]. The chemical profile of crocins has
been well documented in previous studies [14,47-49], and we evaluated the quality of the
fresh prepared extract used in this study. The purity of the crocins was 85% (according to
HPLC., Figure 4).
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Figure 4. Chromatogram of crocin extract at 440 nm and structures of crocins. Identification of crocins
according to HPLC analysis was performed, comparing the UV-vis spectra and the retention times
(tR) of the peaks with literature data and MS data. The identified peaks presented are as follows:
P1: trans-4GG, P2: trans 3Gg, P3: trans 2gg, P4: cis4 GG, P5: trans 2G, P6: cis crocin (A). The most
abundant were trans-crocin 4 and trans-crocin 3. Nomenclature of crocins was based on the proposal
of Carmona et al., i.e., the first part describes the cis/trans form of the aglycon part, followed by the
total number of sugar moieties (glycose monomers), and finally, the type of sugar in each part of the
crocin structure is indicated. Namely, G refers to gentiobiose and g, to glucose (2) (B).

The crocins were dissolved in saline (NaCl 0.9%) and were administered intraperi-
toneally (i.p.). The doses of crocins (15 and 30 mg/kg) were selected based on previous
findings [21].

Ketamine hydrochloride (Sigma, St Louis, MO, USA) was dissolved in saline and
administered i.p. at the anesthetic dose of 100 mg/kg [6].

All drug solutions were freshly prepared on the day of testing and were administered
i.p. in a volume of 1 mL/kg. For all studies, control animals received isovolumetric
amounts of the specific vehicle solutions.

4.4. Experimental Protocol

Given the fact that the hypothermic properties of ketamine exert a protective effect
on rats’ recognition memory [6], the different groups of animals received treatment in a
“warm” (25 °C) room to avoid hypothermia and remained there under these conditions
for 2 h, starting immediately after injection [6,9,29,30]. Testing was carried out under
standard environmental conditions (21 °C) 24 h after treatment, when a complete recovery
of animals’ sensorimotor functions was achieved [6-9,29,30]. The experimental protocol is
summarized in Figure 5.
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Figure 5. Summary of the experimental protocol.

An anesthetic state was defined as the loss of the righting reflex and movement. The
animals’ behavior was video recorded. Data evaluation was subsequently performed by
an experimenter who was unaware of the pharmacological treatment of each subject.

4.4.1. Experiment 1: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on
Animals’ Performance in the ORT

Animals were randomly divided into six experimental groups with 8 rats per group
as follows: vehicle + vehicle; vehicle + crocins (15 mg/kg); vehicle + crocins (30 mg/kg);
vehicle + ketamine (100 mg/kg); ketamine (100 mg/kg) + crocins (15 mg/kg); ketamine
(100 mg/kg) + crocins (30 mg/kg). Appropriate treatment was performed immediately
after the training (sample) trial T1. The crocins were administered 5-10 s after the vehicle
or ketamine.

In this study, the duration of the sample trial T1 was increased from 2 to 5 min,
since under this condition, it has been shown that control rats” non-spatial recognition
memory abilities can be preserved for 24 h, while the duration of the choice phase remained
unchanged (2 min) [29,30].

4.4.2. Experiment 2: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on
Animals’ Performance in the OLT

Animals were randomly divided into six experimental groups with 8 rats per group
as follows: vehicle + vehicle; vehicle + crocins (15 mg/kg); vehicle + crocins (30 mg/kg);
vehicle + ketamine (100 mg/kg); ketamine (100 mg/kg) + crocins (15 mg/kg); ketamine
(100 mg/kg) + crocins (30 mg/kg). Appropriate treatment was performed immediately
after the training (sample) trial T1. The crocins were administered 5-10 s after the vehicle
or ketamine.

In this study, the duration of the sample trial T1 was increased from 2 to 7 min, since
under this condition, it has been shown that control rats” spatial recognition memory
abilities can be preserved for 24 h, while the duration of the choice phase remained
unchanged (2 min) (our unpublished observations).

4.4.3. Experiment 3: Effects of Acute Challenge with Crocins and Anesthetic Ketamine on
Animals’ Performance in the HT

Animals were randomly divided into four experimental groups with 8 rats per group
as follows: vehicle + vehicle; vehicle + crocins (30 mg/kg); vehicle + ketamine (100 mg/kg);
ketamine (100 mg/kg) + crocins (30 mg/kg). Appropriate treatment was performed 24 h
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before starting the training (sample) trial T1. The crocins were administered 5-10 s after
the vehicle or ketamine.

4.5. Statistical Analysis

Data are expressed as mean + S.E.M. The data of Experiments 1 and 2 were analyzed
using two-way analysis of variance (ANOVA). The factors were crocins and ketamine.
Experiment 3’s data were analyzed using three-way ANOVA with the between-subjects
factors crocins and ketamine and the within-subjects factor trials. Further analyses were
carried out separately for each trial (day) using the two-way ANOVA test. The factors were
crocins and ketamine. Post hoc comparisons between the treatment means were made
using Tukey’s t-test. Values of p < 0.05 were considered statistically significant [50].
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Abstract: Anxiety and depression have high prevalence in the general population, affecting millions of
people worldwide, but there is still a need for effective and safe treatments. Nutritional supplements
have recently received a lot of attention, particularly saffron. Thus, several pre-clinical studies support
a beneficial role for bioactive compounds, such as saffron, in anxiety and depression. Here we used an
animal model of depression based on social isolation to assess the effects of affron®, a standardized
saffron extract containing >3.5% of total bioactive compounds safranal and crocin isomers. Affron®
was administered both through the oral and the intraperitoneal routes, and several tasks related to
anxiety and depression, such as the elevated plus maze, the forced swimming test or the sucrose
preference test, were assessed. These tasks model key features of depressive states and anxious
states relating to fear, behavioral despair or anhedonia, the lack of motivation and/or pleasure from
everyday activities, respectively. Animals receiving oral affron® displayed behaviors congruent
with improvements in their anxious/depressive state, showing the enhanced consumption of a sweet
solution, as well as an increase in certain escape responses in the forced swimming test. Our data
support a beneficial role for oral saffron in anxious/depressive states.

Keywords: saffron; affron®; depression; anxiety; antioxidant

1. Introduction

Anxiety and depression are widely acknowledged as psychiatric disorders of global concern that
could compromise human welfare [1], thus, the two conditions often co-exist; between 40% and 60% of
patients with a common mental health disorder meet criteria for both anxiety and depression [2,3].
According to the World Health Organization data, there is high prevalence for depression and anxiety,
affecting more than 300 million people worldwide, and they include the mixed depressive and anxiety
disorder in their International Classification of Diseases [4]. These two conditions share common risk
factors and many symptoms that can be regarded as existing on a spectrum of the disorder [5].

Mood alterations, including clinical depression, range from non-clinical low mood to major
depression [6-8]. This low mood can include many of the symptoms characteristic of depression,
such as sadness, crying, fatigue, pessimism, changes in appetite, changes in sleep patterns and
anhedonia [6,7,9]. Currently there is no pharmacological treatment for low mood, and prescription
medications are not only deemed inappropriate but also ineffective [10,11].

The conventional management of depression and anxiety disorders includes cognitive behavioral
therapy, pharmacotherapy or electroconvulsive therapy [8,12]. However, despite the availability of
numerous classes of drugs for the treatment, full remission of disease symptoms has remained elusive.
Nevertheless, the clinical use of these drugs is limited by their characteristic side effects and poor
tolerability profile [13]. Several natural compounds are being considered for their possible role in the
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treatment of mood disorders, including saffron, St John’s wort, tryptophan and omega-3 fatty acids,
among others [14-16].

Saffron dried stigmas from Crocus sativus L. are conventionally used as a spice, textile dye or even
as a perfume, due to its organoleptic properties. In addition, it is also widely known in traditional
medicine for eye problems, headaches, genitourinary complications and other illnesses in different
cultures [17-20]. The quality of saffron is determined by its secondary metabolites, such as picrocrocin,
which is responsible for the bitter taste, safranal, which is related to saffron aroma, and crocins, which
provide the color [21-23]. These compounds, mainly safranal and crocin isomers, as well as their
metabolic derivate, crocetin, are related to antioxidant [24,25], anxiolytic [26,27], neuroprotective [28],
anti-inflammatory [29-31] antidepressant [32-34] and anti-Alzheimer properties, which have been
proven in several clinical trials [35].

As with most psychiatric disorders, the etiopathology of depression appears to be complex and
multifactorial, including genetic, social and mood regulation mechanisms, among others. Alterations
in neurotransmitter levels, including the abnormal regulation of cholinergic, catecholaminergic
(noradrenergic or dopaminergic), glutamatergic and serotonergic (5-HT) neurotransmission have been
observed in depressed patients [36]. Neuroendocrine dysregulation may also be a factor, with emphasis
on three axes: hypothalamic-pituitary—-adrenal and hypothalamic—pituitary—thyroid [37]. A molecular
imbalance, characterized by increased levels of oxidative stress and low antioxidant status, has also
been observed in patients with depression [38]. This would favor the appearance of immune responses
and a pro-inflammatory environment, thus contributing to the pathology of depression [39]. Recently
the relation between alterations in neuroplasticity and depression has received considerable attention.
The term refers to the ability of the neural system to adapt to the internal and external stimuli and to
respond adaptively to future stimuli. Neuroplasticity is of key significance in the brain’s adaptation to
stress, which may underlie various psychiatric disorders, such as depression, post-traumatic stress
disorder, etc., and is the basis of the so-called neuroplasticity theory, which suggests a decrease in
neuroplasticity in the hippocampus and prefrontal cortex in depressed patients, as well as a decrease
in the concentration of neurotrophic factors, such as brain-derived neurotrophic factor (BDNE),
in subjects with depression. According to this theory, antidepressants would elevate the concentration
of neurotrophic factors and improve neuroplasticity in the hippocampus and PFC [40].

Kell and colleagues found positive effects in subjects self-reporting low mood but not diagnosed
with depression or another mood disorder and who were otherwise healthy [33]. Additionally,
there is also growing evidence supporting the antidepressant and anxiolytic effects of saffron in
humans suffering from depression and anxiety. Thus, saffron extracts can relieve the severity of
symptoms of depression and the effect of saffron extracts resemble those of tricyclic (TCA), Selective
Serotonin Reuptake Inhibitors (SSRI) and Selective Noradrenaline Reuptake Inhibitors antidepressants
in depressed patients [41,42]. Saffron extracts, when administered in combination with pharmacological
antidepressants, were also shown to improve some scores related to depression, even in subjects who
had been using the antidepressants with no improvement [43]. In this case, the affron® dose used was
14 mgb.i.d.

The active principles contained in saffron extracts, which account for the active antidepressants,
are basically safranal and crocin isomers [44-46]. However, there is a wide variety of presentations that
do not control the content of these bioactive molecules, making it very difficult to compare commercial
brands in terms of pharmacological effectiveness. The safety and efficacy of safranal and crocin
bioactive components have been described elsewhere, showing an exceptionally low toxicity, with an
LD50 for normal cells of 20.7 g/kg [47]. In living animals, doses of the ethanolic extract up to 5 g/kg
did not produce any demonstrable acute toxic effects in mice, and thus saffron is considered to have
practically no acute toxic effect [48]. In our experiment, affron®, a standardized extract from Spanish
C. sativus stigmas, was used.

Although there are a number of favorable clinical studies regarding the effects of affron® on the
modulation of the symptoms of depression and anxiety in humans [43,49-59], it is necessary to observe
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its acute and chronic effects in more controlled animal studies to further explore and understand the
mechanisms of action of affron® on mood, its safety and the role that the route of administration plays
on those effects. The present study is intended to address this scientific need.

2. Results and Discussion

2.1. Effects of Affron® in the Elevated Plus Maze Test

Affron® was shown to be equally as ineffective either orally administered or by the intraperitoneal
route. A one-way ANOVA showed that neither dose of affron® (200 mg/kg p.o. and 50 mg/kg ip)
produced changes in any of the anxiety-related parameters (time spent in the open arms and number of
entries into open arms of the EPM) (p > 0.05, not significant (ns)). Bonferroni’s post hoc test confirmed
that no statistically significant differences existed between treated and placebo groups (p > 0.05, ns) in
acute and chronic treatments. No differences were observed for the time in open arms variable in any
of the groups, as shown in Figure 1C,D. Values represent the mean + SEM (n = 10 animals per group).
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Figure 1. Effects of affron in the Elevated Plus Maze. (A,B): Percentage of time spent in open arms over
the total in the acute and chronic treatment groups, respectively. (C,D): Percentage of entries in the
open arms in the acute and chronic treatment, respectively. No significant effects were found between
any of the groups in any condition (ns). The tests were administered on day one of treatment and on
day 21 for the chronic group, 30 min after drug administration.

2.2. Effects of Affron® in the Forced Swimming Test

A one-way ANOVA revealed that affron® (200 mg/kg, oral) administered 30 min before the FST
significantly increased swimming time [F (2.27) = 7.37, p < 0.01], as shown in Figure 2A] but had no
impact on climbing time or immobility time (ns) (data not shown). The post-hoc Bonferroni’s test
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showed that affron®, given at a dose of 200 mg/kg significantly increased the time of swimming in the
oral group compared to the control and ip groups (p < 0.05 and p < 0.01, respectively). Concerning
the antidepressant-like activity of affron®, after 20 days of treatment, an increase in climbing time
was observed in the oral group [F (2,27) = 4.91, p < 0.05], as shown in Figure 2D. A one-way ANOVA
did not find any statistically significant difference in the rest of the variables (ns); however, affron®
treatment, both oral and intraperitoneal, tended to decrease immobility time compared to the control
group, which led to a possible antidepressant effect of this compound, as shown in Figure 2D. The post
hoc test revealed a significant increase in climbing time in the oral group compared with the control
group (p < 0.05), but there were no significant differences in the remaining groups (ns).
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Figure 2. (A,B): Average time spent in immobility or swimming in the Porsolt test in animals receiving
either an acute or a chronic treatment with affron through the intraperitoneal (gray column) or the oral
(black column) route, respectively (** p < 0.01). (C,D): Average time climbing in the acute and chronic
treatments, respectively (* p < 0.05; ns = Non Significant). The tests were administered on day one of
treatment and on day 21 for the chronic group, 40 min after drug administration.

2.3. Effects of affron® in the Sucrose Preference Test

Repeated-measures two-way ANOVA found an overall interaction between time and treatments
[F (6,78) = 12.30, p < 0.0001] and main effects of time [F (3,78) = 318.7, p < 0.0001] and treatment
[F (2,26) = 19.20, p < 0.0001]. Subsequent analysis revealed that, as reflected in Figure 3, after an
hour, a significant increase in the sucrose preference was found in the oral group with respect to the
intraperitoneal group (p < 0.05), but there were no differences between the oral and intraperitoneal
groups compared to the control group (ns). Statistically significant differences were observed in the 3 h
measure in sucrose consumption between the oral group with respect to the control and intraperitoneal
groups (p < 0.0001), but there was no difference between the control and the intraperitoneal groups (ns).
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Figure 3. Sucrose preference test. Sucrose preference was calculated as the quantity of sucrose solution
drunk/total fluid intake and is considered an index of the motivational state of the animal, (n = 10 per
group) represented as mean + SEM. Repeated-measures two-way ANOVA with Bonferroni post-hoc

test: ** p < 0.001; differences between the oral group and the control group. The tests were administered
on day one of treatment and on day 21 for the chronic group, 50 min after drug administration.

The results showed that the oral administration of affron® may ameliorate some depressive-like
behaviors both acutely and after long-term treatment. Interestingly, no effects were observed with the
intraperitoneal administration. Additionally, repeated oral administration reduced anhedonic behavior,
assessed in the sucrose preference test—an effect that was not observed under ip administration.
Overall, these results are congruent with reports describing the beneficial effects of saffron extract
consumption in patients suffering from anxiety or depression [41,42].

Considering the fact that drugs used to treat mental disorders are best studied in models of the
disease, we used a rat model of depression, based on isolation [60]. Thus, individual housing has been
shown to induce depressive-like behavior [61]. For that, animals were individually housed from arrival
at the facilities until the end of the experiments, which allowed us to monitor any possible improvement
or amelioration in behaviors related to anxiety, depression or anhedonia after affron® supplementation.

Regarding the anxiolytic effects in the elevated plus maze, no significant differences were found
between any of the groups in our study. In other studies, higher doses of saffron ip (56 and 80 mg/kg)
showed anxiolytic effects in the EPM with a single dose, and a dose-dependent effect that decreased
with doses up to 300 mg/kg [62]. It is possible that the lower dose used in our study limited the
expression of the anxiolytic potential of affron®. It is also possible that differences in the source of
plant material could explain the different findings in our study.
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Data on the forced-swimming test assessing depressive-like behavior were clearer. On the one
hand, affron® did not affect immobility time or latency to the immobility period. However, a clear
effect in the escape behavior (swimming and climbing) with the oral administration of affron® can be
observed. Our data are interpreted in line with the presence of antidepressant effect, since the animals
clearly show more motivation to fight against the adverse conditions of being exposed to the water
environment. These data appear relevant as they highlight the ability of saffron extracts to acutely
improve depressive-like behavior.

To our knowledge, the antianhedonic effects of affron® in the sucrose preference test have not
been previously reported in animal studies. This is the clearest effect found with affron® in the
study. Oral dose was able to increase the preference for the sweet drink, which is indicative of a
positive motivational state. Again, in this situation, oral administration was effective instead of
intraperitoneal injection. Interestingly, intraperitoneal administration may even induce the opposite
effect (i.e., anhedonia, indicative of desensitization of the brain reward system). It is worth mentioning
that the antianhedonic response, measured by sucrose preference, differs in response to antidepressants
with different mechanisms of action, such as SSRI and TCA [63].

The fact that the oral administration of affron® was the effective route to observe the positive
effects of this compound, and not ip administration, may be related to the fact that the active
form of crocin isomers from saffron extract is crocetin, which is formed in the intestinal tract by
glycosidases of enterocytes [64-66]. Thus, the saffron extract must, apparently, be taken orally to
induce its antidepressant effect. In any case, oral administration is the preferred route for any potential
nutraceutical since the majority of nutraceuticals are intended for this route of administration.

The neurobiological mechanisms that explain affron’s antianhedonic effect and possible
antidepressant effect have not been directly assessed yet. Regulation of mood was initially attributed
to downregulations in monoamines, such as dopamine, serotonin or noradrenaline [67-69]. Whereas
anhedonia is associated with low levels of dopamine, anxiety and depression appear to be more
associated with the decreased activity of both serotonin and dopamine. The clear actions of affron®
in the amelioration of anhedonia suggest a more potent action in the regulation of dopamine than
serotonin or other monoamines. Indeed, regarding dopamine modulation, it has been proven that
saffron affected monoamine oxidases MAO-A and MAO-B in the brain [68], and the administration
of C. sativus and its constituents increased brain dopamine levels in a dose-dependent manner [68].
These effects of C. Sativus in dopamine, together with the modulation of the excitatory amino acid,
glutamate, and interactions with the opioid system have been reported to reduce withdrawal syndrome
and may contribute to the amelioration of behavioral symptoms observed here [68].

However, the regulation of mood has been more recently associated with other factors, such as the
alteration of neurotrophic factors, dysregulation in the hypothalamus-hypophysis-adrenal axis (HPA),
low-grade inflammation or increased oxidative stress [70-72]. Certain evidence suggests that saffron
regulates some of these mechanisms [73]. Indeed, saffron and its constituents, crocin and safranal,
as well as crocetin, are potent antioxidants that can reduce oxidative stress, as demonstrated in animal
models [74-76]. Its anti-inflammatory properties [77,78] and the modulation of the activity HPA in
animal models of stress (i.e., by reducing levels of plasma corticosterone [79,80]) have also been proven.
Future studies are needed to explore the specific actions of different doses of affron® in these processes.

3. Material and Methods

3.1. Materials

Affron® is a patented compound (ES2573542A1) and has been previously characterized [33].
Samples of saffron stigma extracts marketed under the brand name affron® were provided by
Pharmactive Biotech Products SL, standardized to >3.5% Lepticrosalides®, a term which characterizes
the sum of the bioactive compounds safranal and crocinisomers, analyzed by HPLC [33]. The compound
was presented in powder form and stored in darkness until the experiment was performed.
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3.2. Animals

A total of 30 adult male Wistar rats (ENVIGO, Barcelona, Spain) weighting 300-350 g at the
beginning of the experiments were kept under a 12-h light/dark cycle (lights off at 12:00 p.m.) in
conditions of constant temperature (23 + 1 °C). Standard food and tap water were available ad libitum
at the home-cage outside the schedules assigned to experimental manipulation.

All experimental protocols adhered to the guidelines of the Animal Welfare Committee of the
Universidad Complutense of Madrid, following European legislation (European Directive 2010/63/UE).

3.3. Experimental Design

Animals had an acclimation period of one week, after which they were habituated to manipulation
for several days before the experiment started. Upon arrival at the facilities, animals were housed in
isolation for the duration of the study, according to a social isolation model of anxious/depressive-like
behavior [81]. Animals” weights were recorded every two days during the experiment. Rats were
randomly assigned to one of the three of the following experimental groups: Oral affron® (Oral),
Intraperiotoneally administered affron® (ip) and Vehicle (10 rats per group). In the Oral group, affron®
was dissolved in their tap water and the rats were monitored to ensure they consumed an adequate dose
during the first hours of the morning (See Figure 4 for a schematic representation of the experimental
schedule used).

. Oral group = affron intragastric route

day 1 : Control group = normal saline ip
14 days acute treatment * Ip group = affron intraperitoneally
# v v
LY habituation and
A% : : 1st. EPM 2nd. FST
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, Oral group = affron self-administration
day 21 » Control group = normal saline ip
chronic -tl‘eatmt‘nt « Ip group = affron intraperitoneally
| —
16 days 17th 18th 19th day of
advon z 1st. EPM 2nd. FST
of treatment treatment

SPT

Figure 4. Schematic representation of the treatment schedule.

Behavioral tests were performed on the first day of the experiment in order to assess the acute
effects of the treatment, and also after the chronic treatment. The tests used were the elevated plus
maze (EPM), the Forced swim test (FST) and the sucrose preference test (SPT).

3.3.1. Treatment

The animals received a single dose of affron® dissolved in distilled water at the beginning of
the experiment. Rats in the oral group received 200 mg/kg affron®, which was delivered via the use
of an intra-gastric cannula in a volume of 2 mL/kg. The control group was treated with 0.9% saline
solution via intraperitoneal injection (ip) in a volume of 2 mL/kg. The ip group received 50 mg/kg
affron® dissolved in saline. Thirty minutes after each administration, the animals were tested on the
elevated plus maze (EPM) and 30 min later they were assessed in the forced swim test (FST). For the
next 20 days, rats in the oral group had free access to 200 mg/kg affron dissolved in their drinking water
until they consumed the whole daily dose, which took place in less than 4 h, after which tap water
was reintroduced. The rest of the animals received their daily dose via ip. The animals underwent
the sucrose preference test on the 17th day of the experiment 30 min after affron® administration.
Likewise, on the 21st day of the experiment, the animals were assessed at the elevated plus maze,
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and 30 min later, at the forced swimming test. All treatments were prepared and administered daily,
and all tests took place between 9:00 and 14:00.

3.3.2. Anxiety and Depression-Like Behavior

Several different models were used for the assessment of anxiety- and depression-related behaviors
in rodents [82]. The Forced Swim Test and the Sucrose Preference Test were employed to assess any
depressive-like behavioral responses, being some of the most commonly used tests to assess this kind
of behavior in animal models [83,84]. The elevated plus maze test was chosen to assess anxiety-related
behavior. In addition, in the chronic study, sucrose preference was used as a complementary test for
anhedonia [63,85]. Anhedonia is defined as the inability to experience pleasure from rewarding or
enjoyable activities and constitutes a core symptom of depression in humans [86]. The order of the tests
was chosen to minimize any possible interference. Considering the relative distance and difference in
environments between the animal facilities and the testing room, 10 min of acclimation were granted
prior to the behavioral tests.

3.3.3. Elevated Plus Maze Test

The elevated plus maze (EPM) is based upon the conflict between an innate aversion to open
spaces and a tendency to explore new environments (Suo et al., 2013). The apparatus consisted of
two open arms (50 x 10 cm), two closed arms (50 X 10 X 20 cm) and a central platform (10 x 10 cm),
which raised to a height of 50 cm. The maze was placed in the center of a quiet room and testing was
performed under dim light. Each animal was gently placed on the central platform facing one of the
closed arms and allowed to explore the maze for 5 min. The light of the test room was adjusted at
350 lux at the center of the maze. Then, the animals were removed and the EPM was cleaned with 30%
ethanol between each test to prevent interference resulting from any residual odors of the previous rat.
Data were registered automatically using the Mazesoft software. The analysis of exploratory activity in
rats included four parameters: number of entries into open arms; number of entries into closed arms;
time spent in open arms; time spent in closed arms.

3.3.4. Forced Swim Test (Porsolt Test)

The forced swimming test (FST) was originally introduced in 1977 by Porsolt and has since
become a standard for the evaluation of antidepressant drugs [87]. In preparation, 24 h prior to the
test, animals were placed in the testing apparatus for 10 min in order to become familiar with the
testing environment and to minimize novelty effects [82,88]. Briefly, the rats were individually placed
in a transparent methacrylate cylinder (height 50 cm, diameter 30 cm) filled with water (23 + 1 °C) to
a height of 40 cm (a modified version of the FST was used to increase water depth to 40 cm, so the
rats were unable to touch the bottom of the tank). Water was replaced for each test. Following each
test session, rats were dried using cotton towels and returned to their home cages. All sessions were
recorded with a video camera (SONY HDR-CX115, New York, NY, USA). Afterwards, four behavioral
categories were quantified using the freeware for behavioral quantification, Raton Time 1.0 (Fixma SL,
Valencia, Spain), including immobility latency (latency to immobility), immobility (rat floating in the
water with only movements necessary to keep the nose above water), swimming (active horizontal
movements around the cylinder) and climbing (upward-directed movement of the forepaws, usually
directed against the walls). Animals underwent the test 30 min after the elevated plus maze.

3.3.5. Sucrose Preference Test

The sucrose preference test (SPT) is a reward-related test commonly used as an indicator of
anhedonia [89]. No previous food or water deprivation was applied before the test. During the
adaptation period, the animals were presented in their home cages with two bottles of the type used
for the test, in order to habituate them to testing conditions. The rats were allowed simultaneous access
to two identical drinking bottles that contained a 1% sucrose solution for 3 h. The sucrose solution was
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prepared daily before the experiment and kept at 4 °C for no longer than 24 h. The position of the
drinking bottles was changed after each measurement to exclude the effect of place preference [89,90].
The consumption of water and sucrose solution was calculated by weighing each bottle before, during
and after the test. Sucrose preference was calculated as the quantity of sucrose solution drunk;/total
fluid intake [2]. The sucrose preference test was performed on the 17th day of treatment in order to
avoid interferences with the other tests.

3.4. Statistical Analyses

The data are expressed as mean + standard error of mean (SEM). Normality data were assessed
by D’Agostino and Pearson test. Data were analyzed using GraphPad Prism version 6.0. In order
to detect significant differences among the experimental groups, depending on the behavioral test,
either one-way analysis of variance with one factor (treatment) or two-way ANOVA comparing two
factors—treatment (oral, intraperitoneal, control) and time—was used. Data of the behavioral tests
were analyzed as dependent variables, and the Bonferroni post-hoc test for multiple comparisons was
used when appropriate. Values of p < 0.05 were considered statistically significant.

4. Conclusions

In conclusion, this study provides evidence of the antianhedonic, and mild antidepressant actions
of a 50 mg/kg acute ip dose and a 200 mg/kg oral dose of affron®, a standardized saffron extract,
when administered acutely or repeatedly, orally. Future studies are required to ascertain the specific
mechanisms of this action. Anyhow, these results open new fields for the possible application of
affron® to prevent negative emotional states or as a co-adjuvant therapy in the treatment of depression.
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Abstract: Infertility is a potential side effect of radiotherapy and significantly affects the quality
of life for adolescent cancer survivors. Very few studies have addressed in pubertal models the
mechanistic events that could be targeted to provide protection from gonadotoxicity and data on
potential radioprotective treatments in this peculiar period of life are elusive. In this study, we utilized
an in vitro model of the mouse pubertal testis to investigate the efficacy of crocetin to counteract
ionizing radiation (IR)-induced injury and potential underlying mechanisms. Present experiments
provide evidence that exposure of testis fragments from pubertal mice to 2 Gy X-rays induced
extensive structural and cellular damage associated with overexpression of PARP1, PCNA, SOD2
and HuR and decreased levels of SIRT1 and catalase. A twenty-four hr exposure to 50 M crocetin
pre- and post-IR significantly reduced testis injury and modulated the response to DNA damage and
oxidative stress. Nevertheless, crocetin treatment did not counteract the radiation-induced changes
in the expression of SIRT1, p62 and LC3II. These results increase the knowledge of mechanisms
underlying radiation damage in pubertal testis and establish the use of crocetin as a fertoprotective
agent against IR deleterious effects in pubertal period.

Keywords: saffron; crocetin; pubertal testis; X-rays; radiotherapys; fertility preservation; SIRT1; HuR;
oxidative stress; autophagy

1. Introduction

Infertility is a potential side effect of cancer therapies and significantly affects the
quality of life for survivors during their pre-reproductive and reproductive years [1,2].
Although modern radiotherapy techniques have evolved to ensure a reduction of the
potential risk of infertility, radiotherapy can still result in permanent or temporary gonadal
toxicity in male patients [3]. The formation of sperm by the testes through the process
of spermatogenesis is highly radiosensitive. Rapidly dividing testicular germ cells are
highly affected by ionizing radiation (IR) and their loss is proportional to the radiation
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dose. Low radiation doses can cause a profound reduction or even transient complete loss
of sperms [4].

A critical period for development of reproductive organs and function and establish-
ment of fertility potential is puberty. Spermatogenesis is known to start at very early stages
of pubertal development [5-7] and may occur before the ability to produce an ejaculate [8].
This makes it difficult to apply fertility preservation strategies in pubertal cancer patients.
Cryopreservation of ejaculated spermatozoa prior to anticancer therapy, routinely used to
preserve fertility in men, represents the first line treatment in adolescents, as well [9,10].
However, for some patients it may not be possible to recover sperm prior to the onset of
ablative therapies. Although semen samples can be obtained from boys from the age of
12 years onwards, the onset of sperm production (spermarche) can be very difficult to
predict [11]. Since there is no reliable sensitive estimate for the presence of spermatozoa in
the testes, sperm extraction from testicular tissue biopsy is not reliable [12]. Therefore, new
strategies to protect male fertility against IR deleterious effects in pubertal period need to
be considered. One of the possible reasons for limited progress in the field is the partial
understanding of the mechanistic events that could be targeted to provide protection or
repair from gonadotoxicity in this peculiar period of life. Very few studies have addressed
this issue in pubertal models. Proteomics results from pubertal mice testes revealed that
carbon ion radiations exert acute and chronic injury by activating early and long-term
mechanisms. Most proteins that are differentially expressed in early and long-term re-
sponse are involved in energy supply, endoplasmic reticulum, cell proliferation, cell cycle,
antioxidant capacity and mitochondrial respiration categories. Importantly, a significant
increase in ROS levels was observed clearly demonstrating that high doses of carbon ion
radiations disrupt the antioxidant system in testicular tissue [13,14].

The data obtained using various models including cells, animals, and recently humans
suggest that radioprotective agents working through a variety of mechanisms have the
potential to decrease free radical damage produced by IR [15]. Therefore, recently, much
interest has been ignited to discover antioxidants which would counteract or minimize
radiation-induced testicular toxicity [16-22].

In this context, recent research has reported that intake of saffron, or its constituents
crocin and safranal, exerts protective effects against genotoxicity associated to 1-2 Gy total
body irradiation in testis of adult mice [23,24]. Crocin is the glycosylated form of crocetin,
a symmetric di-carboxylic acid diterpene: about 94% of the total amount of crocetin in
saffron is glycosylated to crocin and 6% is present in the free form [23,24]. Similarly to
flavonoids [25], crocin shows a poor bioavailability after oral administration [26]. In the
intestine, crocins are hydrolyzed to the deglycosylated trans-crocetin, which is rapidly
absorbed [27-29]. On this basis, most of the saffron therapeutic activities have been
attributed to this carotenoid, known for its elevated anti-inflammatory and free radical
scavenger activity [30].

In the present study, we investigated the hypothesis that crocetin may exert a radiopro-
tective effect by preventing IR-induced damage in testis of pubertal mice. This hypothesis is
based on the knowledge of the potent anti-tumor effects of this molecule, a feature essential
for a potential fertoprotective agent, and on its ability to prevent ovarian toxicity induced
by cyclophosphamide, an anticancer drug with strong pro-oxidant power [31]. In this
study, we utilized an in vitro culture system of prepubertal mouse testes as an experimental
model of spermatogenesis to investigate the efficacy of crocetin to counteract X-ray-induced
testicular injury and the mechanisms underlying IR insult and potential crocetin effects.
Exposure to IR initiates a cascade of events that are based on direct DNA damage and
generation of free radicals. It is well documented that oxidative stress adversely affects
spermatogenesis, whereas anti-oxidative enzymes like superoxide dismutase (SOD) and
catalase (CAT) protect the testicular germ cells against the oxidative stress-induced apop-
tosis [32]. A crucial player in sensing and modulating the testis redox status is sirtuin 1
(SIRT1), a NAD+-dependent deacetylates targeting key proteins involved in the cellular
stress response [33,34]. An actor of the antioxidant and radioprotective adaptive response

72



Molecules 2021, 26, 1676

is HuR (human antigen R), a RNA-binding protein known to stabilize mRNAs containing
AU-rich elements [35-37]. One of the primary repair mechanisms to resolve DNA lesions
caused by IR is poly (ADP-ribose) polymerase 1 (PARP1) over-activation and intracellular
NAD+ level depletion [18,38]. Pathways that mitigate the effects of DNA damage during
replication include translesion synthesis and template switching under the regulation of
proliferating cell nuclear antigen (PCNA) [39]. A further process that deserves investigation
in this context is the autophagic pathway. Autophagy is crucial for the formation and
degradation of specific structures that guarantee successful spermatogenesis, and can be
induced or enhanced by various external gonadotoxic stimuli [40].

Based on the knowledge and hypotheses reported above, in this study, testes obtained
from pubertal mice were exposed to 2 Gy IR in the presence or absence of crocetin and
subjected to the analysis of morphological parameters associated with the integrity of
germinative epithelium and to the evaluation of the molecular signaling related to IR
damage response including antioxidant defenses, DNA damage response and autophagy.

2. Results
2.1. Effect of Crocetin on Tubule Diameter, Cross-Sectional Area, Seminiferous Epithelium Height
and Presence of Sperm in the Lumen in Pubertal Testis Exposed to IR

Histomorphometrical examination of testes exposed to 2 Gy X-rays showed a sig-
nificant increase in diameter (195.06 4 2.84 um) and cross-sectional area (30.55 x 103 4+
0.90 um?) of seminiferous tubules associated with a decrease of seminiferous epithelium
height (50.52 £ 1.21 pm) when compared with the control (CTRL) group (183.76 £ 2.39 um;
27.04 x 10% £ 0.2 um?; 56.75 4 1.04 pm, respectively, Table 1). In addition, the percentage
of tubules with active spermatogenesis (29.18% =+ 2.68) appeared significantly reduced in
comparison to the control group (39.57% =+ 2.77). Treatment with crocetin was able to coun-
teract X-rays deleterious effects on testis when compared to the IR group. Values of mean
diameter of seminiferous tubules and cross-sectional area (184.15 + 2.73 um; 27.51 x 103 +
0.86 um?, respectively) in testes exposed to crocetin were not significantly different from
the control group. Moreover, the lumen of seminiferous tubules presented a germinal
epithelium with a thickness (56.14 & 1.39 um) similar to control. A higher percentage
of tubules with active spermatogenesis (58.58% =+ 3.99) was observed in comparison to
control group (Table 1, Figure 1).

Table 1. Morphometric parameters in pubertal testis exposed to IR in the presence/absence of crocetin.

Group of Mean Tubule Cross-Sectional Seminiferous S .1
Treat- n Diameter ! n Areal n Epithelium ! n permatl(;genesm
ment (um) (x10% pm?) Height (um) (%)

CTRL 120 183.76 £2.39° 120 27.04 +£0.722 57 56.75 +1.042 359 39.57 £2.772
IR 108 195.06 +2.84° 108 30.55 +0.90° 52 50.52 +1.20° 240 29.18 +2.68°
CRO +1IR 153 184.15 £ 2732 153 27.51+0.862 76 56.14 +1.392 324 58.58 + 3.99 ¢

p value * p =0.006 p=0.01 p =0.002 p <0.001

! Data as presented mean & SEM. * Statistical analysis by one-way ANOVA. 2P Post hoc multiple comparison by Holm-Sidak. Different
letters indicate p < 0.05.

2.2. Effect of Crocetin on Protein Expression of PARP1 and PCNA in Pubertal Testis Exposed to IR

To investigate the IR effects on DNA, we evaluated the expression of markers involved
in DNA strand breaks repair such as PCNA and PARP1. As shown in Figure 2, we detected
an upregulation of PCNA and PARP1 to the control group, confirming the activation of the
DNA repair response. The group treated with crocetin showed a lower amount of PCNA
than the irradiated group and similar levels than control. The ability of crocetin to restore
the basal levels of PARP1 and PCNA levels highlighted the establishment of a protective
mechanism against radiation-induced DNA damage.
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Figure 1. Representative images showing H&E stained testis sections from control (a,a’), irradiated
(b,b") and crocetin + irradiated group (c,c’). Histological features of irradiated testes show a significant
increase in diameter and cross-sectional area of seminiferous tubules, a decrease of seminiferous
epithelium height compared with the control group. Crocetin pretreatment significantly protects
irradiated testes from X-rays injury. Seminiferous epithelium height is delimited by black double
arrow. Mature spermatozoa located into the lumen of tubules are indicated with asterisk.
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Figure 2. (a) Western blot analysis of PARP1 and PCNA protein levels. (b) Representative images
of immunoreactive bands. Data are presented as means + SEM of densitometric analysis of im-
munoreactive bands normalized to internal reference protein (GAPDH). One-way ANOVA p < 0.05;
ab 1 < 0.05, Holm-Sidak post hoc multiple comparison.

2.3. Effect of Crocetin on Protein Expression of SIRT1, Hur, SOD2 and CAT in Pubertal Testis
Exposed to IR

To investigate the involvement of oxidative stress in the response to IR, we analysed
the levels of SIRT1, HuR, SOD2 and CAT. The group exposed to IR showed lower levels
of SIRT1 and CAT and higher levels of SOD2 and HuR. The crocetin supplementation
was able to restore the basal levels of SOD2, CAT and HuR but had no effects on SIRT1
expression following IR (Figure 3). The establishment of a condition of oxidative stress in IR
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testes was confirmed by evaluating lipid peroxidation [41,42]. As shown in Supplementary
Figure S1, IR insult induced a significant increase in 4-HNE immunostaining, which was
prevented by medium supplementation with crocetin.
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Figure 3. (a) Western blot analysis of SIRT1, HuR, CAT, and SOD2 protein levels. (b) Representative
images of immunoreactive bands. Data are presented as means + SEM of densitometric analysis
of immunoreactive bands normalized to internal reference protein (GAPDH). One-way ANOVA
p < 0.05; 2P p < 0.05, Holm-Sidak post hoc multiple comparison.

2.4. Effect of Crocetin on Autophagy Markers on Pubertal Testis Exposed to IR

To evaluate the role of autophagy, we analysed the proteins implicated in this process.
Our data showed that IR significantly decreased the content of p62 and raised LC3-II
in mice testes compared with control as an evidence of increased autophagy. Crocetin
pretreatment was not capable to restore the basal levels of p62 and LC3-II and so to prevent
the autophagic activation (Figure 4).
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Figure 4. (a) Western blot analysis of p62 and LC3-II. (b) Representative images of immunoreactive
bands. Data are presented as means + SEM of densitometric analysis of immunoreactive bands
normalized to internal reference protein (GAPDH). One-way ANOVA p < 0.05; > p < 0.05, Holm—
Sidak post hoc multiple comparison.

3. Discussion

In this study, we utilized an in vitro model of the pubertal testis as an experimental
model to investigate the efficacy of crocetin to counteract IR-induced injury and potential
underlying mechanisms in the pubertal male gonad. Results from our experiments provide
evidence that exposure of pubertal testicular tissue to 2 Gy irradiation induced extensive
structural and cellular damage associated with activation of DNA damage and antioxidant
responses and induction of autophagy. A twenty-four hour exposure to 50 uM crocetin
pre- and post-IR significantly reduced testis injury and modulated the response signalling
pathways to cell damage.

Radioprotectors targeting oxidative damage and inflammatory reaction have been
studied for decades with limited success, because of the limited effect, toxicity or risk of
tumorigenesis [15]. In this context, we have hypothesized the potential of crocetin as a
protective agent in relation to its antioxidant, anti-inflammatory and antitumor activities
which would facilitate clinical application [43]. According to [32], the in vitro culture sys-
tem selected to test IR and crocetin effects was able to sustain in vitro spermatogenesis. We
observed that about 40% of tubules from pubertal testicular fragments were characterized
by the presence of sperm in the lumen after 48 hr in vitro culture. In this system, the go-
nadotoxic effects of IR were evidenced by the appearance of enlarged seminiferous tubules
in association with reduced germinal epithelium thickness and percentage of tubules with
complete spermatogenesis (sperm in the lumen). By focusing on these parameters, we
established that crocetin supplementation was able to counteract IR insult and sustain
spermatogenesis as evidenced by an increased percentage of tubules showing sperm in the
lumen. This conclusion, which represents the first evidence for crocetin radioprotective
effects in the male gonad, is consistent with previous findings in adult mice receiving
saffron extracts or crocin after IR [23,24] and provides evidence that the effects of saffron
carotenoids intake described in these studies may be mediated by the direct action of
crocetin obtained from hydrolyzation of ingested crocin [27,44].

Exposure to IR initiates a cascade of events that are based on direct DNA damage and
generation of free radicals. PARP1 is involved in primary repair mechanisms to resolve
DNA lesions caused by toxicants and plays an important role in safeguarding DNA in-
tegrity in spermatogenesis [45]. Gamma-irradiation-dependent increase of PARP1 activity
has been recently reported in testis of adult rat [18]. For these reasons, PARP1 overexpres-
sion in irradiated pubertal testes here described is considered an evidence of the activation
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of a DNA damage response and/or excessive amount of ROS [46,47]. Cell response to DNA
damage may involve functional association between PARP1 and PCNA [48]. Accordingly,
in our experimental model, increased PARP1 protein was associated with overexpression
of PCNA. The finding that PARP1 and PCNA levels did not change in irradiated testes
exposed to crocetin strongly suggests that crocetin exposure is able to mitigate the IR
gonadotoxic insult in this experimental model.

Radioprotective effects of crocetin observed in somatic tissues have been ascribed
to elevated activities of endogenous antioxidant enzymes [49]. Here we have found that
response to irradiation of pubertal testis fragments is characterized by overexpression of
SOD2 and downregulation of CAT. SOD2, also known as manganese-dependent superoxide
dismutase (MnSOD), is a mitochondrial protein that converts superoxide ion into oxygen
and hydrogen peroxide. This, in turn, is transformed into water and oxygen by CAT. In
contrast to SOD2, CAT levels were reduced in the irradiated sample, revealing an altered
process of mitochondrial detoxification of the superoxide anion, resulting in a condition of
oxidative stress. The observation that crocetin exposure was effective in maintaining basal
protein levels of SOD2 and CAT during IR supports the hypothesis that radioprotective
activity of crocetin is mediated by its ROS scavenging activity or modulation of antioxidants
genes [31,48,50-52]. A further evidence is the observation in testes cultured in the presence
of crocetin prior and after irradiation of a reduction of oxidative damage measured by
levels of 4-HNE, a well-known marker of lipid peroxidation [42].

Total body exposure to IR results in reduced gene expression and activity of SIRT1, a
member of the family of sirtuin, histone NAD+-dependent deacetylases, in testes of adult
rats. SIRT1 plays a crucial role as a sensor of cellular energy status and oxidative stress in the
male gonad [33,34]. Here we show that the pubertal testes exposed to irradiation undergo
a decrease in SIRT1 protein level, a condition known to be associated to severe oxidative
stress [18,33]. However, exposure to crocetin did not counteract this effect, suggesting that
the radioprotective effects of crocetin are partial and not mediated by a SIRT1-dependent
response. A possible explanation for decrease of SIRT1 protein level may be the dissociation
of SIRT1 mRNA from the RNA-binding protein HuR, which occurs under severe oxidative
stress [52-54]. HuR overexpression has been associated with increased resistance to damage
induced by irradiation and promotion of cell survival [37]. In the testis, this protein has a
fine-tuned regulation that influences post-meiotic cell formation, spermatid maturation
and sperm production [35,36]. In the present study, HuR expression is increased upon
IR and maintained at basal levels by exposure to crocetin, revealing HuR involvement in
the adaptive response to IR in the male gonad. Therefore, the low level of SIRT1 in the
crocetin group may be explained by hypothesizing additional mechanisms which are out
of crocetin control.

Cellular autophagy is a cellular mechanism for selective removal of damaged cyto-
plasmic components. Selective autophagy has been documented to play a pro-survival role
in spermatogenic cells under physiological and adverse conditions. It has been reported
to minimize cell damage and promote clearance of damaged proteins and mitochondria
under oxidative insult [55]. According to [56], the increase in the autophagic marker LC3-II
we found in this study represents an evidence that IR-exposed testis is characterized by
augmented autophagic flux. This was further confirmed by the data related to p62, which
decreases when autophagy is induced [57,58]. In the testis fragments subjected to IR,
there was an increase in LC3II and a decrease of p62 irrespective of the crocetin treatment.
Nevertheless, our observations about the status of health of the seminiferous epithelium
and the pathways related to response to DNA damage and oxidative insult may suggest
that activation of autophagy in the presence of crocetin reflects a cellular effort leading
to repair and maintenance of spermatogenesis. Under this condition, tissue integrity is
associated with that of DNA and redox modulation. However, the lack of recovery of
normal SIRT1 levels is an evidence of a sublethal damage which deserves further inves-
tigation. However, the study of the molecular pathways involved in the response to IR
shows that this protective effect is partial. While protecting the germinative epithelium and
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modulating the response to DNA damage and oxidative stress, it does not counteract the
radiation-induced decrease in SIRT1 and autophagy. These results underline the need to
investigate the long-term effects of crocetin, a condition that requires in vitro experimental
models capable to sustain spermatogenesis in the long term.

Overall, this study provides new insights into the short-term cellular and molecular
damage caused by ionizing radiation in pubertal mouse testes and reveals crocetin ability
to decrease IR injury in the pubertal mouse testis. This provides the basis for establishing
new strategies to protect male fertility against IR deleterious effects in adolescent patients
who are unable or unwilling to produce a semen sample.

4. Materials and Methods
4.1. Animal Care

Male pubertal CD-1 mice (28-31 days, n = 12, Charles River Italia s.r.l., Calco, Italy)
were maintained in a temperature-controlled environment under a 12 h light/dark cycle
(7.00-19.00) with free access to feed and water ad libitum. All the experiments were carried
out in conformity with national and international laws and policies (EECC 86/609, O]
358, 1 Dec 12, 1987; Italian Legislative Decree 116/92, GU n. 40, Feb 18, 1992; National
Institutes of Health Guide for the Care and Use of Laboratory Animals, NIH publication
No. 85-23, 1985). The project was approved by the Italian Ministry of Health and the
internal committee of the University of L’Aquila. Animals were euthanized by cervical
dislocation after an inhalant overdose of carbon dioxide (CO2, 10-30%), followed by
cervical dislocation. All efforts were made to minimize animal suffering.

4.2. Crocetin Preparation

Crocetin isolation was performed by crocetin esters and purified by an internal method
of the Verdu Canto Saffron Spain Company (Novelda, Alicante, Spain) [59]. Crocetin
quantification was estimated using the method based on the extinction coefficient and the
related area calculated according to [60,61]. Crocetin in its free-acid form is insoluble in
water and most organic solvents, except for dimethyl sulfoxide (DMSO) [62]. Crocetin was
dissolved in DMSO 0.3 M and diluted in the Minimum Essential Medium-alpha (MEM-«,
Euroclone, Pero, Milan, Italy) to achieve concentrations of 50 uM, prepared daily and
protected from light. The final concentration of DMSO was 0.02%.

4.3. Mouse Testis Culture

After collection, tunica albuginea was removed and testes were cut in four pieces.
Testis fragments were cultured in 12-well culture plates with polycarbonate nucleopore
membrane (Whatman, Camlab Ltd., Cambridge, UK) in Minimum Essential Medium-alpha
(MEM«) (Invitrogen, Thermo Fisher Scientific Inc., Merelbeke, Belgium) supplemented
with 3 mg/mL bovine serum albumin (MEMa-BSA) (Sigma Aldrich, St. Louis, MO,
USA) [32,63]. Cultures were conducted at 37 °C in a CO, incubator with a controlled
humidified atmosphere composed of 95% air and 5% CO,. Mouse testis fragments were
randomly assigned to three experimental groups: (1) CTRL group: control testes were
cultured for 24 h in MEM«-BSA, then transferred to a new plate and cultured for another
24 h in the presence of fresh culture medium; (2) IR group: testes were cultured for 24 h in
MEMa-BSA, then irradiated using an X-rays linear accelerator (an Elekta 6-MV photon
linear accelerator) at a dose rate of 2 Gy (200 cGy/min) at room temperature [64,65] and
cultured for another 24 h in the presence of fresh culture medium; (3) CRO+IR: testes were
cultured for 24 h in MEM«-BSA supplemented with 50 uM crocetin [66]. Testes were then
irradiated and cultured for another 24 h in fresh culture medium containing crocetin. At
the end of treatments, testes were processed to perform histological and molecular analysis.

4.4. Histological Staining and Morphometric Analysis

Testes were fixed in Bouin’s solution (Sigma Aldrich, St. Louis, MO, USA), embedded
in paraffin blocks, cut with a Leica sliding microtome (RM 2045, Nussloch, Germany)
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into section of 5 um thick, which were mounted on microscope slides. Testicular sections
were dewaxed in xylene, re-hydrated in descending ethanol concentration, 100% (v/v),
90% (v/v) and 70% (v/v), stained with Haematoxylin and Eosin (H&E) according to the
manufacturer’s instructions (Bio Optica, Milan, Italy) and observed by light microscopy
(Zeiss Axiostar Plus, Oberkochen, Germany).

Digital images were analysed using Image] 1.44 p to obtain measurements of mor-
phometric parameters as mean diameter, the cross-sectional area of round or nearly round
seminiferous tubules [67,68], seminiferous epithelium height [69] and the spermatoge-
nesis [20]. The presence of active spermatogenesis was assessed by the observation of
spermatozoa in the lumen of at least 150 seminiferous tubules in each experimental group.

4.5. Western Blot Analysis

Pubertal testis fragments were lysed in RIPA Lysis buffer, containing 25 mM Tris-HCL
pH 7.5, 150 mM NacCl, 1% Nonidet P-40, 1 mM EDTA pH 8.0, H20, 1 mM PMSF, 1 mM
sodium ortovanadate and 1% protease inhibitor cocktail, by repeated freeze/thaw cycles
in liquid nitrogen. After centrifugation at 12,000 g for 20 min at 4 °C, supernatants were
collected for protein analysis. The concentration of proteins was determined by a BCA
protein assay kit (Pierce, Rockford, IL, USA).

Thirty micrograms of testicular proteins were resolved by 10% SDS-PAGE elec-
trophoresis, transferred to a polyvinylidene difluoride membrane (PVDEF, Sigma Aldrich,
St. Louis, MO, USA) and blocked with 5% BSA (Sigma Aldrich, St. Louis, MO, USA)
in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) for 1 h at room temperature.
After the blocking of non-specific binding site, membranes were incubated with polyclonal
rabbit anti-SIRT1 antibody (Ab12193, Abcam, Cambridge, UK; 1:750), anti-SOD2 antibody
(Ab86087, Abcam; 1:1000), anti-LC3A /B antibody (AB-83557, Immunological Sciences,
1:500), anti-P62/SQSTM1 antibody (AB-83779, Immunological Sciences, 1:500) or mouse
monoclonal anti-HuR (SC-71290, Santa Cruz Biotechnology Inc., Dallas, TX, USA, 1:250),
anti-PARP-1 (sc-74479, Santa Cruz Biotechnology, Inc., Dallas, TX, USA, 1:300), anti-PCNA
(NB500-106, Novus Biologicals, Bio-Techne srl, Milan, Italy, 1:700) anti-GAPDH (TA802519,
OriGene Technologies Inc., Rockville, MD, USA, 1:750), anti-CAT (200-4151, Rockland Inc.,
Gilbertsville, PA, USA, 1:10,000), overnight at 4 °C, followed by incubation with peroxidase
(HRP)-conjugated goat anti-rabbit IgG (BA1054, Boster Biological Technology Co., Ltd.,
Pleasanton, CA, USA, 1:3000) or anti-mouse secondary antibody (Ab6728, Abcam, 1:2000)
for 1 h and 30 min at room temperature. The specific immune complexes were detected by
ECL kit (Life Technologies-Thermo Scientific, Waltham, MA, USA) using Uvitec Cambridge
system (Alliance series, Cambridge, UK). Signal normalization was carried out by using
GAPDH, as the loading control protein, using Image]J 1.44 p software. Values were given
as relative units (RU). All experiments were repeated three time.

4.6. Immunohistochemical Analysis

Paraffin-embedded sections of testes were deparaffinized and hydrated through
xylenes and graded alcohol series. To increase the immunoreactivity, the sections were
boiled in 10 mM citrate buffer (pH, 6.1 Bio-Optica, Milan, Italy) in a microwave at 720 W (3
cycles/3 min each). The sections were then subjected to treatment for blocking endogenous
peroxidase activity (Dako). After thorough washing, sections were incubated with MOM
mouse IgG blocking reagent overnight at 4 °C (Vector Laboratories) according to the
manufacturer’s protocol. Then, sections were incubated with rabbit polyclonal to 4-HNE
(4 Hydroxynonenal, ab46545, Abcam, 1:100) diluted in MOM diluent for 30 min, according
to the Vector Laboratories instructions. 4-HNE was revealed by biotinylated anti-rabbit
IgG followed by streptavidin-HRP, DAB substrate buffer and DAB (Dako kit), according
to manufacturer’s instructions. Counterstaining was performed with hematoxylin (Bio-
Optica, Milan, Italy). Negative controls were performed by omitting primary antibody and
substituting it with MOM diluent alone. Finally, sections were dehydrated and mounted
with Neomount (Merck, Darmstadt, Germany). They were observed and photographed
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under a Leitz Laborlux S microscope (Leica, Wetzler, Germany) equipped with an Olympus
digital compact camera.

4.7. Statistical Analysis

Results are expressed as mean =+ standard error of the mean (S.E.M.). All data were
processed using the Sigma Plot 11.0 (Systat Software Inc., San Jose, CA, USA). One-way
ANOVA and Holm-Sidak post hoc analyses were performed to analyse significant differ-
ences between groups. A p value < 0.05 was considered statistically significant.

Supplementary Materials: Supplementary Figure S1 is available online.
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Abstract: Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the gastroin-
testinal tract with an incompletely understood pathogenesis. Long-standing colitis is associated
with increased risk of colon cancer. Despite the availability of various anti-inflammatory and
immunomodulatory drugs, many patients fail to respond to pharmacologic therapy and some ex-
perience drug-induced adverse events. Dietary supplements, particularly saffron (Crocus sativus),
have recently gained an appreciable attention in alleviating some symptoms of digestive diseases.
In our study, we investigated whether saffron may have a prophylactic effect in a murine colitis
model. Saffron pre-treatment improved the gross and histopathological characteristics of the colonic
mucosa in murine experimental colitis. Treatment with saffron showed a significant amelioration of
colitis when compared to the vehicle-treated mice group. Saffron treatment significantly decreased
secretion of serotonin and pro-inflammatory cytokines, such as TNF-«, IL-1f3, and IL-6, in the colon
tissues by suppressing the nuclear translocation of NF-«B. The gut microbiome analysis revealed
distinct clusters in the saffron-treated and untreated mice in dextran sulfate sodium (DSS)-induced
colitis by visualization of the Bray—Curtis diversity by principal coordinates analysis (PCoA). Fur-
thermore, we observed that, at the operational taxonomic unit (OTU) level, Cyanobacteria were
depleted, while short-chain fatty acids (SCFAs), such as isobutyric acid, acetic acid, and propionic
acid, were increased in saffron-treated mice. Our data suggest that pre-treatment with saffron inhibits
DSS-induced pro-inflammatory cytokine secretion, modulates gut microbiota composition, prevents
the depletion of SCFAs, and reduces the susceptibility to colitis.

Keywords: inflammatory bowel disease; saffron; gut microbiota; colitis; cytokines

1. Introduction

Inflammatory bowel disease (IBD) is a chronic relapsing immune-inflammatory con-
dition of the gastrointestinal (GI) tract with increasing prevalence worldwide [1]. IBD is
broadly classified into Crohn’s disease (CD) and ulcerative colitis (UC) on the basis of
their clinical presentation, but the risk factors implicated on the pathogenesis of both CD
and UC are similar [2]. The etiology of IBD is complex and various studies suggest that
its pathogenesis is associated with a dysregulated immune response, genetic factors, gut
microbiota, and environmental factors [2]. Various immunosuppressive synthetic drugs
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and biologics, such as salicylates, corticosteroids, tumor necrosis factor (TNF) blockers,
and vedolizumab, are available as therapies for IBD, and many additional options are
in the pipeline [3-5]. Clinical data suggest that these therapies are limited in managing
the disease in some patients, while some fail to respond over time. Moreover, failure in
managing IBD over the long run deteriorates the inflammatory conditions and increases
the risk of developing colon cancer [6-10]. Therefore, alternative approaches in preventing
the induction or perpetuation of intestinal inflammation are important in decreasing the
incidence of IBD.

Natural products, such as berberine, baicalein, curcumin, bromelain, and their chemi-
cal constituents, are reported to be effective in treating IBD, and the mechanism of action
involved in ameliorating inflammation has been widely studied [11]. Saffron (Crocus sativus)
has been used as a spice and for health management since ancient times and is reported
to play a key role in treatment of different digestive system disorders [12-15]. Saffron,
by virtue of its potent antioxidant property, showed a significant decrease in lipopro-
tein oxidation susceptibility (LOS) in human subjects and was evaluated as a promising
anti-obesity drug [16]. Crocin, a biologically active carotenoid constituent of saffron, was
demonstrated to protect against DSS-induced colitis in C57BL/6 ] mice and suppressed
tumor growth in ApcMinC/Gpt mice by suppressing NF-kB-mediated inflammation [17].
NF-«kB, an oxidative stress sensitive transcription factor, is associated with tissue induction
of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-«, interleukin (IL)-6,
and IL-13 [18,19].

Alteration in the enterochromaffin (EC) cell numbers and intestinal 5-HT content
has been observed in experimental colitis and in both UC and CD patients [20,21]. The
altered 5-HT plays a key role in the activation and transportation of immune cells to
produce proinflammatory cytokines by increasing angiogenesis [22-24]. Previous studies,
including ours, demonstrated that excessive serotonin (5-HT) secreted from EC cells during
DSS-induced inflammation in the gut plays an important role in the modulation of gut
microbial composition as well as gut function [25,26]. The human GI tract is colonized
with 1 x 10 colony-forming units of bacteria and the colonization occurs soon after
birth [27]. Accumulating evidence suggest that the gut microbiota has an important role on
the pathogenesis of IBD. We previously demonstrated that 5-HT regulates the growth of
bacteria in a species-dependent manner and selects for a more colitogenic microbiota [26].
The effect of saffron on the altered 5-HT and composition of gut microbiota in DSS-treated
mice has not been evaluated so far.

The current study was conducted to investigate whether saffron has prophylactic ef-
fects on an experimental colitis mice model by evaluating the secretion of pro-inflammatory
cytokines such as TNF-«, IL-6, and IL-13 in colon tissue, the colonic 5-HT level, assessing
the cecal microbiota composition, and analyzing the changes in short-chain fatty acids in
feces. The findings from this study will shed light on the translational perspective of the
protective effect of saffron in human IBD.

2. Results
2.1. Saffron Alleviated DSS-Induced Colitis in Mice

To investigate the prophylactic effect of saffron in mice, C57BL/6 mice were orally
gavaged with saffron (10 mg/kg and 20 mg/kg body weight of mice) based on a previ-
ous study [28], for four days prior to the administration of 2.5% dextran sodium sulfate
solution, and continued for another seven days along with DSS (Figure 1A). The severity
of the DSS-induced colitis, disease activity index (DAI), colon length, macroscopic score,
and histological score was significantly improved by saffron at a 20 mg/Kg dose while
saffron at the dose of 10 mg/Kg showed improvement in the DAI, macroscopic score, and
histological score (Figure 1B-F). The results indicate that saffron reduces the severity of
DSS-induced colitis in mice by improving the gross and histopathological characteristics of
the colonic mucosa.
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Figure 1. Saffron reduced the severity of DSS-induced colitis in mice. Mice were orally gavaged with saffron (10 mg/Kg and
20 mg/Kg) or the vehicle for 4 days before the administration of 2.5% DSS in their drinking water and continued for 7 days
along with the DSS. Inflammation was assessed by (A) macroscopic appearance of the colon tissue; (B) colon length; (C) the
disease activity index; (D) the macroscopic score; (E) representative micrographs of H&E-stained colon cross-sections on
day 7 post-DSS, bar = 100 uM; and (F) the histological score. Data represent the mean + SEM (n = 4/group). * p < 0.05,
compared to the vehicle-treated mice.

2.2. Saffron Prevented Increase in DSS-Induced Pro-Inflammatory Cytokines and 5-HT Level in
Mice Colonic Tissue

A number of different immune cells, such as macrophages and dendritic cells, promote
the recruitment of additional immune cells to inflamed tissue. [29,30]. The increase in
the pro-inflammatory cytokines such as IL-6, IL-13, and TNF-« in tissue indicates an
aggravated immune response at the site of inflammation. Therefore, we analyzed the
secreted pro-inflammatory cytokines in colonic tissue of mice and found that the DSS-
induced increased secretion of IL-6, IL-13, and TNF-« was significantly reduced by saffron
(20 mg/kg), reducing the severity of the DSS-induced colitis. (Figure 2A-C). Additionally,
we found that the DSS-induced increased 5-HT level in the colon tissue was significantly
inhibited by the saffron at a higher dose (Figure 2E), further supporting the beneficial effect
of saffron in preventing colitis. To investigate the mechanism by which saffron suppressed
the DSS-induced pro-inflammatory cytokines, we analyzed NF-kB in the cytoplasmic
and nuclear protein of the colon tissues. The nuclear translocation of NF-«B by DSS was
significantly decreased by a higher dose of saffron in mice (Figure 2E). These data indicate
that saffron inhibits DSS-induced secretion of pro-inflammatory cytokines in mice colons
by decreasing the nuclear translocation of NF-kB.
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Figure 2. Pre-treatment with saffron inhibited the DSS-induced secretion of pro-inflammatory cytokines and the serotonin
level in colon tissue. The supernatants from the homogenized colon tissue were analyzed for (A) IL-6, (B) IL-1p, (C) TNF-«,
and (D) Serotonin (5-HT). Data represent the mean &= SEM (n = 4/group). * p < 0.05, compared to the vehicle-treated mice.
(E) Cytoplasmic and nuclear protein extracted from colon tissues were analyzed for NF-kB. Representative blots of the
cytoplasmic and nuclear NF-«B from the colon tissue of three random mice from each group. The bar graph represents the
mean £ SEM. * p < 0.05, compared to the vehicle-treated mice.

2.3. Saffron Alters the Mouse Gut Microbiota Composition in DSS-Treated Mice

To determine whether saffron alters the mouse gut microbiota composition, we ana-
lyzed the cecal microbial composition in three different groups of mice which received DSS,
DSS plus 10 mg/kg of saffron, and DSS plus 20 mg/kg of saffron. As shown in Figure 3A,
the alpha diversity of the three groups was not different. However, the three groups of
mice were separated into distinct clusters, as shown by visualization of the Bray—Curtis
diversity by principal coordinate analysis (PCoA) (Figure 3B; p < 0.05). The two groups of
saffron-treated mice appeared more similar in composition while largely differed when
compared to the DSS-treated group. In addition, the taxonomic summaries (average of
each group) at the phylum level revealed greater similarity between the saffron-treated
mice. Moreover, saffron administration depleted the Proteobacteria phylum, in which the
effect seems to be much greater at 20 mg/kg compared to 10 mg/kg of saffron (Figure 3C;
p < 0.05); in turn, this phylum is absent in naive SPF mice [31]. Similarly, we observed
that, at the operational taxonomic unit (OTU) level, Cyanobacteria were depleted in the
saffron-treated mice and the effect was greater at the dose of 20 mg/kg (Figure 3D, p < 0.05).

2.4. Saffron Increased Beneficial Short-Chain Fatty Acids (SCFAs) in DSS-Treated Mice

SCFAs are vital for regulation of intestinal epithelial cell (IEC) functioning, to modulate
their proliferation, differentiation, and promoting gut barrier function. SCFAs are known
to be altered by a change in the microbiota composition [32]. To confirm the functional
effect of the altered microbiota by saffron administration during DSS-induced colitis, we
analyzed the SCFA levels in the feces by using gas chromatography—mass spectrometry
(GC/MS). We found that saffron at both doses significantly increased isobutyric acid and
acetic acid, while at higher dose it also increased propionic acid in feces (Figure 4).
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3. Discussion

The application of natural and traditionally trusted medicinal product provides a safe
alternative to manage inflammatory conditions in the gut. Saffron has been used since
ancient days in diets, and its various components, such as crocin, crocetin, picrocrocin, and
safranal, are reported to have significant efficacy in peptic ulcer, stomach cancer, ulcerative
colitis, colorectal cancer, and pancreatic disorder [15,33,34]. A randomized, double blind,
placebo control trial conducted on mild to moderate ulcerative colitis patient suggested
that dietary saffron may be effective in reducing the severity of disease in UC patients by
improving the antioxidant factors [33]. Some other studies illustrated the protective effects
of the active constituents of saffron, such as crocin and safranal, against experimental
colitis [35,36]. In the present study, we investigated the effect of unfractionated saffron
in preventing DSS-induced colitis in mice by evaluating its effect on the serotonin level,
microbiota, and short-chain fatty acids. We found that supplementation of saffron along
with diet reduced the severe effect of DSS. A previous study reported slight, although
not significant restoration of colon length and percentage of weight loss in the safranal
(200 mg/kg, 500 mg/kg)-treated groups of mice, with a significant decrease in the DAI
score [37]. We found that the unfractionated saffron (20 mg/kg) treatment significantly
increased the colon length, decreased the DAL and improved the histopathological charac-
teristics of the colonic mucosa, exhibiting its protective effects during experimental colitis.
The tissue levels of pro-inflammatory cytokines, such as IL-6, IL-13, and TNF-«, were
significantly reduced in mice treated with saffron at the dose of 20 mg/Kg (Figure 2A-C).
This effect of saffron may be achieved by the virtue of its antioxidant property. NF-«B,
being a redox-sensitive transcription factor, is activated by various inflammatory insults
and translocate to the nucleus to induce proinflammatory cytokines during inflamma-
tion [16,17]. Saffron pre-treatment inhibited the nuclear translocation of p65 NF-«kB in mice
colonic tissue samples, which corresponds to inhibition of the secretion of IL-6, IL-1f3, and
TNF-«. Saffron at the same dose significantly inhibited the serotonin level in colon tissue
(Figure 2D). Serotonin was previously demonstrated to play a key role in the pathogene-
sis of experimental colitis by priming colon epithelial cells to inflammation. It has been
previously revealed that serotonin modulates the gut function and gut microbiota compo-
sition by selecting colitogenic microbiota [38]. The amount of serotonin was significantly
decreased in the saffron-pretreated mice, and it can be speculated that saffron may inhibit
the oxidative stress probably by activating an antioxidant mechanism [33]. Additionally,
disturbance in gut microbiota composition is largely associated with various diseases, as
gut microbiota perform various important functions, such as digestion of polysaccharides,
vitamin synthesis, and boosting of the immune system [39,40]. There were no significant
changes in the alpha diversity of the gut microbiome, but each group showed distinct
clusters while analyzing beta diversity (Figure 3B). The group that only received DSS was
different compared to the mice that received saffron. An increased abundance of Proteobac-
teria has been implicated in a Crohn’s disease and its load has been suggested as a potential
criterion in the diagnosis of dysbiosis in gut microbiota [41]. Saffron-treated mice showed
depletion in the Proteobacteria phylum. Furthermore, unlike in human IBD, Cyanobacteria,
which are reported to increase in DSS-induced colitis [42,43], which is in agreement with
our study, were depleted by saffron as observed at the OTU-level analysis (Figure 3C,D).
This reduction in colitogenic bacteria (Proteobacteria and Cyanobacteria) is likely to be
sensed directly by the immune system, leading to a reduction in pro-inflammatory signals
and markers. However, further in-depth studies are warranted to validate these findings.
SCFAs, such as butyric acid, acetic acid, and propionic acid, are reported to participate in
controlling inflammation and repair the colon epithelium [32]. SCFA levels are known to
be reduced in fecal samples of IBD patients and in experimental colitis [44—46]. Saffron pre-
served the essential SCFAs in mice feces, indicating its beneficial attributes in maintaining
colonic microbial populations during colitis. The cumulative effects of saffron treatment,
leading to the positive changes in observed macroscopic, histological, and immune markers,
have potential translational implications for patients with intestinal inflammation. In fact,
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based on our previous and the present findings [28], we calculated the human equivalent
dose (20 mg/Kg) of saffron that showed the best outcome in DSS-induced colitis mice
and started a clinical trial in patients with mild to moderate ulcerative colitis. We have
already registered our clinical trial for this application at clinicaltrials.gov (https://www.
clinicaltrials.gov /ct2 /results?cond=saffron&term==&cntry=&state=&city=&dist= accessed
on 1 June 2021) (NCT04749576).

4. Materials and Methods
4.1. Mice

Age-matched C57BL /6N mice were purchased from Taconic Biosciences (Rensselaer,
NY, USA). All experimental animal procedures were in accordance with the guidelines and
principles of the Canadian Council of Animal Care and were approved by the Animal Care
Committee McMaster University (AUP # 19-02-09).

4.2. Pre-Treatment with Saffron and Evaluation of DSS-Induced Colitis

Saffron aqueous extract at two different doses (10 mg and 20 mg per kg body weight)
were given to the mice (N = 4 mice/group) by oral gavage for four days prior to the
administration of DSS (mol wt. 36-54 kilo daltons; ICN Biomedicals Inc., Soho, OH, USA)
in their drinking water at 2.5% weight/volume (w/v) along with saffron for 7 more days.
The average DSS consumption per cage was recorded every day for the duration of the
experiment. Mice were sacrificed on the 7th day after the beginning of DSS administration
to examine the severity of colitis using previously published scoring systems. The disease
activity index (DAI) was calculated using the scores of body weight loss, bloody feces,
and consistency of stool. Macroscopic scoring was done after the mice were sacrificed
by careful observation of rectal bleeding, rectal prolapse, colonic bleeding, and diarrhea.
Colonic histological damage score was based on goblet cell depletion, the loss of crypt
architectures, inflammatory cell infiltration, and crypt abscess.

4.3. Enzyme Linked Immunosorbent Assay (ELISA)

Colon tissues from mice in each group were homogenized in tissue lysis buffer and the
supernatant were used to analyze the level of IL-1§3, IL-6, and TNF-« using commercially
available ELISA kits from Ré&D System Inc. (Minneapolis, MN, USA) and expressed in
units/mg of protein.

The serotonin level in tissue were measured as previously described [26], using
commercially available enzyme-linked immunosorbent assay (ELISA) kits (Cat. # IM1749;
Beckman Coulter, Fullerton, CA, USA). The serotonin level was expressed as a function of
tissue weight (ng/mg).

4.4. Western Blot

Cytoplasmic and nuclear proteins were extracted by using the NE-PER nuclear and
cytoplasmic extraction reagent kit (no. 78833, Thermo Scientific, Waltham, MA, USA)
as described earlier [5]. Briefly, the protein concentration in the extract was determined
by the DC Protein Assay Kit (Bio-Rad Laboratories, Mississauga, ON, Canada). Protein
samples were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and were electrophoretically transferred onto nitrocellulose or polyvinylidene difluoride
membranes. The membranes were incubated with 5% bovine serum albumin (BSA) in s 1 x
Tris-buffered saline Tween 20 at room temperature for 1 h and then probed with primary
antibodies overnight at 4 °C. The membranes were then washed 3 times with Tris-buffered
saline containing 0.1% Tween 20 followed by incubation with corresponding secondary
antibodies for 1 h at room temperature. Immunodetection was performed by visualization
of the membrane using a chemiluminescent reagent (Thermo Scientific) and by exposure to
a luminescent image analyzer, the ChemiDoc Touch Imaging System (Bio-Rad Laboratories,
Hercules, CA, USA). NF-kB p65 (1:1000; catalog no. ab16502) and lamin B1 (1:1000; catalog
no. ab65986) were purchased from Abcam (Cambridge, MA, USA). 3-actin (1:1000; catalog
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no. 4970) was purchased from Cell Signaling Technology, Inc. (Boston, MA, USA). The
rabbit polyclonal antibody was obtained from Abbiotec (San Diego, CA, USA).

4.5. Bacterial Diversity and Profiling Analysis of the Cecal Microbiota

Bacterial profiling of cecal samples was carried out by amplification of the V3-V4
regions of the 165 rRNA gene, as described previously [47,48]. Amplification products were
sequenced on an Illumina MiSeq with 2 x 250 nt paired end reads. The OTU abundance
table obtained were given as input to Microbiome Analyst using default parameters and
rarefying the data to the minimum library size with total sum normalization. The low
variance filter was set at 10% using the inter-quartile range, and 20% prevalence was
kept with four minimum counts [49]. The Microbiome Analyst platform was used to
analyze alpha and beta diversities, and to compare the relative abundance of taxa at the
phylum level [49].

4.6. Analysis of Fecal Short-Chain Fatty Acid Using Gas Chromatography—~Mass Spectrometry

The concentrations of SCFAs in feces of mice were determined by gas chromatography—
mass spectrometry, as described previously [26]. Briefly, e-tubes in which fecal samples
were acidified with a weight equivalent amount of 3.7% hydrochloric acid were soni-
cated in methanol for 20 min before use. To the acidified samples, internal standards
(14.72 mmol/L butyric acid-dy) were added, followed by the addition of diethyl ether to
obtain a diethyl ether—fecal extract. The acidified samples were extracted three times with
propyl formate containing butyric acid-dy as the internal standard, and a 60 pL extract
aliquot was derivatized with 25 uL. MTBSTFA at 40 °C for 1 h and then analyzed by GCMS
Then the derivatized samples were run through the 6890N Network GC system (Agilent
Technologies, Mississauga, ON, Canada) equipped with DB-17HT (30 m x 0.25 mm ID,
0.15 mm film) and 5973N Mass Selective Detector (Agilent Technologies). Acetic acid,
propionic acid, isobutyric acid, butyric acid, isovaleric acid, pentanoic acid, and lactic acid
were quantified and reported as nmol/mg of fecal sample. The calibration curves were
obtained for all seven targets by injecting all the standards as a mixture.

4.7. Statistical Analysis

Student’s t-test or one-way ANOVA in GraphPad Prism ver. 9.0 (San Diego, CA, USA)
was used to determine the significance of the intergroup differences. Data are expressed as
the mean + SEM. p values of less than 0.05 were considered statistically significant.

5. Conclusions

Our data suggest that saffron exhibits its prophylactic effect on DSS-induced colitis
in mice by reducing the serotonin levels, inhibiting pro-inflammatory cytokine secretion,
and maintaining the diversity of the gut microbiota and the SCFA level. Our pre-clinical
study provides an alternative and safe approach to reduce the susceptibility to GI disorders,
including IBD, by incorporating saffron, a natural and edible product, into diets. However,
a well-designed clinical trial may shed some light on the efficacy of saffron in different GI
disorders, such as IBD.
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Abstract: Diabetes mellitus is a disease characterized by persistent high blood glucose levels and
accompanied by impaired metabolic pathways. In this study, we used zebrafish to investigate the
effect of crocins isolated from Crocus sativus L., on the control of glucose levels and pancreatic 3-cells.
Embryos were exposed to an aqueous solution of crocins and whole embryo glucose levels were
measured at 48 h post-treatment. We showed that the application of crocins reduces zebrafish embryo
glucose levels and enhances insulin expression. We also examined whether crocins are implicated in
the metabolic pathway of gluconeogenesis. We showed that following a single application of crocins
and glucose level reduction, the expression of phosphoenolpyruvate carboxykinase 1 (pckl), a key gene
involved in glucose metabolism, is increased. We propose a putative role for the crocins in glucose
metabolism and insulin management.

Keywords: crocins; glucose; 3-pancreatic cells; insulin; pckl

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by persistent high blood
glucose levels and accompanied by impaired metabolic pathways of carbohydrates, proteins, and lipids.
Diabetes is essentially caused either by the loss of -cells, or of their ability to produce insulin
(type I). Type 1I diabetes refers to the inability of the organism to properly regulate and sense insulin,
known as resistance to insulin. Hyperglycemia is the result of both types. Since insulin is the main
transporter, responsible for removing glucose from the blood-stream, its deficiency can inescapably lead
to elevated blood glucose levels. Persistent hyperglycemia can lead to severe micro and macrovascular
complications causing long-term damage to nerves and blood vessels, affecting different body organs.
In this regard, the management of blood glucose levels in diabetic patients is the main focus of the
available antidiabetic treatment including either administration of insulin and/or synthetic drugs [1].

Numerous medicines have been developed over the past years to alleviate symptoms, increase life
expectancy, and maintain the progression of the disease in remission. Medical treatments through
synthetic formulations can overcome risk factors. There are several cases where synthetic formulations
lead to severe side effects that are not associated with the disease itself. In order to avoid treatment
related side effects, scientists are driven towards the development of new therapeutic molecules, able to
replace current therapeutic strategies.
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Phytochemicals are emerging as powerful alternatives towards the fight against chronic
diseases, including diabetes. These plant-derived molecules used as a mixture or as a single
compound, contribute to the prevention and treatment of several chronic disorders such as cancer,
neurodegenerative and metabolic diseases. It has been proposed that their efficacy is mainly due
to their antioxidant activity [2,3]. Treatment with natural products is yet preliminary and much
information is still needed regarding their mechanism of action. These include pharmacological
parameters such as pharmacokinetics and pharmacodynamics, drug tolerance, and possible side effects.
Accumulating data of several in vitro, in vivo, and clinical trial studies provide evidence that these
substances are of great therapeutic importance and may consist a new era of treatment against the
above-mentioned long-term conditions [4-6].

Crocus sativus L. is a stemless, perennial plant belonging to the Iridaceae family and the genus
Crocus. The plant is commonly known as saffron, a name which is referred to its dried red stigmas.
Stigmas are considered the pharmacologically active part of the plant and their chemical composition has
been widely studied [7-11]. More than 150 volatile and non-volatile compounds have been identified.
Crocins (CRCs) are the predominant constituents of the stigmas and give them their characteristic
deep red color [10-13]. On the contrary to other carotenoids, CRCs due to their glycosylated terminals,
are water soluble molecules.

Zebrafish, Danio rerio, a small tropical fish, has become a popular model for studying a wide range
of human diseases. These include cancer [14], cardiovascular [15], neurodegenerative [16] and metabolic
diseases [17,18]. This is due to the high genetic homology with humans and the similarities in organ
physiology and metabolism, offering several unique advantages. Among those, most useful for
this study are the external fertilization, development, and transparency of the embryos allowing
non-invasive in vivo imaging, as well as the plethora of synchronized progeny. In vivo phenotypic
screens using zebrafish embryos have been particularly valuable in identifying novel bioactive natural
compounds or optimizing the activity of lead compounds [19]. Chemical library screens using zebrafish
embryos for the identification of melanogenesis inhibitors [20] and or transgenic-based screens for
angiogenesis [21] or neoglucogenesis [18] have been very productive.

In addition, zebrafish has become a popular experimental model regarding the study of metabolic
diseases, including diabetes. Similarities regarding the exocrine and endocrine pancreas between
mammals and zebrafish [22], the conservation of key proteins that control glucose metabolism [18],
the capability of measuring glucose levels in larvae and adult zebrafish, as well as the unique capacity
of this model to recover its 3-cells [23,24], make zebrafish a promising experimental model for testing
compounds that alter glucose metabolism or regulate glucose levels [25,26].

We aimed to investigate the effect of CRCs isolated from Crocus sativus L., on the control of
glucose levels using zebrafish as an animal model. We also examined whether the addition of crocins
would regulate the levels of phosphoenolpyruvate carboxykinase 1 (pck1), a key regulatory gene for the
gluconeogenesis process that contributes to the maintenance of normoglycemia. Finally, we evaluated
the effect of crocins on 3-pancreatic cells.

2. Results

2.1. LC-QTOF HRMS Analysis

Although the chemical profile of CRCs is well documented in previous studies [10-13],
we evaluated the quality of the fresh prepared extract used in this study. Crocins are found in
the extract of Crocus sativus L. stigmas conjugated with different types of sugars. Identification of
the types of CRCs presented was performed by the LC/Q-TOF/HRMS analysis. The quadrupole
time-of-flight tandem mass spectrometer (Q-TOF/MS) is a hybrid analyzer, as it couples a TOF
instrument with a quadrupole instrument. Therefore, on the contrary to conventional HPLC-MS
systems, LC/Q-TOF/MS offers more accurate results since Q-TOF/MS, not only provide the chemical
formula of a compound based on accurate mass measurement (mass error less than 5 ppm), but also
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high resolution and high detection sensitivity make this technique, a powerful tool for precise analysis
of a mixture. The compounds presented in Table 1 confirm previous studies [10-13], as five types of
CRCs were tentatively identified.

Table 1. Identified compounds at the negative ionization mode.

W ComomdChemiel | we O %ofcre sm
10.658 ( trf;:;é‘g G CsoHrOx 1137.4230 1137.4218 0.73 ~1.05
13.677 (fsrgéréé) CsoH74020 1137.4230 1137.4220 134 -0.88
14.971 ( tiff:irglc) C14Hg1O04 975.37148 975.3707 46.84 -0.80
15.047 (frzzzuz‘é) CspHysO14 651.26583 651.2639 29.30 —2.96
15.402 (Slfs":g‘é CusHesOn4 975.37148 975.3699 14.96 -1.62
15.783 ( t(r;r;’;g‘cz) CisHs4Op9  813.31865 813.317 18.29 -2.02
16.062 ((C:lrsogé‘;; CssHs4010 813.31865 813.3172 78.09 -178
16.645 (Srf;(;i?gl) CasH3409 489.21301 489.2117 484 -2.68
18.142 ((:;‘;CZHC‘;)Z C3Hy4O14 651.26583 651.2639 5.61 296

* N(imenclature of CRCs followed that proposed by Carmona et al. (2006) [8]. (G) is referred to gentiobiose and (g)
to glucose.

2.2. Determination of LC50

We used zebrafish larvae to evaluate the effect of crocins on glucose metabolism in vivo during
embryo development. In order to avoid toxic effects for the treated embryos from the CRCs application,
a toxicity test was performed before proceeding with the biological experiments. LC50 was estimated
according to the OECD guidelines [27] as described in the Materials and Methods Section and it was
calculated at 0.681 mg/mL in an extract of crocins used in this study (Table 1).

2.3. Zebrafish Glucose Levels Are Lowered by CRCs

To investigate whether the treatment of crocins can regulate glucose levels of zebrafish embryos,
larvae at 72 h post fertilization (hpf) were treated with 0.2 mg/mL CRCs for 48 h. This concentration
corresponds to approximately 1/3 of the calculated LC50 and is considered safe since no effects in
terms of mortality or any abnormalities were detected in the developing embryos. Three independent
experiments were performed and the results showed that there was a significant decrease (p < 0.05)
of glucose levels on treated embryos compared with the untreated embryos (Figure 1), indicating that
the application of crocins can affect glucose levels.
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Figure 1. Glucose levels at zebrafish larvae following 48h treatment with CRCs at the concentration of
0.2 mg/mL. Data are mean +/— standard error of the mean (SEM), n =3, p < 0.05.

2.4. Enhanced Fluorescence of p-Cells Indicate Insa Upregulation

Since pancreatic (3-cells secrete insulin to regulate glucose metabolism, we aimed to investigate
the effect of CRCs on the 3-cell formation of developing zebrafish embryos. For this purpose, we used
the transgenic zebrafish line Tg(ins:DsRed), where the expression of the red fluorescent protein is
driven by the zebrafish prepro-insulin promoter providing a convenient fluorescent marker for 3-cells.
Zebrafish embryos at 72 hpf were treated with CRCs and after 48 h of incubation the insulin-expressing
cells of the pancreatic islets were visualized under a fluorescent microscope. A significant increase
in fluorescent intensity was observed on the CRCs-treated embryos compared to the control group
(Figure 2). Since the fluorescence of 3-cells in this transgenic line is driven by the insulin reporter,
these results indicate that the application of crocins promoted insulin expression.

CRCs
= » B8

Relative fluorescence

2

Control
=]

control CRCs

Figure 2. Zebrafish pancreas monitoring after treatment with CRCs. Transgenic zebrafish
Tg(ins:DsRed) were treated at 72hpf with 0.2 mg/mL CRCs for 48h and visualized under fluorescent
microscope. There was significant increase of fluorescence on the pancreatic islets of CRCs-treated
embryos (A,A’) compared to the control group (B,B’). A’ and B’ are micrographs of A and B,
respectively. (C) fluorescence intensity was quantified using Fiji software. Results shown are the
mean +/— SEM. p < 0.01. Scale bars: A and B: 100 pm, A’ and B":10 um.

2.5. Insulin Expression by Quantitative Real-Time PCR

In order to confirm that the enhanced fluorescence of the zebrafish pancreatic islets is the result
of increased endogenous insulin expression, rather than that of the transgene only, we determined
the levels of insulin mRNA by RT-PCR. Three insulin genes have been discovered in zebrafish,
namely insulin a (insa), insulin b (insb), and insulin c (insc). Insa and insb are expressed as early as
1 hpf indicating that both genes are maternally expressed [28,29]. However, insa reaches its peak at
72 hpf, a time point in which an almost mature zebrafish pancreas is established, on the contrary to
insb, whose expression is restricted only during very early developmental stages. In addition, insa is
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expressed specifically at the pancreas, whereas insb is expressed also in the brain. Therefore, it has
been hypothesized that insa is the prominent responsible gene for glucose homeostasis regulation [30].
Insc is quite a newly discovered gene, expressed in the gut and internal organs [29], but its exact
function is still not clear. In this respect, we focused on the study of insa. In addition, the promoter
elements of this gene were also used for the generation of the transgene. The expression of insa gene
were evaluated using qRT-PCR on 120 hpf zebrafish larvae treated at 72 hpf for 48 h with 0.2 mg/mL of
CRCs. Our data showed that after the administration of CRCs expression of insa, it was significantly
upregulated compared to the control group (p < 0.01 (Figure 3), supporting the implication of crocins
in glucose homeostasis.
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Figure 3. Expression of insa following 48h treatment with CRCs at the concentration of 0.2 mg/mL.
Insa is significantly upregulated compared to the control treated embryos whose gene expression was
set as 1. mRNA expression was normalized against efla. Data are mean +/— standard error of the mean
(SEM),n =3,p <0.01.

2.6. Pck1 Expression Induced as a Response to Lower Glucose Levels

Pck is one of the main genes involved in glucose metabolism and is transcriptionally regulated
among others by insulin. It can be found in the cytosol (pck1) and the mitochondria (pck2). However,
only the cytosolic isoform, expressed in the liver, is responsible for catalyzing the formation of
phosphoenolpyruvate from oxaloacetate and is predominantly implicated in the gluconeogenesis
pathway [30]. In order to uncover the mechanism of implication of CRCs on glucose regulation we
evaluated the expression of pckl gene using RT-PCR at 48 hpt. Our results showed that treatment of
the zebrafish embryos with crocins lead to an induction of pck1 following the reduced glucose levels
(Figure 4). These data indicate that the reduction of glucose on CRCs-treated zebrafish larvae is not via
the inhibition of the gluconeogenesis pathway (pckl), but rather induce a homeostatic response.
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Figure 4. Expression of pckl following 48h treatment with CRCs at the concentration of 0.2 mg/mL.
Pckl is significantly upregulated compared to the control treated embryos whose gene expression was
set as 1. mRNA expression was normalized against efla. Data are mean +/— standard error of the mean
(SEM), n = 3, p < 0.0001.
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3. Discussion

Crocus sativus L., is a plant with rich pharmacologic activities. It has been studied in the context of
several diseases such as cancer, neurodegenerative disorders, inflammation, heart related, and metabolic
disorders. These properties are mainly attributed to the stigmas of the plant and specifically to its main
constituents, crocins (CRCs), picrocrocin, and safranal [31-34].

However, growing, harvesting, storage, and environmental conditions, in addition to the extraction
procedure, are important criteria to consider for the quality of the raw material. In herbal medicine,
the quality of the material is directly linked to the efficacy of the natural product when tested in either
in vivo or in vitro experiments and has a high impact on the study results. However, environmental
conditions are rather uncontrolled and thus, a quality control test is always needed in order to guarantee
the presence of the desired compounds. Furthermore, storage conditions including temperature,
humidity, and light strongly affect the stability of the compounds presented. The above-mentioned
quality criteria for the raw material used in this study are followed identically for each harvesting crop.

Saffron safety has been evaluated in clinical trials and in vivo studies [35-37]. Generally,
saffron extracts as well as its constituents are relatively safe. For example, the intraperitoneal
administration of stigmas ethanolic extract in rats at a range of a concentration between 1-5 g/kg bw
(body weight), caused lethal effects at the highest administered dose (100% mortality), whereas the
lowest dose resulted in no death at the end of 48 h. Authors estimated the LD50 value at 3.5 g kg™
bw [35]. Similarly, Hosseinzadeh et al., (2010) [36] examined the safety of an extract of CRCs in mice
and rats, after oral or intraperitoneal administration. No toxic effect was stated by the authors at mice
treated with the extract since no mortality was observed at 2 h and after 48 h of treatment. The oral
administrated dose was 3 g/kg, while the intraperitoneal injection was within the range of 0.5-3 g/kg.
According to these data, stigmas of Crocus sativus L., and its active constituent CRCs, show a safe
profile, since, an LD50 value within the range of 1-5 g/kg is attributed to low-toxic chemicals according
to the toxicity classification [38].

In our experiments, the administration of CRCs is performed via immersion of the embryos in
an aqueous solution of the tested compound. Even though the exact amount of crocin uptake is not
known, this is a standard method for toxicity evaluation of compounds in zebrafish. Since, to our
knowledge, this is the first time that a purified extract of crocins is tested in zebrafish, we investigated
a range of concentrations up to 2 mg/mL in order to evaluate the toxicity. To investigate the effect
of crocins on the control of glucose levels, we performed all the experiments at a concentration that
corresponds to 1/3 of the LC50, and did not result in any phenotypic abnormalities. In this way, we are
ensured that all measurements are not affected by any toxic response of the developing larvae.

The antidiabetic and hypoglycemic potential of Crocus sativus L., is supported by many studies
and saffron is nowadays considered as a promising candidate in the field of metabolic diseases.
For example, Kianbakht and Hajiaghaee, 2011 [39] discussed the anti-glycemic effect of crocins, safranal,
and saffron extracts in diabetic rats. Their results indicated that these compounds managed to control
glycemia without triggering any toxic effect in the liver or the kidney. Another study performed by
Kang et al., 2012 [40] demonstrated the in vitro capacity of saffron extract to activate glucose uptake
and ameliorate insulin sensitivity in skeletal muscle cells. Furthermore, Dehghan et al., 2016 [41]
showed the effectiveness of saffron to improve diabetic biochemical markers, such as blood glucose
and glycosylated hemoglobin, in in vivo and in vitro models. In addition, several clinical trials have
confirmed the antidiabetic effect of saffron in type II diabetes patients. Milajerdi et al., 2018 [42]
performed a triple-blinded randomized clinical trial in type II diabetic patients and suggested that
saffron extracts, administrated twice a day and used in combination with current antidiabetic therapy,
lowered blood glucose levels. In addition, the administration of saffron in overweight/obese patients
diminished both sugar levels and hemoglobin Alc [43,44].

Streptozotocin-induced diabetic models have been used to evaluate the effect of CRCs on glucose
levels and pancreatic function. Rajaei et al., 2013 [45] evaluated serum glucose levels of hyperglycemic
rats treated intraperitoneally with crocins. Lower glucose levels observed in the study with respect to
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the control group were attributed to higher insulin production or to the strong antioxidant activity
of the extract used. The latter antidiabetic mechanism was further investigated by Yaribeygi et al.,
2019 [46], who measured SOD and catalase levels of pancreas in diabetic rats. In this study, they found
that CRCs significantly increased both enzymes and thus, harmful effects caused by oxidative stress
due to hyperglycemia were avoided.

In another study, the hypoglycemic and hypolipidemic effects of CRCs were evaluated in
streptozotocin-induced type II diabetes rats, where advanced glycation products, glucose and HbAlc
levels, and fasting insulin levels were measured. All these parameters were significantly decreased in
treated animals [47].

Despite the fact that zebrafish is widely used as a model for many human disorders, including
metabolic diseases, there are only few studies analyzing the effect of saffron and/or its bioactive
compounds on glucose management. In our study, we used zebrafish embryos to investigate the effect
of the main bioactive compounds of Crocus sativus L. on the regulation of the glucose levels and the
insulin secretion. We found that the administration of CRCs can significantly reduce glucose levels and
in parallel increase insulin expression in developing embryos, suggesting a putative hypoglycemic role
of this compound. Our study used a single application of CRCs in the water of developing embryos
and more studies including adult feeding with CRCs would be needed to address long-term effects in
zebrafish glucose homeostasis.

In general, various mechanisms have been proposed based on histopathologic observations
and on measurement of blood glucose levels in several in vitro experimental models to explain the
hypoglycemic and antidiabetic activity of saffron. Among them, enhanced stimulation of insulin
secretion from (-cells, increased capacity of the peripheral tissues to use it properly, restoration of the
-cells of the endocrine pancreas, and inhibition of glucose production. In addition, the antioxidant
activity of the stigmas seems to drastically influence its hypoglycemic effect [45,48,49]. Here, we present
elevated fluorescence levels of the pancreatic islets in the Tg(ins:DsRed) transgenic fish and increased
transcription of the endogenous insulin gene as a result of CRCs treatment of zebrafish larvae.
These observations support the hypothesis that the hypoglycemic activity of crocins is at least in part,
due to the enhanced insulin production of 3-cells.

Pck1 is a key gene in the process of gluconeogenesis. It is often used as an indicator of blood glucose
levels since it is normally downregulated in cases of hypoglycemia and upregulated when blood glucose
levels are elevated. In our study, lowering the levels of glucose were linked with a slight but significant
increase in pck1 expression. This could be explained as a homeostatic, compensatory response of the
zebrafish larvae to the reduced glucose levels induced by CRCs. Nevertheless, glucose production is
simultaneously related to stimulated metabolism, an issue that needs to be further investigated taking
into account that diabetes patients suffer metabolism complications. The same effect of low glucose
levels and overexpression of pckl was also in the Tg(pck1:Luc2, cryaa:mCherry)®°? bioluminescence
transgenic zebrafish line [18]. Authors tested several chemical compounds for their capacity to reduce
glucose levels and also studied their effect on pckl expression. Among the tested compounds PK1195,
a translocator protein 18 kDA (TSPO) ligand, induced pck1 expression simultaneously to a reduction in
glucose levels. Authors concluded that compounds that belong to the TPSO family, regardless of their
gluconeogenetic effect, can effectively interfere with levels of glucose in zebrafish larvae.

In summary, we employed zebrafish as a tool in order to explore the effect of crocins isolated from
Crocus sativus L. on glucose metabolism. Our results suggest that the treatment of zebrafish larvae with
non-toxic levels of crocins can significantly reduce the basal total glucose levels and increase insulin
expression. These data provide some evidence that crocins are implicated in the glucose regulation,
but further studies are needed in order to elucidate the exact mechanism of action and its potential as a
putative agent on the antidiabetic field.
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4. Materials and Methods

4.1. Extraction and Chemical Analysis of Crocins

Stigmas of Crocus sativus L. were cultivated at the Kozani prefecture and were kindly offered by
the “Cooperative of Saffron producers, Kozani Greece”. Stigmas were collected in 2018.

Crocus sativus L. is a male-sterile triploid lineage that ever since its origin has been propagated
vegetatively. No wild population has been found so far and all the available plant material comes
from cultivation. The crop is an autotriploid that evolved in Attica by combining two different
genotypes of C. cartwrightianus (a species endemic to Attica and some Aegean islands, Greece) [50].
Triploid sterility and vegetative propagation prevented afterwards segregation of the favorable traits
of saffron, resulting in worldwide cultivation of a unique clonal lineage. As a result, no infraspecific
taxa have been recognized.

Five grams of dried stigmas were shattered and extracted with petroleum ether in order to remove
lipid compounds, in an ultrasonic water bath (GRANT type, 300 x 140 x 150 mm internal dimensions),
for 15 min at 25 °C and at the frequency of 35 kHz. The extraction was repeated 5 times and proceeded
under the same conditions using diethyl ether. Extraction with petroleum ether and diethyl ether
proceed prior to methanol extractions in order to eliminate the final extract from the presence of
unwanted compounds such as lipids and safranal. The received powder was dried under nitrogen
steam and the final extraction step took place as described above, using methanol. The organic solvent
was evaporated in a rotary evaporator and a purified extract of CRCs was received. The final product
that consisted of a red colored powder was kept at —4 °C for further analysis.

In order to ensure total evaporation of the organic solvent, an aqueous extract of CRCs was
prepared and Raman spectroscopy was performed. No characteristic peaks that correspond to the
presence of methanol were observed, indicating that the final product was methanol free.

The analysis of the extract was performed on an HPLC system (Agilent Series 1260-Agilent
Technologies, Waldbronn, Germany) coupled to a 6530 Q-TOF mass spectrometer (Agilent Technologies,
Singapore). The HPLC system consists of degasser, autosampler, quaternary pump, diode array
detector, and a thermostatically controlled column oven. Chromatographic separation was performed
at 40 °C on a Poroshell 120 EC-C18 4.6 X 50 mm, 2.7 um reversed phase column. The following
chromatographic conditions were applied: Flow rate 0.4 mL/min, injection volume 5 puL, mobile phase
A (water LC/MS-0.1% formic acid), and mobile phase B (acetonitrile LC/MS-0.1% formic acid).
The gradient elution program was applied as follows: 5-95% solvent B from 0 to 33 min and maintained
at 95% up to 38 min. The sample was detected at 440 nm. The Q-TOF mass spectrometer was
operated with a dual ESI source in the negative ionization mode and according to the following
operating parameters: Capillary voltage 4000 V, gas temperature 300 °C, skimmer 65 V, octapole RF
750V, drying gas 10 L/min, nebulizer pressure 450 psig, and fragmentor voltage 150 V. Scanning was
performed from 100-1700. The Q-TOF-MS was calibrated on a daily basis using a reference mass
solution (calibrant solution, Agilent Technologies) with internal reference masses at m/z 112.9856 and
1033.9881. The data acquisition and qualitative analysis were processed by MassHunter software
(Agilent Technologies).

4.2. Determination of LC50

The toxicity of crocins on zebrafish embryos was evaluated according to OECD guidelines
(OECD 2013 Toxicity test TG236, 2013). Briefly, fertilized embryos were collected at 3 hpf and treated
with an aqueous solution of CRCs extract. A range of concentrations from 0-2 mg/mL was tested.
The concentration of 0 mg/mL corresponds to the control group.

During the experiment the test media was not renewed, embryos were kept at 28 °C, and the plate
was covered with aluminum foil to protect the crocins from degradation. Embryos were monitored
daily up to 96 hpf and scored for lethality Three replicates were performed for each concentration
tested. Results were calculated using the probit analysis (IBM SPSS Statistics v23). In order to ensure
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the stability of the extract, extracts of the same concentration were stored under the same conditions,
and their UV-Vis spectra were recorded daily. The extracts remained stable during the experiment
(data not shown).

4.3. Zebrafish Maintenance and Breeding

Zebrafish were raised under standard laboratory conditions at 28 °C on a 14/10 h day/night cycle
in the animal facility of Biomedical Research Foundation of the Academy of Athens (EL25BIO003).
Zebrafish are maintained according to the Recommended Guidelines for Zebrafish Husbandry
Conditions [51]. The genetic backgrounds used were the wild-type Ab strain for all toxicity, glucose level
quantification and RT-PCR experiments, and the transgenic line Tg(ins:DsRed) for visualizing pancreatic
-cells. The experimental protocols described in this study were completed by day 5 of the zebrafish
embryo development and therefore, are not subject to the regulations of European animal protection
guidelines, in accordance with the European Directive 2010/63 for the protection of animals used for
scientific purposes.

4.4. Measurement of Glucose Levels

The measurement of glucose levels was performed on larvae zebrafish using a
colorimetric/fluorimetric based enzymatic detection kit (Biovision-K606) and according to Jurczyk et al.,
2011 [22]. Zebrafish larvae at 72 hpf were placed in a 12-well plate and treated with the extract of
crocins at a concentration of 0.2 mg/mL. Embryos were incubated at 28 °C for 48 h. The treatment was
performed in triplicate.

The measurement of glucose was performed according to the protocol provided with slight
modifications. Briefly, 20 embryos were placed in eppendorf tubes and the medium was removed.
The collected embryos were frozen in liquid nitrogen and were kept at —80 °C for a minimum of
30 min. Then, 80 pL of phosphate-buffered saline (PBS) were added in each tube and embryos were
homogenized using a pestle. Tubes were centrifuged and collection of the supernatant took place
8 puL of each sample were added in 42 pL of PBS in a 96-well plate. After that, 50 pL of the reaction
mix containing one pL of glucose probe, one pL of glucose enzyme, and 48 uL of glucose buffer were
added so as to adjust the final volume at 100 uL. To calculate the results, a standard curve of glucose
was constructed (0-3.5 nmol/well). Reactions were incubated at 37 °C for 30 min and absorbance was
measured at 570 nm.

4.5. RNA Isolation and cDNA Synthesis

Total RNA extraction from 120 hpf zebrafish larvae was carried out using TRIzol reagent
(15596026-Invitrogen) and purification was performed with Turbo DNase (2238G2-Ambion),
according to the manufacturers’ protocols. The RNA concentration and purity were determined
by NanoDrop 2000c Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and cDNA was
synthesized using the PrimeScript RT reagent kit (RR037A-Takara).

4.6. Quantitative Real-Time PCR

RT-PCRs were performed with a Roche cycler system (Light Cycler 96) using the KAPA SYBR
FAST gPCR kit (KK4611-KAPA Biosystems) and gene-specific primers. The sequences of primers used
are the following:

pcklf: TCTCCATCCCTCCGCTCATCA, pcklr: GGCCCAGCTGACTGCTCCT, insaf: TAAGCAC
TAACCCAGGCACA, insar: GATTTAGGAGGAAGGAAACC.

As a reference gene, the elongation factor was used with the following primers: efalf: TCTCT
ACCTACCCTCCTCTTGGTC and efalr: TTGGTCTTGGCAGCCTTCTGTG. The relative amounts of the
different mRNAs were quantified with the AACt method [52] and the fold-change ratio was calculated
and expressed as mean + SEM.

103



Molecules 2020, 25, 5223

4.7. Monitoring Pancreas Development

Zebrafish larvae from the transgenic line Tg(ins:DsRed) were treated with 0.2 mg/mL of CRCs at
72 hpf. Embryos were incubated at 28 °C for 48 h and subsequently anesthetized using 0.4 mg/mL of
Tricaine (BIA 1347-Apollo scientific) in order to proceed to imaging. To facilitate imaging, the embryos
were mounted in a 1.2% low melting agarose. Fluorescent and brightfield images were captured
using a Leica DMRA2 microscope (Leica, Switzerland) equipped with a HamamatsuORCA-Flash
4.0 V2 camera and analyzed using the Fiji software. Data are presented as mean + SEM. Differences
were analyzed using the two-tailed Student’s ¢-test. In addition, p was considered significant when
less than 0.05.
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Abstract: Cancer is the second leading cause of death globally with an estimated 9.6 million deaths
in 2018 and a sustained rise in its incidence in both developing and developed countries. According
to the WHO, about 1 in 6 deaths is due to cancer. Despite the emergence of many pioneer therapeutic
options for patients with cancer, their efficacy is still time-limited and noncurative. Thus, continuous
intensive screening for superior and safer drugs is still ongoing and has resulted in the detection of
the anticancer properties of several phytochemicals. Among the spices, Crocus sativus L. (saffron)
and its main constituents, crocin, crocetin, and safranal, have attracted the interest of the scientific
community. Pharmacological experiments have established numerous beneficial properties for this
brilliant reddish-orange dye derived from the flowers of a humble crocus family species. Studies in
cultured human malignant cell lines and animal models have demonstrated the cancer prevention
and antitumor activities of saffron and its main ingredients. This review provides an insight into
the advances in research on the anticancer properties of saffron and its components, discussing
preclinical data, clinical trials, and patents aiming to improve the pharmacological properties of
saffron and its major ingredients.

Keywords: Crocus sativus; saffron; cancer; anticancer activity; chemoprevention; clinical trials; patents

1. Introduction

Saffron, a plant product derived from the dried stigma of the Crocus sativus flower,
is proposed to have useful biological properties [1]. Intensive research is ongoing on the
importance of the health properties of saffron in its natural form [2], but a lot of interest
has also been focused on the extraction, purification, and study of saffron’s major bioactive
constituents, including crocin, crocetin, picrocrocin, and safranal (Figure 1).

These phytochemicals have been reported to show beneficial effects against numer-
ous diseases, such as diabetes [3], neurodegenerative diseases [4], cognitive problems [4],
depression [5], inflammatory diseases [6], autoimmune diseases [7], digestive diseases [8],
and cardiovascular inflammations [9]. The potential activity of saffron and its ingredients
against cancer has been investigated as well and the results show saffron’s potent anticancer
activity in preclinical settings [10], importantly without adverse effects on normal cells [11,12].
Despite the intensive research, many details on the mechanism(s) of action of saffron and its
components against the progression of cancer are still unknown. It seems that saffron and
its major ingredients may have a pleiotropic mechanism of action against malignant cells.
There are a plethora of studies that have analyzed the effect and the action mechanism of
the different ingredients of saffron extract and how their action could be optimized [13,14];
of great interest is also the fact that saffron’s major ingredients may act synergistically
against malignant cells [15], suggesting that saffron extract may be more effective than its
components alone. We need to note though that apart from the unique compounds that can
be found only in saffron extracts, as already mentioned above, saffron possesses a plethora
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of other bioactive compounds, such as kaempferol and its glycosides, other flavonols such
as quercetin, etc. [16].
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Figure 1. The chemical structure of the four major unique saffron ingredients. (A) Crocin and (B) crocetin are both are
water-soluble carotenoid chemical compounds. (C) Picrocrocin is a monoterpene glycoside precursor of safranal (D).

In this review, we present and discuss from a critical point of view the most recent
advances from the last five years on the anticancer properties of saffron extract and its
major unique ingredients crocin, crocetin, picrocrocin, and safranal. We also discuss some
critical issues that need to be urgently and properly addressed, such as harvesting and
extraction conditions, storage parameters, and extract analyses, to safely and beyond any
doubt come to a conclusion about the usefulness of this extract that has been a versatile
medicine for the last 3500 years.

2. Anticancer Properties of Saffron and Its Major Ingredients
2.1. Effects of Saffron towards Preventing Carcinogenesis

Researchers put a great deal of effort into finding molecules that can delay carcino-
genesis at the earliest possible stages of its development or even reverse cancer growth.
In this context, it has been reported that saffron extract prevents tumor formation at an
initial stage. In a recent study performed on hamsters that were treated with the carcino-
gen 7,12-dimethylbenz[a]anthracene (DMBA), oral administration of saffron at a dose of
100 mg/kg b.w./day, one week before the exposure to the carcinogen, completely pre-
vented the formation of oral squamous cell carcinomas [17]. Similarly, the ingestion of
200 mg/kg b.w./day saffron by mice that received three topical applications of 100 nmol
DMBA in 100 mL acetone delayed the onset of skin papilloma formation [18].

2.2. Saffron and Its Components as Anticancer Agents

In vitro and in vivo studies have demonstrated significant antitumor properties of
saffron and its compounds. However, research is still ongoing to address questions about
the particular mechanism of action of each saffron component against malignancies. The
antitumor activity is mainly attributed to (i) inhibition of synthesis of DNA and RNA,
(if) inhibition or suppression of cancer cells proliferation, (iii) apoptosis, (iv) inhibition of
metastasis and angiogenesis, and (v) changes in the expression pattern of oncogenes or
tumor-suppressive genes (Table 1).
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Table 1. Major studies on the anticancer effects of saffron extract and its major ingredients in cell lines and animal models of

cancer.

Bioactive Compound

Cell Line/Animal Model

Suggested Mechanism of Action/Outcome

References

Saffron ethanol extract

Safranal, crocin
Safranal, crocetin, crocin
Crocetin
Crocetin

Crocetin

Crocetin, crocin

Crocin

Crocin
Crocin
Crocin

Crocin

Crocin

Crocin

Crocin

Crocin

Breast cancer cells MCF-7

Myelogenous leukemia
cells K-562
Breast cancer cells MCF-7,
MDA-MB 231
Breast cancer cells MCF-7,
MDA-MB 231

Colon cancer cells SW480

Leukemia cells HL60, K-562,
L1210, NB4, P388

Lung adenocarcinoma cells
A549, SPC-A1l

Breast cancer cells MCF-7

Breast cancer cells HCC70,
HCC1806
Ovarian cancer
HO-8910 cells

Gastric cancer cells AGS
Colorectal cancer cells

HCT-116, SW-480, HT-29

Colorectal cancer HCT116

Gastric cancer cells AGS,
HGC-27

Gastric cancer cells AGS

Prostate cancer cells BPH-1,
LnCaP, 22rvl, CWR22, PC3,
and DU145, LAPC-4, C4-2B

Caspase activation, upregulation of Bax expression.
Apoptosis.
Downregulation of VEGFR expression. Cell
proliferation and angiogenesis inhibition

Downregulation of Ber-Abl expression

Cell proliferation inhibition

Downregulation of metalloproteases expression. Cell
invasion inhibition, apoptosis
Arrest of cells in the S phase, upregulation of P21
expression. Cell proliferation inhibition

Activation of the intrinsic apoptotic pathway

Upregulation of the p53 and Bax mRNA levels;
downregulation of the f Bcl-2 mRNA levels.
Apoptosis
Caspase-8,9 and 3 activation, Bax/Bcl-2 ratio
increase, mitochondrial membrane potential
disruption, cytochrome c release. Cell proliferation
inhibition, apoptosis
Microtubules depolymerization. Cell proliferation
inhibition
Arrest of cells in the GO/G1, upregulation of p53,
Fas/APO-1, and Caspase-3 expression. Apoptosis
p53 dependent and independent mechanisms.
Apoptosis

p53 dependent action. Cell proliferation inhibition

P53 dependent action, arrest of cells in the GO/G1,
down-regulation of Beclin 1, and Atg7 expression.
Apoptosis
Downregulation of Kriippel-like factor 5 (KLF5) and
hypoxia-inducible factor-1a (HIF-1) expression.
Cell proliferation inhibition
Downregulation of OCT4, KLF, SOX2, NANOG, and
Nucleostemin expression. Apoptosis

Arrest of cells at the G0/G1, activation of the
intrinsic apoptotic pathway

Mousavi et al., 2009
Mousavi and Baharara, 2014
Geromichalos et al., 2014
Chryssanthi et al., 2007
Paper et al., 2000
Lietal., 2012

Moradzadeh et al., 2019

Chen et al., 2015

Luetal., 2015
Bakshi et al., 2016
Mostafavinia et al., 2016

Hire et al., 2017
Xia et al., 2015
Hoshyar et al., 2017

Aung et al., 2007

Amin et al., 2015

Zhou et al., 2019
Akbarpoor et al., 2020

D’Alessandro et al., 2013

Saffron aqueous extract
Crocin

Crocin

Crocin

Crocin

Crocin

Crocin, crocetin

4T1 cells were xenografted
in mice
Administration of
N-Nitroso-N-Methyluria to
female Wistar albino rats
4T1 breast cancer cells were
xenografted in mice
T24 cells xenografted in
BALB/c nude mice
Azoxymethane and dextran
sodium sulfate to induce
chemical colitis associated
with colorectal cancer in
mice
Adenomatous polyposis.
ApcMin/+ mice: models for
human familial
adenomatous polyposis

Prostate cancer cells PC3
and 22rv1 xenografted in
male nude mice

Changes in p53 expression. Inhibition of
tumor progression

Downregulation of cyclin D1 and p21 expression.
Inhibition of tumor progression, apoptosis.

Controlling metastasis via Wnt/ 3-catenin pathway.
Inhibition of tumor progression, antimetastatic effect
Downregulation of Survivin, Cyclin D1 and
upregulation of the Bax/Bcl-2 ratio. Apoptosis

Inhibition of tumor progression

Decrease in the number of intestinal polyps

Downregulation of N-cadherin and b-catenin
expression, upregulation of E-cadherin expression.
Inhibition of tumor progression, cell invasion
and migration

Nezamdoost et al., 2020
Ashrafi et al., 2015

Arzietal., 2018

Zhao et al., 2008

Amerizadeh et al., 2018

Fujimoto et al., 2019

Festuccia et al., 2014
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2.3. Anticancer Activity of Saffron and Its Mmajor Ingredients
2.3.1. Breast Cancer

Mousavi et al. reported that saffron ethanol extract decreased MCF-7 cell viability with
an IC50 of 400 =+ 18.5 pg/mL after 48 h and induced apoptosis through caspase activation
and Bax increment [19]. Mousavi and Baharara’s analysis showed the inhibitory effect of
saffron aqueous extract on the expression of two biomarkers of angiogenesis, VEGF-A and
VEGEFR-2, in the MCEF-7 cell line [20].

It has also been demonstrated that crocin can significantly inhibit the proliferation
of MCF-7 cells, and kill cells by inducing their apoptotic cell death through mitochon-
drial signaling pathways activating caspase-8,9 and 3, upregulating Bax expression and
conversely downregulating Bcl-2 expression, disrupting the mitochondrial membrane
potential (MMP), and releasing the cytochrome c [21-23]. It has also been reported that
crocin shows antiproliferative activity on human breast cancer cells, such as HCC70 and
HCC1806, through depolymerization of spindle microtubules and production of multipolar
spindles resulting in chromosomes misalighment, also inhibiting the progression of mitosis.
Further studies showed that vinblastine inhibits the binding of crocin on tubulin, which
indicates that crocin has the same binding site as vinblastine [24]. It is important to note
that crocin did not affect normal cells that were used as controls in the experiments [24].

Saffron constituents, i.e., frans-crocin-4, crocetin, and safranal, were also found to
significantly inhibit the proliferation of MCF-7 and MDA-MB231 cells [25]. Crocetin
inhibited the proliferation of MDA-MB231 cancer cells similarly to frans-crocin-4. They
inhibited the proliferation of both cell lines at concentrations higher than 200 uM. Safranal
inhibited the proliferation of MDA-MB231 at concentrations higher than 125 uM and the
proliferation of MCF-7 at concentrations higher than 500 pM. The MCF-7 cells that were
treated with crocetin showed apoptotic DNA fragmentation in electrophoresis. Crocetin
was additionally reported to inhibit invasiveness by reducing the matrix metalloproteases
expression [26].

Nezamdoost et al. [6] tested the effect of the aqueous extract of saffron in combination
with high-intensity training in female BALB/C mice bearing 4T1 cells, a mouse breast
tumor model. This study was based on the idea that training in combination with some
herbal components could have an anticancer function. Oral administration of saffron
extract in combination with the training indeed suppressed the tumor growth resulting in
a lower growth rate of the tumors in this animal group as compared to the tumors of the
animals that received only the saffron extract. However, the mechanisms that mediated
this delay in tumor growth remain still elusive.

Ashrafi et al. administered N-Nitroso-N-Methyluria to female Wistar albino rats,
a highly carcinogenic, mutagenic, and teratogenic agent, to induce breast cancer in rats
and further studied the anticancer properties of crocin [27]. They showed that crocin led to
tumor growth suppression and induced apoptosis and cell cycle arrest by downregulating
cyclin D1 and p21 through the p53 pathway.

Arzin and his colleagues suggested crocin as a promoting complementary antimetastatic
herbal medicine for the treatment of triple-negative breast cancer. In their study, 4T1 cells
were xenografted to female BALB/c mice and 200 mg/kg of crocin injected in mice thrice a
week. Crocin led to tumor growth suppression with no signs of metastasis in the liver and
lung of the treated animal group as opposed to the animals in the control group. Crocin
was additionally found to exhibit its antimetastatic effects by regulating the Wnt/ 3-catenin
pathway [28].

2.3.2. Ovarian Cancer

Xia et al. tested the effect of crocin in the human ovarian cancer cell line HO-8910.
Crocin significantly inhibited the growth rate of the cells [29]. Also, crocin raised the
proportion of HO-8910 cells in the GO/G1 phase and increased the apoptosis rate. Crocin
treatment was also found to increase p53 and Fas/APO-1 expression which subsequently
led to the activation of the apoptotic pathway via caspase 3 activation [29].
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2.3.3. Gastrointestinal Cancer

Gastrointestinal cancer is amongst the most studied cancers with regard to the po-
tential anticancer activity of saffron and its ingredients [30-37]. Studies have shown that
crocin can induce apoptotic cell death in colorectal cancer cells through p53 dependent and
independent mechanisms [30].

The anticancer effect of crocin on three human colorectal cancer cells (HCT-116, SW-
480, and HT-29) has been recently reported. Crocin reduced the rate of cell proliferation
but HCT-116 showed higher sensitivity to crocin than the other two cell lines. The data
indicate that the sensitivity of HCT-116 to crocin is due to the wild-type p53. SW-480 and
HT-29 cells have a mutant p53 tumor suppressor gene, which suggests that the anticancer
activity of crocin may be linked to p53 expression [31].

Amin et al. reported data supporting the notion that crocin initiates apoptosis in HCT
116 p53 mutant cells by damaging the DNA and thus that crocin can be used for sensitizing
cancer cells for other chemotherapeutic agents [32]. Crocin could lead to a GO/G1 cell
cycle arrest in HCT116 wild-type cells, functioning thus as a cytostatic agent. However,
in HCT116 p53 mutant cells crocin led to a G2/M cell cycle arrest and apoptosis after
48-h incubation. Also, the treatment of wild-type HCT116 cells and HCT116 p53 mutant
cells with crocin and Bafilomycin A1, a lysosome and autophagosome infusion inhibitor,
showed that crocin leads to programmed cell death through apoptosis, independent of
autophagy [32].

Crocin was further found to be associated with reduced expression of Kriippel-like
factor 5 (KLF5) and hypoxia-inducible factor-1a« (HIF-1x), two important transcription
factors for the development of gastric cancer, following administration in human gastric
cancer cell lines AGS and HGC-27 cells [33]. Crocin also inhibited the migration, invasion,
and epithelial-to-mesenchymal transition (EMT) of gastric cancer cells. Other studies
support the finding that crocin can lead to an increase of the Bax/Bcl-2 ratio, activation of
caspases, and also the reduction of the expression of genes such as OTC4, SOX2, NANOG,
KLF4, and NUCLEOSTEMIN in AGS cells. These genes are known to regulate the cell cycle
and self-regeneration in stem cells [34].

Crocetin is also reported to inhibit the proliferation of SW480 cells in a concentration-
dependent manner. Crocetin induced S-phase arrest through p53-independent mechanisms
accompanied by P21 induction [35].

Amerizadeh et al. injected azoxymethane in C57BL/6 mice and administered dextran
sodium sulfate to induce chemical colitis— as a model associated with cancer, and to
evaluate the activity of orally administered crocin, 5-FU, and their combination. Crocin
indeed decreased colorectal cancer growth in an animal model but was inferior to the 5-FU.
Interestingly, the arrest of tumor growth was much higher in the combination group [36].

Fujimoto et al. administered saffron extract to adenomatous polyposis coli (APC)Min/+
Mice (APCMin/+) [37]. APCMin/+ (C57BL/6]) mice are models for human familial adeno-
matous polyposis and human colon cancer. Mice were given food mixed with the saffron
extract. The saffron extract (10 mg) was prepared in MeOH (10 mg/mL). In this study, it
was found that saffron reduced the number of polyps in the area located next to the big
intestine. This was also the area that seemed to have the highest sensitivity to the saffron
extract. It is important to note that in this study the researchers administrated specific
amounts of the saffron extract to the mice so that it could resemble daily intake dosage [15].

2.3.4. Prostate

In vitro experiments in prostate human carcinoma cells LnCaP, 22rv1, CWR22, PC3,
and DU145 evaluated the antitumor activity of saffron aqueous extract and crocin. Both
saffron extract and crocin reduced cell proliferation in all malignant cell lines tested in a
time- and concentration-dependent manner, with IC50 values ranging between 0.4 and
4 mg/mL and 0.26 and 0.95 mg/mL, respectively [12].

Festuccia et al. xenografted PC3 and 22rv1 cells to investigate the antitumor effect
of aqueous extract of saffron, crocin, and crocetin orally administrated [38]. Crocetin
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was more effective in delaying tumor growth in comparison to saffron extract and crocin.
The comparative effect of treatment with extract versus crocin in terms of tumor growth
did not reach statistical significance. Immunohistochemistry analyses showed that crocetin
and crocin led to a reduction of epithelial-mesenchymal transdifferentiation markers, such
as vimentin, N-cadherin, and (-catenin, and to an increase of cell-cell adhesion markers,
such as E-cadherin, in a time-dependent manner. Additionally, crocetin, crocin, and saffron
extract inhibited malignant cell invasion and migration through the downmodulation of
metalloproteinases MMP-9 and MMP-2.

2.3.5. Lung Cancer

Chen et al. compared the effect of crocin against the human lung cancer cell lines
A549 and SPC-A1 [39]. Crocin inhibited cell proliferation and induced apoptosis in a
concentration-dependent manner, accompanied by an increase of GO/G1 arrest. Crocin
increased the mRNA levels of p53 and B-cell lymphoma 2-associated X protein (Bax), while
it decreased B-cell lymphoma 2 (Bcl-2) mRNA expressions. Besides, crocin combined with
cisplatin or pemetrexed had a stronger inhibitory effect than the single agent [39]. Thus,
these results indicate that crocin could be used in combination with these chemotherapeutic
agents for the treatment of lung cancer.

2.3.6. Leukemia

In vitro studies have been conducted to evaluate the effect of crocetin upon the growth
of various leukemia cancer cell lines such as HL60, K-562, L1210, NB4, and P388, showing
that crocetin has a cytotoxic effect [40]. Moradzadeh et al. investigated the apoptogenic
potential of crocetin and its underlying mechanism in acute human leukemia HL-60 cells
versus normal human polymorph nuclear (PMN) cells [41]. The results showed that
crocetin decreased cell viability and increased sub-G1 cell population in HL-60 cells, in a
concentration-dependent manner, without significant toxicity toward normal PMN cells.
Also, the expression of the caspase 3,9 and Bax/Bcl-2 ratio was significantly increased
in HL-60 cells, while caspase 8 remained unchanged. It was suggested that crocetin
promoted apoptosis through the induction of the intrinsic pathway. The researchers
studied the effect of crocetin on these cells in comparison with ATRA (all-trans-retinoic acid),
an anticancer chemotherapy drug, and arsenic trioxide (As;O3), which have therapeutic
effect on leukemia. The toxicity of ATRA and As,O3 remains an important limitation for its
use at high therapeutical doses. So crocetin may be utilized as an appropriate alternative
drug against leukemia [40].

In a different study, Geromichalos et al. conducted in silico and in vitro experiments
with imatinib, safranal, and crocin to study the anticancer effects of safranal and crocin
in K-562 human chronic myelogenous leukemia (CML) cells [42]. Interestingly in silico
studies indicated that crocin and safranal inhibit the Bcr-Abl gene expression and protein
activity. Studies revealed that safranal can be attached to the Ber-Abl protein, at the same
place as the imatinib mesylate, the drug used in the treatment of CML. In vitro studies
regarding the expression of the Bcr-Abl gene revealed that safranal inhibited the expression
of the gene but to a lesser degree as compared to imatinib. Crocin, on the other hand, led
to an increase of expression of the Ber-Abl oncogene but also interacted with the Ber-Abl
protein and thus showed a toxic effect, through a different signal transduction pathway.

2.4. Use of Saffron Ingredients as Adjuvants to Chemotherapeutic Drugs

Apart from radiotherapy, chemotherapy, immunotherapy and surgery [43], scientists
are also looking for alternative approaches to treat cancer and to improve the life quality of
patients. Saffron’s compounds are reported to be a safe and effective treatment to reduce
the toxic side effects of some conventional chemotherapeutic drugs such as tamoxifen [44],
cisplatin [45], and doxorubicin [46]. Also, besides the protective features mentioned above,
several studies have highlighted that the combined treatment of saffron extracts with
chemotherapeutic drugs had synergistic effects, enhancing the outcome of the applied
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treatment. A synergistic antiproliferative and apoptotic effect of crocin and cisplatin has
been reported on human osteosarcoma and lung cancer cells, for example [45]. Pretreat-
ment with saffron significantly inhibited the induction of DNA damage (strand breaks)
by antitumor drugs, like cisplatin, cyclophosphamide, and mitomycin-C, and protected
against the genotoxicity of these antitumor drugs in normal cells [47].

2.5. The Achilles” Heel: Bioavailability of Crocus sativus Active Compounds

The active compounds of Crocus sativus are considered to be quite beneficial for human
health through their antidepressive, antioxidant, anticancer and antitumor effects, etc. [48].
However, all these compounds share major drawbacks, namely their lipophilic character
and poor bioavailability. To start with, the effects of these bioactive constituents are related
to the dose that is bioavailable and not to the dose that is ingested. Thus, bioavailability is
crucial for the bioefficacy of the available drug [49].

In light of this, researchers put effort into improving the unfavorable features of the
basic bioactive compounds of saffron, as they are characterized by their low bioavailability,
stability, and absorption [50]. Better knowledge of the bioavailability of these ingredients
could result in a more successful use against malignancies. There has indeed been an
effort to increase the bioefficacy of the bioactive ingredients of saffron by advancing and
implementing new drug delivery system methods [51,52].

Nanoparticles: this category can be divided into four subcategories due to the different
kinds of carriers that have been used. There are polymeric, lipidic, inorganic, and sele-
nium nanoparticles. At first, polymeric nanoparticles were used as encapsulating agents.
The bioavailability, water solubility, stability, and targeted delivery of the encapsulated
natural compounds were improved due to the small size of nanoparticles [53]. Rahaiee et al.
showed enhanced crocin stability with biopolymers compared to the standard crocin [52].
Lamgroodi et al studied in MCF7 cells the effect of PLGA (poly ... glycolide) upon deliver-
ing doxorubicn alone or co-delivering doxorubucin and crocetin. Co-delivey of doxorubicin
and crocetin in PLGA nanoparticles resluted to higher cytotoxicity compared to other for-
mulations or the free form of doxorubicin or crocetin [54]. Moreover, the bioavailability
of crocin was demonstrated to be higher when it was encapsulated in chitosan-alginate
nanoparticles [55].

Another form of lipid carriers, liposomes, have been used to improve the pharmacoki-
netic properties of saffron-derived phytochemicals. Liposomes have the benefit of being
non-toxic, overcoming the poorly water-solubility limitations of the drugs and stabilizing
them [56]. In 2011, Mousavi et al. showed that liposomal encapsulation of crocin enhanced
the apoptogenic effects on MCF-7 and HeLa cells [57].

Another significant category of nanoparticles that have been used to improve saf-
fron’s bioactive efficacy are inorganic nanoparticles. Inorganic nanoparticles are non-toxic,
hydrophilic, biocompatible, and highly stable particles compared to organic materials.
Hoshyar et al. used crocin for the synthesis of gold nanoparticles (AuNPs). Spherical,
stable, and uniform AuNPs were synthesized and used to prepare crocin-AuNPs. The data
demonstrated that the proliferation rate of breast cancer cells was reduced by crocin-AuNPs
compared to crocin alone [58]. Interestingly, silver nanoparticles (AgNPs) are a promising
saffron carrier [59].

Finally, selenium nanoparticles have been studied with regard to their capacity to
carry anticancer drugs [60]. Thottumugathu et al. tried using poly(ethylene glycol)-PEG
selenium nanoparticles (5eNPs) to carry crocin as a drug delivery system. In vitro studies
with A549 human lung cancer cells showed that PEG-SeNPs may be promising carriers for
crocin, improving its antitumor activity.

Nanostructured lipid dispersions (NLDs): nanostructured lipid dispersions retain
crocin’s beneficial activity and control the release of the drug directly to the target. Specifi-
cally, NLDs can protect the crocin from degradation, control its skin diffusion, and prolong
crocin’s antioxidant activity, therefore suggesting the suitability of nanostructured lipid
dispersions for crocin topical administration [61].
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2.6. Patents Based on Saffron’s (Crocus sativus) Pharmaceutical Effects in Cancer Treatment

Besides the drug delivery systems already mentioned, several patents have also been
granted based on ways to improve the pharmacokinetic profiles of the saffron-derived
agents. We focused on the patents that have been invented to improve saffron’s unique
compounds’ action against cancer (Table 2). These patents are based on formulations that
contain bioactive phytochemicals, like crocin, crocetin, and safranal, which increase their
bioavailability and/or optimize their action against malignancies.

Table 2. Patents based on saffron and its major ingredients and their intended applications.

. Saffron Subject of the Inventors (Year Patent
Patent Title of Patent Component Patent/]Application Issued)
Combination therapy for Potent method of treating,
AU2019264659 cancer (i.e., a TOP Safranal suppressing, or reducing the Amin, A. (2019)
inhibitor) severity of a liver cancer
Metﬂi:trcifelrll‘iiffft;ncer Potent method of treating, Ala’a Al Hrout,
AU2019264660 safranal-based Safranal suppres.sing, or .reducing the Amin, A, (2019)’
formulations severity of a liver cancer
Safranal-Sorafenib Potent effective treatment for Amin, A., Al
US10568873 combination therapy for Safranal li Mansoori, A., Baig, B.
) iver cancer
liver cancer (2020)
Prevention of liver cancer Potent method of preventing the
US20200276133 with safranal-based Safranal formation of liver cancer in a Amin, A. (2020)
formulations subject
US20130337068 Carotenoid particles and Crocetin or crocin Increase of ’Fhe bioavailability of Petyaev, L. (2013)
uses thereof the delivery molecules
In vivo method for
US9889105 treating, in.hibiting, and/or Crocetin or crocin Possible inhi.bi.tion. of Dhar, A., Gutheil, G.W.
prophylaxis of cancer, such tumorigenesis in vivo (2018)
as pancreatic cancer
US20040116729 Bipolar tmns—cgrotenoid Crocetin or crocin Improvem?n,t of c.roci.n’s and Gainer, J., Grabiak, R.
salts and their uses crocetin’s efficacies (2013)
Enhancement of crocin’s
Trans-sodium crocetinate solubility and increase of
US6060511 (TSC), methods of making Crocetin bioavailability and Gainer, J.L. (2000)
and methods of use thereof radio-sensitizer in
in vivo studies
Oral formulations of Oral dosage forms of BTCs in Gainer, J.L., Murray, R
US2015352068 bipolar trans-carotenoids Crocetin sy Y=

(BTCs)

chemotherapy

(2015)

One of the main goals of these patents is the increase of the bioavailability and bioeffi-
cacy of their cargo. The inventors of patent US20130337068 report the use of carotenoids,
such as lycopene, to increase the bioavailability of crocin or crocetin, and thus reduce
the dose required to achieve efficacy [62]. In another patent, a purified fraction of crude
crocetin, including crocetinic acid, was administered orally or intravenously for preven-
tion, treatment, and therapy of pancreatic cancer [63]. In recent years new patents have
been issued, suggesting that administration of safranal may prevent tumor formation or
restrict cancer development. In these patents, safranal was reported to be administered
alone or in combination with established drugs (i.e., Sorafenib, topoisomerase-1 inhibitors,
etc.) [64-67].

Crocin and crocetin have been reported to be most effective when incorporated into
bipolar trans-carotenoids (BTCs) with a trans-carotenoid skeleton [68,69]. These bipolar
trans-carotenoid salts (BTCS) are useful in improving the diffusivity of oxygen between red
blood cells and body tissues. Trans isomer of sodium crocetinate indeed belongs to bipolar
trans-carotenoid salts. It bears beneficial effects for crocetin, enhancing its solubility, and
has been reported to be used to reduce hypoxia, a characteristic of malignancies [70].
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2.7. Clinical Trials

As is clear from what has been presented above, a plethora of studies have been
conducted upon the anticancer properties of saffron and its unique constituents, like crocin,
crocetin, and safranal. Moreover, preclinical in vitro and in vivo data support the findings
that the activity of these substances is targeted on malignant cells, sparing normal cells,
making these natural agents ideal for developing a human therapeutic approach. However,
despite this, little research has been undertaken on humans. So far only two clinical
trials report the use of saffron for the treatment of cancer. There is one reported clinical
study, published in the Avicenna Journal of Phytomedicine (AJP), which demonstrated the
anticancer effect of saffron in combination with chemotherapy in cancer patients suffering
from liver metastasis [71]. This clinical study took place in Mashhad, Iran, and it is reported
to have been approved by the Ethics Committee of Mashhad University of Medical Sciences
with grant number 87432. The 13 patients who participated had primary cancer, including
esophagus, stomach, colon, ovarian, and breast cancers, and consumed capsules containing
50 mg of dried saffron stigma. The efficacy of this treatment was evaluated based on CT
scan results. The number and size of metastatic lesions were calculated according to the
guidelines of the National Cancer Institute (probably that of the USA as it is not mentioned
in the publication of the trial). It is reported that 14.3% of the group showed a complete
response to saffron treatment, an important outcome towards establishing the proof-of-
concept for the anticancer properties of saffron. However, a larger sample size is required,
as the placebo and saffron groups included only three and four patients, respectively.

Another clinical trial, referred to as the “Safety and Efficacy Study of trans sodium cro-
cetinate (TSC) with concomitant radiation therapy and temozolomide in newly diagnosed
glioblastoma (GBM)”, coordinated by INC Research, Raleigh, North Carolina, and con-
ducted in 2013, examined the properties of trans sodium crocinate as a radio-sensitizer [72].
The trial is registered with the ClinicalTrials.gov database (http://www.clinicaltrials.gov)
and its registration number is NCT01465347. A total of 59 patients with newly diagnosed
GBM participated in this trial. The trial began with a Phase I run-in period to establish
the safety of dosing TSC concurrently with radiation therapy and temozolomide. After a
safety monitoring committee (SMC) had determined that the TSC caused no dose-limiting
toxicity, Phase II was begun. In Phase II, 50 additional patients were enrolled, all receiving
the established safe regimen of 0.25 mg/kg TSC, intravenously, three times a week, about
45 min before radiation therapy. Four weeks after the completion of radiation therapy,
patients began chemotherapy with TMZ (150-200 mg/m?) for five days of the first week of
a four-week cycle, continuing for six such cycles. No TSC was administered during this
period of chemotherapy. During the patient visits (every eight weeks), data consisting of
contrast MRI, Karnofsky Performance Status (KPS) scores, and answers to two quality of
life questionnaires, were collected. Comparative tumor areas were determined based on
the maximum diameters and lengths shown on the MR images. Patients were followed
up for two years after their treatment began. The overall survival was analyzed using
Kaplan—-Meier statistics at two years, and the results were compared with the results that
arose from another clinical trial in which the patients received radiotherapy plus TMZ
without TSC [73]. These results strongly suggest that adding TSC during radiation therapy
is beneficial for the treatment of newly diagnosed glioblastoma.

3. Discussion

Scientists have striven to take advantage of nature’s armamentarium and discover the
beneficial properties of medicinal plants that may play an important role in human health
for centuries [74]. Among such plants is Crocus sativus L., commonly known as saffron
crocus. Studies report the beneficial action of the components of saffron against a variety
of diseases and especially cancer. These findings suggest that saffron’s compounds could
have potent cancer-preventing effects and antitumor activity with selective toxicity against
cancer cells, without affecting the normal cells and without causing any adverse effects,
such as conventional cancer treatment drugs do, or drug resistance [75].
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As researchers are focused on clarifying the mechanisms through which each com-
pound acts [76], there are plenty of data from in vitro and in vivo studies shedding light
on the mechanism of their action, as has been presented above. Signaling pathways and
molecules that are involved in the inhibition of cancer cell proliferation, in the triggering
of programmed cell death, in the prevention of metastasis, and in the blocking of angio-
genesis are the major subjects of all the research [77]. Despite the promising results that
have emerged from these extremely important and sound studies, we have to underline
that there is a lack of human clinical trials. We cannot draw any definite conclusions so
far, as the information about the beneficial effects of saffron’s unique ingredients against
malignancies is still at the preclinical level. A study conducted in Iran by Hosseini and his
colleagues [71] reported encouraging results in patients with liver metastases, but without
examining the course of primary cancer after saffron administration, and the authors
emphasized the small sample size of their study. The second and maybe most important
clinical trial, as we mentioned above, was carried out based on the crocinate patents, with
a sufficient number of participants, and reported encouraging results for administration of
trans sodium crocetinate during radiation therapy in patients with glioblastoma [72]. What
is certain is that more human clinical studies with a sufficient number of participants are
required to confirm both the actions of saffron and its main ingredients and the safest dose
of saffron administration with the best outcome against cancer.

Besides the need for clinical trials, another urgent need is the determination of specific
protocols and approved guidelines regarding some practical but extremely important issues
that are required to ensure consistency and repeatability of the results of all conducted
studies.

Since 2011, guidelines for the analysis of saffron’s major bioactive compounds have
been established by the International Standards Organization (ISO 3632). According to ISO
3632, crocin, picrocrocin and safranal are responsible for the color, the flavor, and the aroma
of saffron, respectively. This ISO defines specific procedures to determine the concentration
of these compounds by spectrophotometric analyses and the variations in concentrations
of substances by which saffron quality can be classified have been established. These
values are defined as a direct reading of the absorbance of a 1% aqueous solution of dried
saffron at 257, 330, and 440 nm using a 1 cm pathway quartz cell [78]. From the analysis
of the literature we undertook, it seems that so far the majority of researchers have not
followed the ISO guidelines. Thus, a strong recommendation to classify all the saffron
samples to be studied, according to ISO trade specifications and quality parameters [79],
so that the results obtained are comparable, should be made. By adapting and applying
these techniques as established by ISO, wrong labeling and fraud with low-quality saffron
material could be militated and limited. Besides, if the isolation and characterization of the
main components of saffron are carried out according to the ISO specifications, it will be
much easier to analyze bioavailability and the bioefficacy because it will be more consistent
with their pharmacokinetic properties.

Analyses of the accurate determination of saffron’s composition are however only a
piece of a bigger puzzle. Crocus sativus L. is a 20-30 cm tall flower blooming in autumn.
Generally, saffron is adaptable to temperature and can grow on soils varying from sandy
to well-drained clay loams. It blooms in autumn and spends a long period of dormancy
in the summer. The flowering period is usually between 15 October and 20 November
and may vary depending on the temperature. This period is also the harvest period of
saffron. Saffron produces stigmas annually and these parts of the plant are the ones used
for medical purposes. The Mediterranean environment is considered worldwide as the
best region to produce saffron with regard to its quality, which is attributed to many
factors [78,80]. The little available information on flowering phenology in saffron has
related it to environmental conditions like temperature radiation, water availability, or
nutrients [81]. Temperature and soil water content trigger flowering whereas unitary stigma
weights negatively correlate with the flower number per area unit. Higher air temperature
and no excessive rain during the flowering period generate the best high-quality stigma
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yield [82]. Saffron yield is a parameter that also depends on agronomic aspects [83]. For
example, soil preparation before planting is necessary. The field should be plowed four
to five times to a depth of 30-35 cm to bring the soil into fine tilth. Planting time with the
appropriate crop density is important for better yield performance. In Greece, for example,
corms are planted in furrows at a distance of 25 x 12 cm, whereas, in Italy, where saffron is
planted annually, the best yields of flower and corm productions were obtained by planting
corms in furrows at a spacing of 2-3 cm. Recommended planting depths for corms vary
from 7.5-10 to 15-22 cm. Finally, harvesting the flowers and separating the stigmas from
the flower is a difficult operation. The flowers should be picked exactly when they are
fully bloomed. The harvesting must begin shortly after dawn because upon exposure to
the sun stigmas lose color and flavor. A two-year study recently published evaluated the
effect of soil texture and chemical properties (pH, electrical conductivity, organic carbon,
organic matter, total, and active lime) on saffron growth, yield, and quality [82]. The soil
conditions were found to be essential for the high quality characteristics of the spice. The
best performance, in terms of stigma, observed in soils characterized by sandy loam or
loam texture, respectively with neutral-sub alkaline pH and a good amount of organic
matter. Similar results were also observed by Khorramdel et al., who reported that stigma
yield in sandy loam soil was 49% higher than in greenhouse experiments [84]. It is thus
obvious that pedoclimatic factors may impact the quality of the final product i.e., saffron
extract, which will further affect the outcome of any bioefficacy studies that follow.

Postharvest treatment is necessary to convert stigmas into saffron spice. Three
molecules are the major determinants of the properties of saffron i.e., crocin, picrocrocin
and safranal, responsible for the color, the flavor, and the aroma of saffron, respectively [85].
However, the concentrations of these saffron ingredients (and therefore the aroma, the
color, and the flavor of saffron) depend on the drying and storage conditions, which are
decisive for the quality of the spice [86,87]. For example, saffron stigmas that have been
dried in an oven will not have the same properties as others that have been dried in the sun
or an airy place in the shade [88]. The highest coloring strength is obtained when saffron is
treated at higher temperatures and lower times. Also, a higher amount of safranal (aroma)
and crocin (color) is obtained at high temperatures. Picrocrocin concentration was not
found to be affected at different temperatures in drying methods [86]. Tong et al. concluded
that drying treatment at lower microwave power and over a longer time benefitted the
quality of saffron. In this work, the authors suggested that the highest quality of saffron is
obtained when fresh saffron is dried at a high temperature, no more than 70 °C, using an
electric or vacuum oven [89].

Saffron is well known to be very hygroscopic, oxidizing, darkening, and losing its
aroma when exposed to moisture, so storage conditions are essential to preserve the
quality of the product if it needs to be stored and not used immediately. The studies by
Tsimidou and Biliaderis [90] and Bolandi and Ghoddusi [91] reported high humidity results
in the degradation of crocin and picrocrocin. Sereshti et al. concluded that the storage
time/duration affects the saffron quality [92]. In this study, the relative concentration of
the saffron metabolites in freshly dried and two-year-stored saffron samples prepared with
ISO 3632 were evaluated. Freshly dried samples had higher levels of crocin and picrocrocin,
while the stored samples were more abundant in safranal as the main saffron aroma agent,
reflecting a negative correlation between them.

The biocomponent quality of saffron, also depends on the extraction methods: dura-
tion, solvents, and extraction temperature may significantly affect the composition and the
quality of the extract [93]. In this study, it was reported that a long-lasting extraction, e.g.,
24 h, caused the loss of coloring strength. With alcoholic extracts, a better coloring strength
was obtained as compared to aqueous extraction. The highest coloring strength values
were obtained with extracts prepared with 50% water: ethanol solvent. A water/ethanol
solvent was found to be better than water/methanol, and this last to be better than water
alone because the polar carotenoids of saffron are not easily soluble in cold water, while
they are soluble in alcoholic solutions. Notably, the concentrations of the molecules in
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the solutions were determined according to the ISO 3632 standards. In agreement with
these findings, Gazerani and his colleagues [94] showed that the optimal parameters to
extract the compounds from saffron were an extraction solvent of 50% aqueous ethanol
and extraction condition of 5 h at 25 °C. The authors subsequently determined the crocin,
picrocrocin, and safranal contents of the extract, following the ISO 3632 guidelines. Under
these conditions, the absorbances for crocin, picrocrocin, and safranal were 423.9, 49.51, and
133.1, respectively, as compared to 125.4, 24.99, and 67.18, respectively, for distilled water,
which was the control, suggesting a much higher concentration in the 50% aqueous ethanol
extract [94]. Generally, conventional extraction methods, which include Soxhlet extraction,
vapor or hydrodistillation and maceration or solvent extraction, use huge amounts of
organic hazardous solvents, are not selective, have long extraction times, and in some cases
extirpate thermolabile /heat sensitive compounds. To overcome these drawbacks, novel
extraction methods have been developed, known as “green methods”. Enzyme-assisted
extraction, ultrasound-assisted extraction or sonication, microwave-assisted extraction, and
emulsion liquid membrane extraction are examples of green extraction techniques, which
exhibit appropriate potentials to extract saffron bioactive compounds [95]. For example, it
is reported that under optimized emulsion liquid membrane extraction, more than 90% of
saffron bioactives (i.e., safranal, picrocrocin and crocins) were collected into the aqueous
phase, thus underlining the importance of a proper extraction method.

Low absorption of saffron’s active compounds is another significant obstacle and
thus the method of their administration may greatly affect its bioavailability and biodis-
tribution [96]. To address the low bioavailability, new delivery methods with the aid of
advanced drug delivery systems are being developed, so that saffron’s bioactives can be
delivered with increased efficacy. In this context, many patents focused on methods to
improve the efficacy of saffron’s ingredients against cancer have been issued.

In conclusion, we herein reviewed advances over the last five years with regard to the
anticancer properties of saffron and its major ingredients, crocin, crocetin, picrocrocin, and
safranal, recent improvements addressing their poor pharmacokinetic properties, patents,
and clinical trials geared towards evaluating their use as potential agents to fight cancer.
Major improvements have been achieved with the aid of pharmaceutical technology and
the use of novel drug delivery systems. In general, all the results that emerge continue to
be very encouraging, especially these from the two clinical trials. In our opinion, this is
precisely the next major step that must be emphasized and toward which more effort from
the scientific community should be directed: more clinical trials should be set up to get the
final proof-of-concept for the potential of saffron and its ingredients as anticancer agents.
However, these clinical trials should be conducted only after adopting strict and very
specialized protocols for the preparation, storage, and use of saffron and its ingredients to
ensure the use of only high-quality saffron material and its consistency.
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Abstract: Background: Colorectal cancer (CRC) is one of the most common cancers worldwide.
One of its subtypes is associated with defective mismatch repair (AIMMR) genes. Saffron has many
potentially protective roles against colon malignancy. However, these roles in the context of dAMMR
tumors have not been explored. In this study, we aimed to investigate the effects of saffron and its
constituents in CRC cell lines with dMMR. Methods: Saffron crude extracts and specific compounds
(safranal and crocin) were used in the human colorectal cancer cell lines HCT116, HCT116+3 (inserted
MLHI1), HCT116+5 (inserted MSH3), and HCT116+3+5 (inserted MLH1 and MSH3). CDC25b, p-
H2AX, TPDP1, and GAPDH were analyzed by Western blot. Proliferation and cytotoxicity were
analyzed by MTT. The scratch wound assay was also performed. Results: Saffron crude extracts
restricted (up to 70%) the proliferation in colon cells with deficient MMR (HCT116) compared to
proficient MMR. The wound healing assay indicates that deficient MMR cells are doing better (up to
90%) than proficient MMR cells when treated with saffron. CDC25b and TDP1 downregulated (up to
20-fold) in proficient MMR cells compared to deficient MMR cells, while p.H2AX was significantly
upregulated in both cell types, particularly at >10 mg/mL saffron in a concentration-dependent
manner. The reduction in cellular proliferation was accompanied with upregulation of caspase 3 and
7. The major active saffron compounds, safranal and crocin reproduced most of the saffron crude
extracts’ effects. Conclusions: Saffron’s anti-proliferative effect is significant in cells with deficient
MMR. This novel effect may have therapeutic implications and benefits for MSI CRC patients who
are generally not recommended for the 5-fluorouracil-based treatment.

Keywords: colorectal cancer; saffron; safranal; crocin; HCT116; MLH1; MSH3; DNA damage and
repair; apoptosis

1. Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer-related mortality and
the third most prevalent cancer among both genders [1,2]. Most CRCs (60-85%) occur
sporadically through acquired genetic mutations. About 5% of the cases consist of genetic
cancer syndromes such as hereditary non-polyposis CRC (also called Lynch syndrome)
caused by defective mismatch repair (MMR) enzymes such as MLH1 [3].

Microsatellite instability (MSI) in sporadic CRC is frequently caused by promoter
hyper-methylation of the mismatch repair gene MLH1 and is highly associated with the
CpG methylator phenotype (CIMP) [4,5].
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The DNA mismatch repair system is an evolutionary conserved process responsible
for fixing errors occurring during replication of proliferating cells. MMR is necessary to
ensure the stability of the genetic information and to avoid future genetic diseases. This
DNA repair machinery is regulated by different proteins such as: H2AX, PARP, TDP1,
TOP1, etc. [6].

The use of natural compounds as therapeutics especially in combination with
chemotherapeutic agents is attractive. There are many benefits of using natural com-
pounds compared to the present-day medicine. Natural compounds have much lesser side
effects and are nutritionally beneficial and cost-effective. One of the most studied natural
compounds is Crocus sativus, commonly known as saffron. Saffron has been used as an
analgesic, anti-spasmodic, and anti-depressant agent for quite some time [7]. Saffron and
its constituents, especially safranal and crocin, have been studied owing to their therapeu-
tic properties [8—12]. Saffron has reportedly served as an anti-cancer agent by inhibiting
the DNA/RNA synthesis of malignant lung tumor cells and inhibiting proliferation of
cancerous cells by apoptosis in Hela (human cervical carcinoma) and HepG2 (human
hepatocellular carcinoma, HCC) cells [12].

Amin et al. have successfully reported the anticancer effect of saffron in mouse
models of HCC. On treatment with saffron, the nodule formation of DEN-treated mice had
been suppressed. This suppression was correlated with apoptosis and reduced the cell
proliferation and oxidative stress [11].

Similarly, safranal which is given for the odor of saffron, has been extensively stud-
ied for its anti-cancerous and anti-tumor activities. Safranal’s mechanisms of action in-
clude DNA double strand breakage (DSBs), induction of apoptosis, and inhibition of
epithelial-mesenchymal transition (EMT). Safranal has shown similar pro-apoptotic and
anti-proliferative properties in Hela cells, A549 (human lung cancer) and PC-3 (human
prostate cancer) cells [8,12]. Crocin, that confers saffron’s bright color, has reported pro-
apoptotic properties in Hela and two different human skin cancer cell lines (A431 and
SCL-1) [13]. Crocin has also reportedly exhibited selective cytotoxicity against HepG2,
HL60 (promyelocytic leukemia), and different CRC cell lines [12]. The chemical structure
of Saffron and its constituents, safranal and crocin is shown in Figure 1.
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Figure 1. Chemical structure of saffron, safranal and crocin.

In this study, we assessed saffron and its major components on HCT116 cells. Pre-
viously, two similar studies were conducted wherein HCT116 cells with different p53 (a
tumor suppressor protein) variants, were subjected to the treatment with crocin and saffron.
These studies revealed that saffron and crocin have an anti-proliferative and pro-apoptotic
effect and induced cell cycle arrest. Saffron had also resulted in autophagic cell death, but
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such pro-autophagic effect was not observed on the treatment with crocin [10,14]. The
regulation of cell cycle is an important mechanism for cell survival. Abnormalities in
this mechanism are frequently reported in most cancers. An important protein in this
mechanism is CDC25b, which allows the cell to proceed from G2 to M phase of the cell
cycle [8]. CDC25b can serve as an important therapeutic biomarker in research, to evaluate
the effectiveness achieved against malignant cells by novel compounds.

Our proposed study is performed using the same cells HCT116 which will be supple-
mented with the two missing MMR genes (MLH1 and MSH3) to assess saffron and the
associated compounds’ effects in the context of an MMR-deficient (AIMMR) or -proficient
genotype (PMMR).

2. Results
2.1. Saffron and Crocin Decrease the Viability of pMMR HCT116 Compared to MSH3, MLH1,
and Parental HCT116

The effect of saffron and its derivatives on the viability of HCT116 cells was determined
using a cell viability assay, wherein the cells were treated with 0-8 mg/mL of saffron for
24 h. The whole saffron treatment showed a dose dependent decrease in cell viability in
parental HCT116 cells (25 to 70%) compared to +3, +5 or +3+5 cells (Figure 2).

Viability was lowest at 8 mg/mL in all cell types while the gradual viability decrease
was observed in HCT116+3+5 then HCT116+3, HCT116+5, and HCT116 parental. This
result indicates the impact of MMR genes, MSH3, and MLH]I, in the sensitivity of cell
viability to the whole saffron treatment.

Safranal showed a dose dependent inhibition (0-900 M) in all cell lines with the most
significant effect observed in HCT116 (50-70%) and HCT116 +3 (25-90%) cells at 100 uM
(Figure 3).

To determine the effect of crocin, cells were treated with different doses, 0-1000 uM
for 24 h. Out of all the treated cells, +3 and +3+5 cells showed a significant inhibitory effect
in a dose-dependent manner (Figure 4). Viability was lowest at 1000 uM crocin in all cell
types while the gradual viability decrease was observed in HCT116+3+5 (10 to 40%) then
HCT116+3 (25 to 40%), HCT116+5 (5 to 25%), and HCT116 parental (20% at 1000 uM). This
result indicates the impact of MMR genes, MSH3 and MLH1, in sensitivity of cell viability
to the crocin treatment.

2.2. Effect of Saffron and Its Derivatives on the Migration of HCT116 Cells and MMR Genes,
MSH3, MLH12 Proficient Subtypes

The migration assay provides an important insight in the progression of cancer, hence
after validating the effect of saffron and its derivatives on the viability of HCT116 cells,
the effect on migration was determined. All cells were treated with the following doses:
Saffron 5 mg/mL, safranal 300 uM, and crocin 600 uM for 24 h and compared with the
control (Figure 5). The doses were selected conservatively to minimize their effects on the
cells” morphology.
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Figure 2. Cell viability assay of saffron-treated cells. Percentage of viability shown vs. concentration of saffron. (a-d)
show the effect of saffron treatment on the viability of HCT116, HCT116+3, HCT116+5 and HCT116+3+5 cells respectively.

(*p <0.05, * p <0.01, ** p < 0.001 and **** p < 0.0001).

128



Molecules 2021, 26, 3855

Cell Viability Assay on

Cell Viability Assay on
a HCT116 cells b HCT116 +3 cells
150 150-
2 100 2 100-
3 - =
> > T T
(=] _ k& —— W
52 50+ S~ 50 T T T
0 T T T T T L T T T T T T
S . . . & 58 s & &
oY ’SPQ‘ fbé)\ éhgs?' APQ,‘Q‘ Qﬁg\ oY \QQQ rbgg\ ‘JQQQ' I\QQQ QPQ\
Concentrations of Safranal (pM) Concentrations of Safranal (uM)
Cell Viability Assay on Cell Viability Assay on
C HCT116 +5 cells d HCT116 +3+5 cells
1501 150-
2 100~ 2 1004
Tl : = F o ow g
5 - -— T - .}:
-SE 50- 5~ 50+
0 0 T T T T T 1
S & &S S
F @ @ W ¢ © N @AY o
N N i) A )
Concentrations of Safranal (uM)

Concentrations of Safranal (pM)

Figure 3. Cell viability assay of safranal-treated cells. Percentage of viability shown vs. concentration of safranal. (a-d)
show the effect of safranal treatment on the viability of HCT116, HCT116+3, HCT116+5 and HCT116+3+5 cells respectively.

(*p <0.05, * p <0.01, ** p < 0.001 and **** p < 0.0001).
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Figure 4. Cell viability assay of crocin-treated cells. Percentage of viability shown vs. concentration of crocin. (a-d) show the
effect of crocin treatment on the viability of HCT116, HCT116+3, HCT116+5 and HCT116+3+5 cells respectively. (* p < 0.05,

**p <0.01, ** p < 0.001 and **** p < 0.0001).
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Figure 5. Quantification histogram of the wound healing assay. The assay was performed in triplicates. (* p < 0.05,
*%
p <0.01).

The images were captured at 0 and 24 h for the control and treated cells. For saffron-
treated cells, the 0 h image is not available due to the interference of saffron’s bright
color. The treatment with saffron showed a significant decrease (90% open wound area)
in the migratory and invasive capacity of proficient MMR in HCT116+3+5 cells (Figure 5)
compared to the parental HCT-116. Safranal had its most significant effect in +3+5 cells (80%
open wound area) where it inhibited the migration of cells considerably 24 h post-treatment
compared to the control (Figure 5).

2.3. Cell Cycle and DNA Repair Machinery Are Affected by Saffron and Its Derivatives

In order to determine the pathway involved in the cytotoxic nature of saffron and
its derivatives, markers of DNA damage and repair and cell cycle were analyzed. Im-
munoblots of p.H2AX and TDP1 (involved in the repair of stalled Topoisomerase - DNA
complexes) were analyzed for DNA damage and repair. A key cell cycle checkpoint
regulator CDC25b was also analyzed.

To determine the effect of saffron, cells were treated with 5, 10, and 15 mg/mL of
saffron for 24 h. Expression of CDC25b decreased at 15 mg/mL of saffron in mutant cells
but not consistent in a dose dependent manner (Figure 6). The DDR markers, p.H2AX
and TDP1 showed an increase and decrease in protein expression, respectively at a dose
of 15 mg/mL saffron in all cell lines (Figure 6). The fold change of relative expression
compared to the control is mentioned below each band.

For safranal’s treatment, the cells were treated with 300, 500, and 700 uM for 24 h
(Figure 7). The expression of CDC25b decreased with the increase in safranal concentration
for parental HCT116 cells. There was a relative decrease in protein expression in +3 and
+3+5 cells, compared to the control at 500 uM. The expression of p.H2AX increased in
HCT116 cells at 300 and 500 uM, and in HCT116+3 cells at 300 and 700 uM TDP1 expression
decreased at the 500 uM treatment of HCT116 cells, at 300 uM in +3 and +5 cells, and
constantly decreased with all doses in HCT116+3+5 cells (Figure 7). The fold change of the
relative expression compared to the control is mentioned below each band.
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Figure 6. Saffron’s effect on cell cycle and DNA repair machinery [15]. Cells were treated with saffron 5, 10, and 15 mg/mL
for 24 h. (a—c) show the effect of Saffron treatment on CDC25b, p.H2AX and TDP1 respectively. (d). GAPDH was used as
loading control. Red font represents the fold change value.
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Figure 7. Safranal’s effect on cell cycle and DNA repair machinery. (a—d) Cells were treated with safranal 300, 500, and
700 puM for 24 h. (a—c) show the effect of Safranal treatment on CDC25b, p.H2AX and TDP1 respectively. (d). GAPDH was
used as loading control. Red font represents the fold change value.

To evaluate the effects of crocin, the cells were treated with 300, 600, and 900 uM
crocin for 24 h. The CDC25b expression in HCT116 cells on the treatment with 300 uM and
in +3 cells on the treatment with 900 uM was decreased. The p.H2AX expression increased
on the treatment with 600 uM in +3 cells and on the treatment with 600 and 900 uM in
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+5 cells (Figure 8). The fold change of the relative expression compared to the control is

mentioned below each band.
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Figure 8. Crocin’s effect on cell cycle and DNA repair machinery. (a—d) Cells were treated with crocin 300, 600, and 900 uM
for 24 h. (a—c) show the effect of Crocin treatment on CDC25b, p.H2AX and TDP1 respectively. (d). GAPDH was used as
loading control. Red font represents the fold change value.

To sum up, the expression of CDC25b was completely downregulated in both HCT116
parental and mutant cells at a dose of 15 mg/mL saffron. Safranal and crocin were not as
consistent on the CDC25b protein, with crocin showing a steady effect only on the HCT116
parental. In the HCT116 parental, the protein levels of p.H.H2AX were upregulated in a
dose dependent manner by saffron (15 mg/mL), safranal (300 and 500 uM), and crocin
(600 and 900 uM) at the stated doses. Crocin (900 uM) had a persistent upregulation of
p-H2AX in mutant cells where as safranal and saffron showed irregular results. Meanwhile,
crocin, saffron, and safranal inhibited the TDP1 protein in parental HCT116 cells in a
dose dependent manner. Safranal reduced the expression of TDP1 in HCT116+3 and
HCT116+3+5 cells, whereas, crocin and saffron did not have a constant effect on TDP1 in
mutant cells.

2.4. Saffron, Crocin, and Safranal Induce Apoptosis

The effect of saffron and its compounds on apoptosis was analyzed. The activity
and expression of caspase 3 and 7 were analyzed, since they are the executioner caspases
of apoptosis. A Western blot analysis was performed to determine the expression of
pro-caspase 3 in saffron-treated cells (Figure 9). For safranal and crocin-treated cells, the
caspase 3/7 activity was also measured. The caspase activity for saffron-treated cells was
not measured since saffron’s color interfered with the assay.
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Figure 9. Saffron activates the caspase pathway. A Western blot analysis was performed to determine

the expression of pro-caspase 3 in saffron-treated cells. The indicated cells were treated with 5, 10,
and 15 mg/mL of saffron for 24 h. Pro-caspase 3, which cleaves to caspase 3, was analyzed. The
saffron treatment led to a decrease in the expression of pro-caspase 3, which was visible in the control
cells. The fold change of relative expression compared to the control is mentioned below each band.
Red font represents the fold change value. (a,b) show the effect of saffron treatment on caspase
pathway in HCT116, HCT116+3 and HCT116+5, HCT116+3+5 cells respectively.

To study the effect of saffron on apoptosis, cells were treated with 5, 10, and 15 mg/mL
of saffron for 24 h (Figure 9). Pro-caspase 3, which cleaves to caspase 3, was analyzed. The
saffron treatment led to a decrease in the expression of pro-caspase 3, which was visible
in the control cells. The fold change of the relative expression compared to the control is
mentioned below each band.

The activity of executioner caspases, caspase 3 and 7, was measured after treating
the cells with safranal 300, 500, and 700 uM (Figure 10). All cell lines showed an increase
in caspase activity with the increase in dose, with the most significant effect observed at
700 pM compared to the control. Safranal showed an increased caspase 3/7 activity in
HCT116+3+5 (approx. 300-fold), HCT116+3 (approx. 400-fold) then HCT116+5 (approx.
200-fold). These results suggest that MSH3 and MLH1 play an important role in processes
involving saffron and apoptosis.
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Figure 10. Effect of safranal on the caspase pathway (caspase activity measured in the relative light unit (RLU). (a—d) show
the effect of Safranal on the caspase activity in HCT116, HCT116+3, HCT116+5 and HCT116+3+5 cells respectively. An
ANOVA (Analysis of Variance) test was carried out (>0.05 NS, <0.01 *, <0.01 **, <0.001 ***).

To evaluate the effect of crocin, cells were treated with 300, 600, and 900 uM following
the protocol. The cells showed an increase in caspase activity on the treatment with 300 uM
in HCT116 +3, HCT116 +5, and HCT116+3+5 cells (approx. 50-fold) (Figure 11). The effect

was not consistent and significant when compared to the same as imparted by safranal on
these cells.
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Figure 11. Effect of crocin on caspase pathway (caspase activity measured in the relative light unit (RLU). (a-d) show the
effect of crocin on the caspase activity in HCT116, HCT116+3, HCT116+5 and HCT116+3+5 cells respectively. An ANOVA
(Analysis of Variance) test was carried out (>0.05 NS).

3. Discussion

Colorectal cancer is one of the leading causes of cancer-related deaths worldwide.
Different environmental and genetic factors are responsible for its development. Different
CRC subtypes such as MSI and microsatellite stable (MSS) tumors may have different
outcomes due to their different molecular and pathological characteristics. Patients with
MSI tumors have better prognosis than MSS ones. While those with EMAST tumors have
different immunological and pathological features and poor prognosis, as well. The CRC
treatment based on MMR deficiency is a key approach for better outcome and the need for
healthier and long-lasting treatments remain pivotal [16]. In this study, we showed that
saffron’s anti-proliferative effect is significant in cells with deficient MMR.

Saffron has long been used as a traditional medicine. It has shown anti-tumor prop-
erties in vitro in different cancer cell lines such as those from liver and prostate. The
therapeutic efficacy of saffron has also been observed with its derivatives: Safranal and
crocin. Saffron and its derivatives have shown no detrimental effects on normal cells, hence
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making it a model curative agent that can be used as an adjuvant therapy [8]. Indeed, we
recently showed that it can affect the action of MACCI, a metastasis-associated gene in
CRC [17]. In the present study, we analyzed its effects within the context of MMR genes
deficiency in HCT116 cell lines.

HCT116 cells with different MLH1 and/or MSH3 gene supplements were treated
with different doses of saffron, ranging from 0-10 mg/mL for 24 h, to assess cell viability.
All cells had shown significant dose-dependent inhibition on the treatment with saffron
(Figure 2). This dose-dependent inhibition is consistent with the results previously pub-
lished by Bajbouj et al. where HCT116 cells (with or without p53) were studied for saffron’s
effect [14]. Saffron caused DNA damage and promoted apoptosis in both tested cell lines.
An interesting observation was the delayed apoptosis in cells that lacked p53 [14]. Saffron
has previously been reported to inhibit cell viability at lower doses (100-150 ug/mL) in
other cancer cell lines, suggesting that HCT116 cells have higher resistance to this com-
pound [12]. On treatment with safranal and crocin, the cells exhibited a dose-dependent
cell viability inhibition pattern, similar to saffron (Figures 3 and 4). Safranal and crocin dose
ranges in our study are close to the effective doses published for other cancers [9,18,19].
Malaekeh-Nikouei et al. have reported safranal’s effective dose range to be much higher
for other cells suggesting that HCT116 cells have a higher susceptibility [20]. Cancer cells
migration and invasion are critical features for metastasis [21]. Saffron, safranal, and crocin
treatments showed a significant decrease in migration as compared to the control. Safranal
has been previously shown to have anti-migration properties on other cell lines includ-
ing HepG2 (liver cancer cells) and HSC-3 (prostate cancer cells). Although the effective
concentration for HSC-3 cells was lower, the concentration is closer to what is reported
for HepG2 cells [8]. The results of crocin treatment are also consistent with the previous
findings where the crocin treatment has inhibited invasion of different cell lines including
HUVEC (human umbilical vein endothelial cells), AGS and HGS-27 (gastric cancer cells),
and MG63 (osteosarcoma) [22,23]. Interestingly, Wang et al. reported crocin’s inability
to inhibit the invasion of HCT116 cells, at 271.18 uM, but comparing it with the present
findings suggests that a higher dose is required to inhibit invasiveness (Figure 5) [19]. In
patients with CRC, recurrence and metastasis are the most common causes of cancer-related
death. The ability of saffron and its derivatives to minimize migration of HCT116 cells
provides a novel course of action that can be used as an adjuvant therapy, especially in
patients with MSI tumors.

In order to determine the effect of treatment on the cells, with altered MLH1 and/or
MSH3 genes, immunoblots of two DNA damage markers, p.H2AX and TDP1, together with
CDC25b, a cell cycle checkpoint regulator, were analyzed (Figures 6-8). To our knowledge,
the effect of crocin on these particular markers is reported here for the first time, making it
a novel finding in the saffron mechanistic action.

As mentioned earlier, DNA MMR is required to ensure genetic stability. A commonly
occurring error in DNA replication is DNA DSBs. H2AX, a histone, is phosphorylated
to p.H2AX in response to DSB and hence is a marker for studying DNA damage [8]. In
this study, saffron and its derivatives upregulated the expression of p.H2AX. Saffron up
regulated the expression at 15 mg/mL across all the different cells (Figure 6), indicating a
DNA damage as a result of the treatment. Similar findings were also reported by Bajbou;j
et al. where the treatment with saffron had shown increased expression of p.H2AX in
HCT116 cells [14]. p.H2AX was also reported to have been induced by saffron at a lower
dose, 6 mg/mL, in HepG2 cells [8]. Safranal upregulated the expression in HCT116 and
HCT116 +3 cells, compared to the untreated control (Figure 7). The effective concentrations
observed in this study are closer to a previously mentioned effective concentration, where
safranal at 500 M had similar effects on HepG2 cells [8].

TDP1, such as p.H2AX, is involved in the DNA repair. It protects against DNA strands
breakage by repairing stalled Topoisomerase - DNA complexes, occurring as a result of
DSBs [8]. All cells treated with saffron and its derivatives displayed downregulated the
TDP-1 expression. The most notable response for saffron treated cells was observed at
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15 mg/mL (Figure 6). This downregulation of TDP-1 is likely the result of a cellular decision
to allow such DNA-damaged cells to undergo apoptosis rather than repairing them.

In the case of damage to DNA, the cell cycle comes to an arrest and induces apoptosis
or cell death. After establishing the effect of treatment on DNA damage, its effect on cell
cycle was evaluated. CDC25b, is a key cell cycle regulator and also an oncogene with an
over-expression observed in breast cancer, lung cancer, and CRC [6]. Saffron showed a
dose-dependent inhibition of CDC25b in HCT116 cells while for the other cells an inhibition
was observed at 15 mg/m. Doxorubicin, a widely used chemotherapeutic agent, had no
effect on CDC25b in HCT116 cells [24], while saffron inhibited the expression of CDC25b.
The treatment with safranal showed a similar pattern of dose dependent inhibition, for
HCT116 cells (Figure 7). The treatment with crocin showed varying results, but overall, the
expression was downregulated as compared to the untreated controls.

Cells undergo apoptosis in the case of irreparable damage. Our results indicated
DNA damage and cell cycle arrest in response to the saffron treatment. To further confirm
the apoptotic property of saffron, executioner caspases of apoptosis, caspase 3 and 7,
were studied. Immunoblots for saffron-treated cells showed the absence of pro-caspase
3, suggesting its cleavage to its active form (Figure 9). Saffron has also exhibited such
pro-apoptotic properties in liver and breast cancer cells [25,26]. The activity of caspase 3
and 7 for safranal and crocin-treated cells was measured using the Caspase-Glo® 3/7 Assay
kit (Figure 10. Effect of safranal on the caspase pathway (caspase activity measured in the
relative light unit (RLU). An ANOVA (Analysis of Variance) test was carried out (>0.05
NS, <0.01 *, <0.001 ***).

Both saffron compounds showed a significant increase of caspase activity post-treatment
compared to the control suggesting an increase in apoptotic activity. Safranal has also
shown such caspase activity, previously, on HepG2 cells. These findings are in concordance
with the previously available data where safranal has shown similar pro-apoptotic proper-
ties in A549 (alveolar human lung cancer) and PC-3 (human prostate cancer) cell lines, as
reported by Al-Hrout et al. [8]. Crocin has previously displayed pro-apoptotic properties
across different cell lines, including liver, breast, skin, and gastric cancer cells [13,22,27,28]
but the effective dose was lower compared to the one used in this study.

4. Materials and Methods
4.1. Cell Lines

The isogenic HCT116 cell line that is deficient in both MLH1 and MSH3 genes was used
in this study [29,30]. This cell line was complemented for these MMR gene deficiencies
by transfecting chromosomes 3 and 5 separately to create HCT116+3 and HCT116+5
and together to create HCT116+3+5 cell lines. Briefly, MSH3-deficient/ MLH1-proficient
colorectal cancer HCT116 (MLH1) cells were transfected with the MLH1 cDNA cloned
into the pcDNA3.1 (—) vector [30]. MSH3/MLHI1-deficient HCT116, carrying MLH1 and
MSH3 mutations on chromosome 3 and 5, respectively, and HCT116 in which parental
MLH1 (HCT116 +3), MSH3 (HCT116 +5) or both genes (HCT116 +3+5) were introduced by
the chromosome transfer by the microcell transfer of normal human chromosome 3 and/or
5 (Table 1) [29-31].

Table 1. HCT-116 with and without MMR genes and the corresponding phenotypes.

CRC Cell Line MLH1 MSH3 Tumor Type
HCT116 - - MSI and EMAST
HCT116 +3 + - EMAST
HCT116 +5 — + MSI with no EMAST
HCT116 +3+5 + + MSS

MSI: Microsatellite instable; EMAST: Elevated microsatellite alterations at selected tetranucleotide repeat; MSS:
microsatellite stable).
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4.2. Cell Cultures

The HCT116 cells were cultured in the RPMI 1640 Medium (Hyclone, Marlborough,
MA, USA) while HCT116 +3, HCT116 +5, and HCT116 +3+5 cells were cultured in McCoy’s
Medium (Hyclone, Marlborough, MA, USA). Both media were supplemented with 10%
fetal bovine serum (Sigma Aldrich, St. Louis, MO, USA) and containing 1% of 100 U/mL
penicillin and 100 pg/mL streptomycin (Sigma Aldrich, St. Louis, MO, USA) at 37 °C in a
humidified 5% CO2 atmosphere. Cells were sub-cultured every 3-5 days using Trypsin
0.25% (Hyclone, Marlborough, MA, USA).

Saffron, safranal, and crocin preparations: Saffron crude extracts (Gulf Pearls SPRL
Brussels, Belgium, www.gp-food.com, accessed on 3 May 2021) and specific compounds
(safranal and crocin (Sigma Aldrich, St. Louis, MO, USA)) were used as previously de-
scribed [7,17]. Saffron was grinded by a pestle and mortar and dissolved in water at a final
concentration of 20 mg/mL and mixed on an orbital shaker in the dark for 1 h then used at
different concentrations.

4.3. Cell Viability Assay

All cells were seeded at a density of 5000 cells/well in 96-well plates in 100 uL of
complete growth medium. Cells were allowed to attach for 24 h before being treated with
different concentrations of saffron, safranal, and crocin for 24 h. Cells were then treated
with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltratrazolium bromide (MTT) (Sigma Aldrich,
St. Louis, MO, USA) and incubated for 3 h. The formed formazan crystals were dissolved
using DMSO (Sigma Aldrich, St. Louis, MO, USA) and the absorbance of the resulting
product was measured at 570 nm using GloMax Microplate Reader (Promega, Madison, WI,
USA). Cell viability is presented as the percent of viable cells = (Abs. of treated cells/Abs.
of control cells) x 100. The experiment was carried out in triplicates.

4.4. Wound Healing Assay

For the wound healing assay, cells were seeded in 6-well plates. When cells were
confluent, a scratch was made with a 200 uL sterile pipette tip, generating a cell-free area
of approximately 1 mm in width. Cellular debris was removed by gentle washing with the
culture medium and the photos of the wounds (0 h) were taken. Afterwards, the medium
was replaced by the culture medium with different concentrations of the drugs and the
cells were allowed to migrate for 24 h. At the end of migration experiment, another set of
photos was taken, from the same regions using Phase Contrast Fluorescence microscopy
(Olympus, Tokyo, Japan). The gap size was analyzed using the Image-] software (LOCI,
Madison, WI, USA). To assess the migration ability of cultured cells, cell-free areas of the
scratches at 24 h after scratching were subtracted from the area of the scratches at 0 h and
calculated as a percentage of untreated (0 h) cultures. The experiment was carried out in
triplicates.

4.5. Caspase 3 and 7 Activity

Caspase 3 and 7 activities were detected using the Caspase-Glo® 3/7 Assay kit
(Promega, Madison, W1, USA) following the manufacturer’s protocol. Briefly, the cells
were seeded at a density of 5000 cells/well in 100 pL media for 24 h. Next, the cells were
treated with saffron (0.5-8 mg/mL), crocin (100-900 uM) or safranal (10-1000 uM) for 24 h.
The next day, the Caspase-Glo reagent (Promega, Madison, WI, USA) was added to the
cells and incubated for 4 h. The control which was composed of untreated cells and a blank
control, containing media with the reagent, was also included to subtract the background.
The luminescence was measured using the GloMax Microplate Reader (Promega, Madison,
WI, USA).

4.6. Western Blot

Cells were seeded at a density of 1 x 10° cells/100 mm plate and allowed to attach
before being treated with saffron, safranal, and crocin for 24 h. Whole cell extracts were
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isolated using the RIPA buffer (Sigma Aldrich, St. Louis, MO, USA) and protease inhibitors
(Sigma Aldrich, St. Louis, MO, USA). The concentration of the isolated proteins was
determined using the BCA Protein Assay Reagent (Bio-Rad, Hercules, CA, USA). Thirty
micrograms of protein were separated using 10-15% SDS Polyacrylamide gel electrophore-
sis in our lab. Proteins were transferred onto PVDF membranes (Bio-Rad, Hercules, CA,
USA). Membranes were then blocked using 5% BSA (Bovine Serum Albumin) (Sigma
Aldrich, St. Louis, MO, USA) followed by incubation with various primary antibodies
against CDC25b, p.H2AX, TDP1, and Pro-caspase 3 (1:2000) (Cell Signaling Technology,
Danvers, MA, USA) and appropriate secondary antibodies, HRP conjugated (Cell Signaling
Technology, Danvers, MA, USA). GAPDH (1:10,000) (Abcam, Cambridge, UK) was used as
the loading control. Protein bands were detected using the Westernsure Chemiluminescent
Substrate (LI-COR, Lincoln, NE, USA). The experiment was carried out in triplicates.

4.7. Statistical Analysis

An ANOVA (Analysis of Variance) test was carried out (<0.05). All statistical analyses
were conducted using the GraphPad Prism 8 software (San Diego, CA, USA).

5. Conclusions

In this study, the colorectal cell line HCT116 and derivatives with MLH1 and/or
MSHS3 added genes were treated with saffron and its main compounds, safranal and
crocin. The treatment inhibited cell proliferation and blocked cell invasion. On further
investigation, it was deduced that the mechanism of action for inhibiting the proliferation
was by modulating the cell cycle and DNA damage and repair system. The treatment
had also manifested pro-apoptotic properties. It is noteworthy, that the different cells did
not respond in a particular manner to the different treatments conducted, nor had the
compounds expressed any pattern for a particular cell type. The differential effects of
saffron and its main components safranal and crocin in the different tested cell lines, might
be capitalized on to develop specific compound protocols in patients with different types
of genetic instability in their tumors. In vivo testing in mice models of MSI and MSS CRC
is needed to potentially translate these findings in human subjects with such tumors. If
confirmed, saffron as an adjuvant therapy might even be recommended for patients” MSI
tumors regardless of the nature of the primary cancer.
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Abstract: The metabolite profiling of saffron (Crocus sativus L.) from several countries was measured
by using ultra-performance liquid chromatography combined with high resolution mass spectrometry
(UPLC-HR MS). Multivariate statistical analysis was employed to distinguish among the several
samples of C. sativus L. from Greece, Italy, Morocco, Iran, India, Afghanistan and Kashmir. The results
of this study showed that the phytochemical content in the samples of C. sativus L. were obviously
diverse in the different countries of origin. The metabolomics approach was deemed to be the most
suitable in order to evaluate the enormous array of putative metabolites among the saffron samples
studied, and was able to provide a comparative phytochemical screening of these samples. Several
markers have been identified that aided the differentiation of a group from its counterparts. This
can be important for the selection of the appropriate saffron sample, in view of its health-promoting
effect which occurs through the modulation of various biological and physiological processes.

Keywords: Crocus sativus L. (Iridaceae); saffron; reversed-phase UPLC; metabolomics; HR MS

1. Introduction

Crocus sativus L. is a species of flowering plant of the Crocus genus which grows in
the Mediterranean, east Asia and the Irano-Turanian region. Crocus sativus L. is a member
of the Iridaceae family, and is cultivated worldwide due to the use of its dried styles (the
uppermost colored part of which is referred to as stigma), not only as a spice (saffron),
but also in health management since ancient times [1,2]. Saffron is a perennial spicy herb
which is difficult to be cultivated since it demands a special climate and soil conditions.
The earliest apparent reference to Crocus sativus L. cultivation goes back to around 2300
BC, and a saffron harvest is shown in a Minoan fresco painting in the Knossos palace of
Minoan Crete dated from 1600-1500 BC [3]. It is also seen in a fresco in Akrotiri on the
Greek island of Thera dated back in 1627 BC [4], which depicts the flowers being picked
by young girls and monkeys. The most plausible ancestor of Crocus sativus L. was Crocus
cartwrightianus [5-7], as derived from morphological [5], cytological [8] and molecular
analyses [9].

Saffron is the spice derived from the flower of Crocus sativus which is comprised of
the three red stigmas included in the flower that are consequently collected and dried
under special conditions to produce the final saffron as a spice. Crocus contains more
than 150 volatile aromatic substances that afford its distinctive aroma, and a large number
of non-volatiles such as carotenoids including zeaxanthin, lycopene, as well as various
a- and (3-carotenes, glycosides, monoterpenes, aldehydes, flavonoids, anthocyanins, vita-
mins (especially riboflavin and thiamine) and amino acids [10]. The four main bioactive
constitutes of saffron stigma are crocetin, crocins, picrocrocin and safranal [11]. In previ-
ous studies, the volatile compounds of saffron samples have been characterized by gas
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chromatography—mass spectrometry (GC-MS) methods [12,13], and have been evaluated
as markers of geographic differentiation [14]. In a recent study, the metabolite profiling of
three different parts of Crocus sativus L., i.e., tepals, stigmas and stamens, was measured by
ultra-performance liquid chromatography (UPLC) coupled to hybrid quadrupole time-of-
flight mass spectrometry (QqTOF MS), which provided the diverse chemical characteristics
of the parts of the flower [15]. In the last 20 years, there has been an increasing amount of
scientific data on saffron extract or its constituent’s biological activity and health-promoting
properties, including use as an anticonvulsant [16], anti-inflammatory [17], anti-tumor [18],
anti-oxidant [19], antiatherogenic [20] and has shown antidepressant [21] activity, as well
as enhancement of learning and memory capacity [22,23]. Therefore, saffron and its ingre-
dients can be useful in the treatment of a variety of diseases such as neurodegenerative
disorders, blood pressure abnormalities, acute and/or chronic inflammatory disease and
coronary artery disease. The main bioactive constituents in saffron are the crocins existing
mainly in the stigmas, and they are mono- and bis-esters of crocetin with glucose, gen-
tiobiose and/or gentiotriose [24]. The esterification of crocetin with varying number of
hydrophilic gentiobiose(s), or any other sugar precursors, renders the carotenoid derivative
water soluble, a property that gives crocus its pigmentation properties. The complexity of
crocins may result from the incorporation of various sugars connected to crocetin such as
glucose, gentiobiose, gentiotriose and neapolitanose, the number carbohydrate units (1-5),
the number of glycosylation sites (1,), their linkage to the acid moiety of the carotenoid,
or even by the varying number of repeating units in crocetin [25]. Therefore, there is a
huge range of crocins, with most of them being found only in trace amounts. To date, the
majority of studies performed support the therapeutic potential of crocins in treating aging
and age-related neurodegenerative disorders. The major crocin component, trans-crocin-4
(TC4; bis-gentiobiosyl-E-crocetin) possesses numerous pharmacological activities including
antihypertensive [26], anxiolytic [27] and neuroprotective [28] activity. In particular, TC4
has shown the highest inhibitory potential towards reducing or even preventing amyloid
oligomerization [29], which is considered as one of the main causes of Alzheimer disease
(AD) progression [30]. Conversely, the characteristic flavor of saffron is due to picrocrocin,
the glucoside of the terpene aldehyde safranal, which comprises more than 4% of the
dry weight of saffron. Safranal is produced by the oxidative cleavage of the carotenoid
zeaxanthine, and accounts for more than 70% of the volatile fraction of the spice. Saffron
is likely the most expensive spice, owing to its very limited geographical spread and the
difficulty of its collection. The higher content of the analyzed saffron samples in crocin,
picrocrocin and safranal indicates the higher value of saffron.

We know that plant secondary metabolites are a group of naturally occurring com-
pounds biosynthesized by differing biochemical pathways, and their plant content and
regulation is strongly amenable to environmental influences as well as to potential herbal
predators [31-33]. Moreover, the level and type of secondary metabolites is strongly influ-
enced by the geoclimatic characteristics of the cultivation area as well as the preparation
procedures and traditions followed in that area. Therefore, there is a necessity to identify
the content of bioactive compounds in collected saffron samples and explore whether there
is any correlation between different geographical regions and the contents of the bioactive
compounds.

The aim of the current study is to explore the chemical space of Crocus sativus L.
from different geographical regions in order to spot chemotaxonomic differences in the
indigenous species. This could potentially aid towards our understanding of the plant’s
biochemistry but also the precise evaluation of its cultivation in diverse environments. We
employ a metabolomics methodology based on UPLC high resolution mass spectrometry
(HR-MS) in order to provide detailed information on the metabolite profiling of several
samples of C. sativus L. from Greece and six other countries/areas: Italy, Morocco, Iran,
India, Afghanistan and Kashmir. The metabolomics approach was deemed to be the most
suitable choice in order to evaluate the enormous array of putative metabolites among the
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saffron samples studied, and thus provide a comparative phytochemical screening of the
saffron samples studied.

2. Results and Discussion
2.1. UPLC-MS Analysis

A representative base peak LC-MS chromatogram of the stigma extract is shown in
Figure 1. Several peaks have been annotated in the early eluting part of the chromatogram
with the names of the putative metabolites shown in Table 1.

Base peak chromatogram, m/z: 100.0098 - 1399.9130

Vanillic acid

HTCC

Kaempferol-di-glucoside

Safranal

Tomentogenin

Crocusatin A

Methyl crocetin

Y-glucopyranoside
Picrocrocin

Astragalin

|

2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Retention time

Figure 1. Characteristic ultra-performance liquid chromatography coupled to high resolution mass spectrometry (UPLC-HR
MS) base peak chromatogram of the stigma extract from the C. sativus L. sample from India. This represents the early
eluting part of the chromatogram shown in the inset. Several peaks have been annotated in the early eluting part of the
chromatogram with the names of the putative metabolites shown in Table 1. * X-Pyr: 3,4,5-Trimethoxyphenol-1-O-[ 3-D-
apiofuranosyl-(1—6)]]-3-D-glucopyranoside.

The mapping of the chemical potential of saffron according to its geographical spread
is of significant importance in the effort to understand evolutional pressure exerted on
the species, as well as to provide a chemotaxonomic tool towards the distribution of
variants around the world (Figure 2). The content of the active secondary metabolites has
an apparent effect on the quality as well as the medical properties of saffron. Furthermore,
the extreme cost of the Crocus sativus L. stigmas, considered as the most valuable spice,
mandates their accurate fingerprinting in order to control its quality. In order to capture
the chemical space involved, as well as to compare the species in a holistic manner, an
HRMS metabolomics approach was taken.

Specimens from seven representative regions capturing saffron’s biodiversity around
the world, namely Iran, Greece, Italy, Afghanistan, Kashmir, Morocco, and India were
analyzed. The pairwise comparison of all possible combinations of the saffron specimen
was employed, as this approach effectively highlights the differences between species
regardless of their magnitude. In the case of a “total” comparison, the model would be
dominated by the largest variance, and therefore would be biased towards the species
with the largest pairwise differences. Figure 2 depicts the regions of collected specimens
of saffron samples. The associated clusters are illustrated and interconnected in different
colors, such as those between Greece and Morocco with saffron samples in orange, whereas
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those between India and Afghan specimens are indicated by green. These interconnections
have been revealed in the multivariate statistical analysis (Figure 3).

Table 1. Cumulative table of the A. Multivariate statistics B. Identifying discriminating features and C. Putative metabolite
annotation with the calculated protonated molecular ion (MH*) or the adduct ion mass signals shown in parenthesis,
whereas the fragment ions are denoted in curly brackets.
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611.157_4.14

Vanillic acid: C8H804 (169.0601) {151, 105}
EGC: C15H1407 (307. 0818) {263, 139}
Picrocrocin: C16H2607 (331.1757) {185, 151}
Tomentogenin: C21H3605 (369.2641) {232}

EDO: C15H2202 (MNH4+ = 252.1963) {140}

Thiamine (B1): C12H17N40S (265.1123)2
{144, 122}
Kaempferol-di-glucoside: C27H30016 (611.1611)
1287}

* The calculated mass values correspond to the protonated molecular ion (MH™) ion or the adduct ion (e.g., with Na or K) shown in
parenthesis. ! The fragment ions for the selected precursor ions are shown in curly brackets. 2 In case of thiamine, the M* ion is observed
instead of MH", as the compound has a fixed positive charge. Abbreviations: HTCC: Hydroxy-3-cyclocitral; EGC: Epigallocatechin; EDO:

Epoxybisabola-7(14),10-dien-2-one.

150



Molecules 2021, 26, 2180

Greece

Morocco

Afghanistan ~ | Kashm

Figure 2. Regions of collected specimens of saffron samples along with their associated cluster.
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Figure 3. Orthogonal Projections to Latent Structures Discriminant Analysis (0PLS-DA) (Par scaling) of the seven saffron
species examined.

2.2. Multivariate Statistical Analysis

In order to gain insight into the chemical space covered by the genus, as well as to
discover trends and spot any possible outliers, a Principal Component Analysis (PCA)
analysis was performed employing Pareto scaling. No significant clustering was apparent,
but also no outlier values were detected. The R? was 0.707 with the Q? being 0.49 (7-fold
cross validation). In order to further explore potentially significant markers among the
samples, orthogonal Projections to Latent Structures Discriminant Analysis (0PLS-DA) was
applied to enhance separation among the groups in PCA. The oPLS-DA algorithm was
used in order to explore for underlying associations existing in the data, as it is considered
a more efficient discriminating algorithm. Using Par scaling, clear clustering has been
observed showing five clusters of samples, as depicted in Figure 3.

Thus, each one of the species found in Italy Iran and Kashmir were allocated to unique
clusters as their only members, while Greece formed a cluster with Morocco, and Indian
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and Afghan saffron species formed another cluster. The model exhibited excellent fitting
(R% = 0.896) and predictive power (Q? = 0.688).

In order to focus on differentiating metabolites between species, all pairwise oPLS-
DA models between the five groups were constructed. Ten models were constructed as
shown in Table 1. All models were validated by permutation testing, whereas ANalysis
Of VAriance testing of Cross-Validated predictive residuals (CV-ANOVA) was used to
verify the statistical significance of the model (p < 0.05). To verify the validity of the
multivariate analysis concerning the generated models, the Hottelings T2 and the DModX
were evaluated, and were considered as valid when no value exceeds the d-critical level
set to 0.05. The residuals normality was also considered and examined for values deviating
from normality. In order to discover the most influential features for the construction
of each model, the corresponding S-plot was evaluated in every case, where the most
differentiated metabolites for each compared group can be distinguished. Therefore, the
Paretto based models were considered, whereas the VIP values were also considered in
the process. As a rule of thumb, the five major features from each group of each pairwise
comparison were investigated. All features identified in the manuscript are at identification
level four [34]. The big three MS methodologies employed (MS, MS/MS and HR MS)
gave access to corresponding fragmentation used for the assignment of probable structure
through MS/MS. Features were attributed to metabolites based on multiple criteria, i.e.,
that the accurate mass should not deviate more than 10 ppm from its theoretical value,
the isotopic pattern should show a score of >90, while the MS/MS fragments should be
present with unit resolution (as they were acquired in the linear ion trap using a parallel
scan). The second column in Table 1 lists the accurate protonated molecular ions MH* with
their respective retention times, whereas the third column lists the putative metabolites
and the corresponding fragment ions (in brackets) obtained in the linear ion trap using
a parallel scan. The metabolites tabulated in Table 1 are the ones that are upregulated in
the first pair (e.g., Greece and Morocco) and downregulated in the counterpart pair of the
comparison (e.g., India and Afghan). It should be noted that there was no need to employ
crocin standards available in our laboratory for the identification of putative metabolites,
because none of them was identified to be significantly differentiated between the saffron
samples analyzed, thus not assisting the discrimination of their geographical origin.

2.3. Geographical Region Differentiation

The results show that saffron samples were differentiated according to the geograph-
ical region of their collection. Interestingly, crocus from distant areas e.g., Greece and
Morocco, exhibit more pronounced similarities compared to neighboring regions such as
Greece and Italy. This could be attributed to the pivotal impact of microclimatic conditions
rather than considering the wider geographical area of cultivation. The Moroccan climate
is typically Mediterranean, resembling the Greek weather, even in the Atlantic coast of
the country. Nevertheless, the proximity of Greece to Italy and the fact that they are both
Mediterranean countries should indicate a large degree of similarity for the species. The
Italian saffron shows the same degree of differentiation to the Greek, Moroccan and Iranian
species. This reflects that the geoclimatic characteristics, along with the different prepa-
ration practices followed in the cultivation area determine the chemical composition of
the final product [14,31]. The Greek saffron is collected in a very narrow area (a village in
Macedonia province called Krokos from the name of the plant) where the conditions are
likely to be the same when compared to the conditions in the collection area of Morocco.
Indeed, this is also reflected to the Asian derived species. Thus, the Indian and Afghan saf-
fron are more similar to the Greek and Moroccan species in terms of chemical profile when
compared to either Kashmir region or their Iranian counterparts. It should be noted that
the Iranian and Kashmir species are more differentiated in terms of chemical components
content, despite their proximity.

Another issue that should be noted is the genetic profile of the species. Considering
that they are cultivated plants rather than native, it seems that the phylogenetic associ-
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ation is more closely related to the human intervention than to their historically driven
distribution. Thus, an assumption that needs further verification is that the Iranian or
the Kashmir branch were transferred by merchants to the countries that were in financial
contact. The Iranian/Middle East axis has a strong impact on the human financial rela-
tions, and it seems that the same holds true for the Kashmir/India branch. The Crocus
sativus L. species were cultivated and integrated in the areas from the Mediterranean
basin to Iran/Middle East and India/Kashmir, and both their similarities and differences
clearly reflect the international trade and financial relations between countries that were
geographically distant.

2.4. Saffron Components in the Saffron Samples from Various Regions

Saffron contains more than 150 volatile and aroma-yielding compounds. It also has a
number of nonvolatile active components [10], many of which are carotenoids, including
zeaxanthin, lycopene, and various «- and f3-carotenes. The wealth (plethora) of chemical
components in saffron poses complexity for its analysis. Several chromatographic and mass
spectrometric methods have been developed for the quantitation of the main bioactive
ingredients of saffron, such as crocins and picrocrocin [14,35-38]. The content of the active
secondary metabolites has an effect on the quality and efficacy of saffron [14,26]. In view of
the limitations of other techniques, ultra-performance liquid chromatography (UPLC-HR
MS) has been considered to be the most suitable method to analyze the constituents of
saffron extracts. In our study, UPLC-HR MS provided the metabolomic profile of the saffron
samples affording high sensitivity and retention time reproducibility. The UPLC-HR MS
and multivariate statistical analysis were combined to analyze saffron stigmas. Our results
showed that chemical characteristics of saffron were apparently diverse, which mainly
arose from the different geoclimatic characteristics inherent to the territory of cultivation.
Moreover, changes in the preparation procedures, i.e., flower collection, separation/drying
and conservation of stigmas, may strongly modify the final composition of chemical
components present in the stigma.

2.5. Marker Discriminating Power

In order to discover generalized markers of discriminating the saffron species, the
cross-tab (Table 2) has been created. The intention was to identify a single feature or even a
couple that could differentiate a group from its counterparts. There were two clusters, those
of Indian-Afghan and those in the Greek-Morocco saffron that were considered as belonging
to the same group. Thus, no generalized marker was found for discriminating the Indian-
Afghan saffron from the other groups, however the 252.1061_0.59 and 472.1734_3.24 ions
could differentiate the four of the five groups. The former mass signal corresponds to the
(M+NH,)* adduct ion of 3,4-Epoxybisabola-7(14),10-dien-2-one (EDO; C15H,O,) marker,
whereas the latter corresponds to the (M+Na)* adduct ion of astragalin (Cp1Hp0O11).
Conversely, the putative metabolite of tomentogenin [12] with MH™* signal 369.15_2.95
could be used to discriminate three of the five groups in the case of the Iranian stigmas. In
the case of the Greek-Morocco saffron, the results were even less general, and no molecular
species was found to show such a capacity. The Italian varieties could be clearly separated
from the others using the 169.1211_3.66 and the 353.1548_3.66 ions corresponding to the
MH? of vanillic acid and the (M+Na)* adduct ion of picrocrocin, respectively. Finally, the
611.157_4.14 ion corresponding to the MH™ ion of kaempferol-di-glucoside was found it can
be employed to distinguish the Kashmir saffron. These results indicate that a combination
of markers should be employed which necessitates the use of hyphenated separation
methodologies (e.g., LC-MS) for achieving the screening of saffron extracts, as well as
probing the saffron for the presence of adulterants [26].
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Table 2. Markers discovered towards the differentiation of the Crocus sativus L. stigmas from various destination sources. In

bold are marked the common metabolites across at least two destination sources whereas underlined are the ones that could

differentiate between all species.

IND_AFG

GR_MOR

IR

IT

KSH

307.1003_4.95

151.1105_3.67

151.1105_3.67

151.1105_3.67

365.1196_3.36

169.1211_3.66

169.1211_3.66

151.1105_4.86

IND_AFG 369.15_2.95 169.1211_4.86 353.1548_3.66 169.1211_3.66
383.1298_2.85 369.15_2.95 365.1196_3.36 169.1211_4.86
472.1734_3.24 472.1734_3.24 369.15_2.95 611.157_4.14

252.1061_0.59 123.1156_3.66 169.1211_3.66 151.1105_3.67
367.135_3.42 151.1105_3.67 177.1629_9.84 151.1105_4.86

GR_MOR 369.1508_1.49 169.1211_3.66 353.1548_3.66 169.1211_3.66

305.0824_0.71 169.1211_4.86 167.0115_24.08 169.1211_4.86
167.1057_1.49 369.15_2.95 265.1216_0.58 611.157_4.14
252.1061_0.59 155.1057_2.77 169.1211_3.66 252.1061_0.59
294.1526_0.79 169.1212_4.39 177.1629_9.84 294.1526_0.79
IR 280.1373_0.73 294.1526_0.79 353.1548_3.66 611.157_4.14
265.1216_0.58 317.1579_2.81 167.0115_24.08 280.1373_0.73
606.229_4.15 265.1216_0.58 265.1216_0.58 265.1216_0.58
139.1108_7.13 123.1156_3.66 139.1108_7.13 169.1212_4.39
169.1212_4.39 151.1105_3.67 169.1212_4.39 252.1061_0.59
IT 252.1061_0.59 169.1211_4.86 369.1508_1.49 369.1508_1.49
369.1508_1.49 348.1994_3.66 203.082_4.75 611.157_4.14
203.082_4.75 369.15_2.95 171.1005_3.58 203.082_4.75
155.1057_2.77 155.1057_2.77 169.1211_3.66 169.1211_3.66
307.1003_4.95 183.1005_3.33 307.1003_4.95 307.1003_4.95
KSH 317.1579_2.81 307.1003_4.95 331.173_3.66 331.173_3.66
331.173_3.66 317.1579_2.81 369.15_2.95 353.1548_3.66
364.1944_2.96 331.173_3.66 511.1749_4.94 369.15_2.95

3. Materials and Methods
3.1. Chemical Reagents and Standards

Methanol (MeOH) and acetonitrile (ACN) of HPLC grade were supplied from were
supplied from Carlo Erba (Milano, Italy) and Fisher Scientific (Pittsburgh, PA, USA),
respectively. Trifluoroacetic acid (TFA) was obtained from Acros Organics (Fair Lawn, NJ,
USA) and water was purified using Milli-Q (RG) filter systems from Millipore Corporation
(Billerica, MA, USA).

3.2. Sample Collection

Crocus Sativus L. dried styles (saffron) were kindly supplied by the Cooperative De
Safran, (Krokos Kozanis, West Macedonia, Greece). The saffron samples from Morocco,
Italy, Iran, India, Kashmir and Afghanistan were purchased from Sahar Saffron Company
(Cleveland, OH, USA). All samples were kept refrigerated at 5 °C until analysis.
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3.3. Sample Preparation

50 mg of saffron stigmas were soaked in methanol water 1:1 (v/v) for 200 days in dark
under ambient temperature. The stigmas were extracted with 10mL MeOH:water (1:1, v/v)
for 24 h at 25 °C in the absence of light with continuous stirring, and then centrifuged,
filtered through a 0.2-um filter and evaporated to dryness employing a Speed Vac system
(Labconco Corp., Kansas City, MO, USA). Samples were reconstituted in MeOH:water (1:1,
v/v), transferred to 1.5 mL autosampler vials and an appropriate volume was injected to
the LC-MS system.

3.4. UPLC—HR MS Metabolomics Analysis

A quality control sample (QC) taken from all samples was prepared in order to
periodically assess the reproducibility of the measurements. The separation of the an-
alytes contained in the saffron samples was achieved with a Fortis UPLC C;g column
(2.1 mm x 100 mm, 1.7 pm, Fortis Technologies Ltd., Cheshire, UK). The hyphenated LC-
HRMS system comprised of an Accela UHPLC equipped with an autosampler, a vacuum
degasser, a binary pump and a temperature-controlled column (Thermo Scientific, Ger-
many) coupled to an Orbitrap Discovery XL, which was equipped with an IonMAX ion
source (Thermo Scientific, Bremen, Germany). The mobile phase consisted of 0.1% aq.
formic acid (v/v) (solvent A) and 0.1% formic acid in LC-MS grade ACN (v/v) (solvent B).
The gradient program was for solvent B: 5% at 0 min, 5% at 3 min, 95% at 24 min, 95% at
26 min, 5% at 28 min, 5% at 30 min. The overall analysis time spanned for 30 min, whereas
the injection volume was 5 ul keeping a flow rate of 400 ul min~!. The positive ioniza-
tion ESI mode was used using a mass range of 100-1000 amu. The “big three” approach,
employing parallel scans, was used. The samples were centrifuged using a Mikro 200R
centrifuge (Hettich Lab Technology, Tuttlingen, Germany), and for the solvent evaporation
was performed on a GeneVac HT-4X EZ-2 series evaporator Lyospeed ENABLED (Genevac
Ltd., Ipswich, UK).

3.5. Statistical Analysis

The raw data were imported to the Mzmine 2.51 [39] and the Automated Data Anal-
ysis Pipeline (ADAP) pipeline was employed, using the wavelets methodology for the
chromatogram deconvolution as implemented to ADAP [40]. The feature list was analyzed
by SIMCA 14.1 (Umetrics, Umea, Sweden) for the construction of the multivariate models,
whereas all univariate analyses were performed by Jamovi. The multiple correction for
t-testing, which used the false discovery rate approach, was performed by the qvalue R
package [41]. All multivariate models were validated by n-fold as well as by permutation
testing, employing 100 random permutations. The CV-ANOVA was used with p < 0.05 to
verify the validity of the produced models [42].

3.6. Feature Identification

The peak list MS features were annotated using the KEGG, CheBI, MetaCyc, LIPIDMAPS,
FOR-IDENT, and HMDB libraries. The Met-Frag online version was employed [43] for the
annotation and an additional home-assembled MS library was also used.

4. Conclusions

The metabolomic profiling of saffron (Crocus sativus L. stigma) from different geo-
graphical regions, employing UPLC-HR MS analysis combined with multivariate statistical
analysis, provided evidence that the phytochemical content in the samples of C. sativus
L. was diverse in the different countries of origin. This diversity apparently arises from
the different geoclimatic characteristics of the area of cultivation in combination with the
distinct preparation procedures in the respective countries. Our results indicated that there
are characteristic ions that could differentiate a certain group from its counterparts such
as the Indian-Afghan and the Greek-Morocco saffron samples that could be considered to
belong to the same group. The metabolomics approach was deemed to be the most suitable
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choice in order to evaluate the enormous array of putative metabolites of saffron, and thus
provide a comparative phytochemical screening among the saffron samples studied. In
addition, this UPLC-HR MS-based metabolomics approach could be also employed for
probing possible adulteration of saffron samples. In view of saffron’s health-promoting
effects through the modulation of various biological and physiological processes, the se-
lection of the appropriate saffron sample guided by the respective metabolomic profiling
could be an important step. That, in turn, may aid the emerging popularity and interest in
alternative medicine-based treatments within health practices.
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Abstract: Kashmir saffron (Crocus sativus L.), also known as Indian saffron, is an important Asian
medicinal plant with protective therapeutic applications in brain health. The main bioactive in
Kashmir or Indian Saffron (KCS) and its extract (CSE) are apocarotenoids picrocrocin (PIC) and
safranal (SAF) with carotenoids, crocetin esters (crocins), and crocetins. The ultra-fast liquid
chromatography(UFLC)- photodiode array standardization confirmed the presence of biomark-
ers PIC, trans-4-GG-crocin (T4C), trans-3-Gg-crocin (T3C), cis-4-GG-crocin (C4C), trans-2-gg-crocin
(T2C), trans-crocetin (TCT), and SAF in CSE. This study’s objectives were to develop and validate
a sensitive and rapid UFLC-tandem mass spectrometry method for PIC and SAF along T4C and
TCT in rat plasma with internal standards (IS). The calibration curves were linear (R? > 0.990), with
the lower limit of quantification (LLOQ) as 10 ng/mL. The UFLC-MS/MS assay-based precision
(RSD, <15%) and accuracy (RE, —11.03-9.96) on analytical quality control (QC) levels were well
within the acceptance criteria with excellent recoveries (91.18-106.86%) in plasma samples. The
method was applied to investigate the in vivo pharmacokinetic parameters after oral administration
of 40 mg/kg CSE in the rats (n = 6). The active metabolite TCT and T4C, PIC, SAF were quantified
for the first time with T3C, C4C, T2C by this validated bioanalytical method, which will be useful for
preclinical/clinical trials of CSE as a potential neuroprotective dietary supplement.

Keywords: crocetin; crocin; picrocrocin; safranal; dietary supplement; nutraceutical

1. Introduction

Crocus sativus L. (CS), also known as saffron, is a popular food condiment. Cultivation
of CS occurs in many countries, including Iran, India, Italy, Spain, and Greece. The flower
stigmas of saffron have usage worldwide for traditional and medicinal use. This saffron
mainly grows in India’s Kashmir region, known as Kashmir or Indian Saffron (KCS).

This KCS is rich in bioactive constituents, carotenoids (crocetin esters, i.e., crocins,
crocetin), and apocarotenoids such as picrocrocin (PIC) with safranal (SAF) (Figure 1) [1-4].
The Srinagar, Pulwama, Kishwar, and Badgam districts have been geographically and
climatically suitable for the growth and enrichment of bioactive compounds in saffron [3-5].
Geographical indicators (GIs) for the production of Kashmir saffron have been validated [5].
It shows the growth and scope of production and the consistent supply of KCS with
agricultural benefit.
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Figure 1. Compounds of Kashmir saffron extract (CSE)-trans-4-gg-crocin (T4C); trans-3-Gg-crocin
(T3C); trans-2gg-crocin (T2C); trans-crocetin (TCT); safranal (SAF); picrocrocin (PIC), and cis-4GG-
crocin (C4C).

Saffron’s stigma mainly contains the water-soluble carotenoids crocetins, and its
esters, known as crocins responsible for this spice’s coloring properties. The esterification
of crocetins with sugars like neapolitanose, gentiobiose (G), and glucose (g) gives the
geometric isomers of crocins, where trans isomers dominate cis form [3,4]. The general
crocins content ranges between 16-28% in the CS, and in some harvest years, it can represent
up to 30% [4,6,7]. The apocarotenoid PIC is mainly responsible for the taste of CS, which is
7-16% in the dried stigmas of CS and can reach up to 20% [6,8-10]. Safranal is the bioactive
precursor form of PIC which contributes to its aroma and is usually found as 0.1-0.6% in
concentration in the CS on a dried weight basis (w/w) [6,11-17].

Saffron and their associated carotenoid—apocarotenoids were extensively studied
over the last decade for their biomedical properties, especially for their brain health and
chemopreventive potential. The compounds have found a highly antioxidant effect in
neurodegenerative diseases with its relevance to Alzheimer’s (AD) and Parkinson’s Dis-
ease [3,18-21].

Kashmir or Indian Saffron holds importance in culinary and remedial values in In-
dia’s regional and traditional medicines. It has curative properties in nervous system
functions and insomnia, depression, cataracts, night blindness, low vision while nor-
malizing heart functions. Kashmir or Indian Saffron is traditionally used in India as
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antispasmodic and aphrodisiac, treating dermal diseases, kidney-urinary disorders, and
rheumatoid arthritis with widespread cosmetics usage as per folklore, Ayurveda, Sid-
dha, Sowa Rigpa, and Unani medicinal systems [1,22-27]. The recent scientific studies on
KCS have shown its potential in AD, cardiac functions, immunomodulatory activity, and
anti-tumor agents [3,28-34]. This increased valuation and consistent growth in the KCS
consumption in health benefits have prompted the demand and interest in research as a
dietary supplement and nutraceutical.

The data for bioanalytical studies showed that HPLC-based quantification had been
reported for the presence of trans-4-GG-crocin (T4C) or crocin-1 and trans-crocetin (TCT)
in CS [4,35-37]. But there is no report of the methodology for bioactive apocarotenoids
PIC and SAF along with other carotenoids trans-3-Gg-crocin (T3C), trans-2-gg-crocin (T2C),
cis-4-GG-crocin (C4C) from CS [35-37]. This research also lacks confirmation and detection
of these compounds in biological samples after CS or its extract or product consumption.
There is a need to develop a short and adaptable LC-based method with MS/MS to identify
and quantify these compounds in a validated way. Current bioanalytical studies lack
validation data and sensitivity for the bioactive compounds T2C, T3C, C4C, SAF, and PIC
from CS as per the literature [4,38—41].

In the previous studies, the neuroprotective effect of KCS extract has been evaluated.
An integral approach to prevent or delay AD is the blood-brain barrier (BBB) integrity and
amyloid 3-protein (Af) clearance. In an in vitro study, KCS extract enhanced the tightness
of bEnd-3 cells-based BBB in the concentration of 0.2-0.22 mg/mL, thereby increasing Af3
clearance which helps in AD condition. This KCS extract has upregulated synaptic proteins
and reduced neuroinflammation associated with A} pathology in 5XFAD (AD model) mice
brains. The treatment of active metabolite crocetin resulted in improved memory function
by inducing autophagy mediated by AMPK pathway activation in mice in a separate study,
which states the study requirement for in vivo therapeutics data [3,4,42].

The UFLC-PDA standardization showed bioactive compounds PIC, T4C, T3C, C4C,
T2C, TCT, and SAF in the KCS extract (CSE). Therefore, the present study aimed to develop
and validate a sensitive and short UFLC-MS/MS bioanalytical method for the simulta-
neous determination of apocarotenoids (PIC, SAF) and carotenoids (T4C, TCT) in the rat
plasma. This methodology was further validated with internal standards reserpine and
chloramphenicol as per the USFDA (United States Food and Drug Administration)and
EMA (European Medicines Agency guidance for linearity, precision, accuracy, recovery, ex-
traction efficiency, stability, dilution integrity, and matrix effect. [40,41] This novel method
was utilized for in vivo oral pharmacokinetics investigations of CSE in rats. The PIC, SAF,
T4C, TCT, T3C, C4C, T2C, were detected in rat plasma using this validated bioanalytical
method. This method and results will be beneficial in the further investigation of KCS and
CSE. According to the phytopharmaceutical guidelines of the Drugs Controller General
(DCG) (India) and other regulations, this bioanalytical method will be useful for preclinical
or phase 1 clinical trials.

2. Results

The quantitation results of CSE (n = 3) with the concentrations of PIC, SAF, T4C, T3C,
C4C, T2C with TCT was found as shown in Table 1.

Table 1. Quantitation of Kashmir saffron extract (CSE) (1 = 3) (%, w/w) for compounds PIC, SAFE, T4C, T3C, C4C, T2C and TCT.

Analytes

T3C T2C Cc4C TCT SAF PIC

CSE 13.76 £ 0.280

5.50 +0.418 0.875 £ 0.0255 0.624 + 0.011 0.0378 £ 0.0015  0.033 £ 0.00050 18.09 £ 0.586

2.1. Optimization of Chromatographic Conditions

The ultra-fast liquid chromatography-tandem mass spectrometry (UFLC-MS/MS)
methodology was optimized by selecting the mobile phase system and promoting the
retention of targeted analytes in pre-column and cleaning interferences. The water and
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acetonitrile (ACN) (80% to 10%) containing formic acid (0.01% to 0.1%) were compared,
and water (0.1% formic acid) with ACN was selected as a mobile phase. Different mobile
phase additives were tested systematically in the mobile phase optimization, including
ammonium formate, ammonium acetate, and formic acid in ascending concentrations
from 0 to 10 mmol/L and 0.01% to 0.1% to enhance the sensitivity and resolution of
target compounds.

The mobile phase flow rate was optimized to increase the method’s separation and
reproducibility as 0.8 mL/min after various trials of 0.4, 0.5, 0.6, and 0.7 mL/min flow
rates (system pressure of UFLC < 4000 psi). The analyte transfer’s ideal time entirely from
precolumn to the analytical column was optimized by switching at times 0, 0.5, 1 min,
and 0.0 min. It was found that the response was proportional to the injection volume;
hence optimization of injection volume was done with 5, 10, 20, and 50 pL. An increase
in system pressure observed at 50 uL injection volume when compared to the rest. The
lower limit of quantification (LLOQ) decreased ten-fold by changing the injection volume
of 20 pL to 5 pL. Theoretically, the sample’s sensitivity is directly proportional to the
injection volume loaded into the analytical column. Therefore, the column conditions with
optimized injection volume influence the retention process, efficiency, peak shape, which
found 20 pL. Under the optimized conditions, the retention times (tR) of T4C, T3C, T2C,
C4C, TCT, PIC, SAF, reserpine (IS1), and chloramphenicol (IS2) were found as 3.90, 4.12,
4.74,4.53,5.96,1.93, 6.19, 4.82 and 4.42 min, respectively. (Table 2).

Table 2. Precursor/product ion pairs and parameters for multiple reaction monitoring (MRM) of compounds used in this study.
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T4C—trans-4-gg-crocin; T3C—trans-3Gg-crocin; T2C—trans-2gg-crocin; C4C—cis-4GG-crocin; TCT—trans crocetin; PIC—picrocrocin;
SAF—safranal; IS1—internal standard 1; IS2—internal standard 2.

2.2. Optimization of Mass Spectrometric Conditions

The optimization of MS conditions was performed on precursors and product ions of
the analytes and IS. The electrospray ionization (ESI) interface was selected as T4C, T3C,
T2C, C4C, and TCT with IS2 in a negative mode and SAF, PIC, with IS1 in a positive mode
for a maximum and stable response. The mass parameters such as Q1 pre-bias and (DP),
Q3 pre-bias, and collision energy values for all the analytes and IS1 and IS2 were optimized
and shown in Table 2.

Carotenoids are fragile and naturally occurring isomerized compounds in CSE. The
T4C and C4C are isomers with four sugar moieties at a molecular weight of 976.38 g/mol.
Similarly, T3C is a carotenoid with three sugar moieties (814.33 g/mol) and T2C with two
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sugar moieties (652.27 g/mol). The basic chemical skeleton of these molecules is TCT
with 328.17 g/mol. Similarly, the main apocarotenoid, PIC, has a molecular weight of
330.17 g/mol with a similar SAF structure, with a molecular weight of 150.10 g/mol with
the sugar moiety.

The Q3 MS spectra stabilized for all these compounds T4C, T3C, C4C, T2C, TCT, PIC,
and SAF in this method. The spectra of product ions (qualifier and quantifier) showed
transitions for T4C, T3C, C4C at 651.25/327.20, for T2C 327.15/283.20. The TCT showed a
major transition at 283.10/239.35. In comparison, apocarotenoids PIC and SAF showed
transition at 123.15/81.05 and 123.15/81.05, whereas 448.05/195.10 and 257.00/152.00 were
used for IS1 and IS2 in multiple reaction monitoring (MRM) scan mode. (Figures 2 and 3)
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Figure 2. Possible mass fragmentation pattern and (m/z) values of precursor (Q1) and product
(Q3) ions for T4C, T3C, T2C, C4C, TCT, IS2 (negative mode) and PIC, SAF, IS1 (positive mode) in
the optimized ultra-fast liquid chromatography-tandem mass spectrometry (UFLC-MS/MS) based
MRM conditions.

2.2.1. Carotenoids—Apocarotenoids: Mass Fragmentation Analysis by UFLC-MS/MS

The precursor and fragmented ions from UFLC-MS/MS methodology were further
studied for all carotenoids and apocarotenoid’s possible mass fragmentation pattern, as
shown in Figure 2.

The ESI-MS (negative) spectrum of T4C (tR = 3.90 min) displayed a molecular ion at
m/z 975.70 [M-H]~ and other two diagnostic peaks were observed at m/z 651.25 [M-H-
C12Hp0010]™ and m/z 327.20 [M-H-C4H40O2] ~, confirming the presence of four glucose
moieties [43]. The deprotonated molecular ion peak of the ESI-MS (negative) spectrum
of T3C (tR= 4.12 min) displayed an ion at m/z 813.30 [M-H] . The other two additional
diagnostic peaks were observed at m/z 651.20 [M-H-CcH;9O5]~ and m/z 327.20 [M-H-
C18H31015]~ confirm the presence of three glucose moieties. The deprotonated molecular
ion peak of ESI-MS (negative) spectrum of T2C (tR = 4.74 min) displayed an ion at m/z
651.25 [M-H]~ and another two additional diagnostic peaks were observed at m/z 327.15
[M-H-C1,H0O10]™ and m/z 283.20 [M-H-C13H»0O12]~ which confirm the presence of
two glucose moieties.
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Figure 3. Typical MRM chromatograms of the seven components in rats: (A) blank plasma; (B) blank plasma sample spiked
with standard mixtures and internal standard; (C) rat plasma samples collected after oral administration of the CSE. PIC,
T4C, T3C, C4C, T2C, reserpine (IS1), TCT, SAF, chloramphenicol (IS2).

The ESI-MS (negative) spectrum of C4C (tR= 4.53 min) displayed a molecular ion
at m/z 975.70 [M-H] ™~ and two additional diagnostic peaks were observed at m/z 651.25
[M-H-C1,H30010]~ and m/z 327.20 [M-H-Cy4H49O5] ~, which confirmed the presence of
four glucose moieties. The deprotonated molecular ion peak of ESI-MS (negative) spectrum
of TCT (tR= 5.96 min) displayed a molecular ion at m/z 327.10 [M-H]~ [44], and other
two additional diagnostic peaks were observed at m/z 283.10 [M-H-CO,]~ and m/z 239.35
[M-H-2CO,]".

The apocarotenoids are carotenoids derived compounds with isoprenoids units present
in CS [45]. In MS/MS analysis, protonated molecular ion peak observed for PIC as m/z
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151.25 [M+H]" at tR=1.93 min, with additional signals as m/z 123.15 [M+H-CO]* and
m/z 81.05 [M+H-C4HgO]*. While for SAF, the molecular ion at m/z 151.25 [M+H]*, with
additional signals at m/z 123.15 [M-H-COJ* and m/z 81.05 [M+H-C4HO]*, was observed
at tR=6.19 min. Both compounds could be separately identified by analyzing reference
standards and retention time.

The [M+H]" spectrum of reserpine (IS1) (tR 4.82 min) displayed a molecular ion at m/z
609.70 [M+H]", and two additional signals were observed at m/z 448.05 [M+H-C1oH;oNOJ*,
and m/z 195.10 [M+H-Cp3Hp9N,Os5]*. The spectrum of chloramphenicol (IS2) (tR=4.42 min)
displayed a molecular ion at m/z 321.00 [M-H]~ and two additional signals were observed
at m/z 152.00 [M-H-C4H¢NO,]~ and m/z 257.00 [M-H-CH;3OCl] (Figure 2). This data
gives us possible ion fragmentation and application of this methodology in the proposed
MS-based fragmentation pattern of these analytes from CSE.

2.2.2. Linearity and Lower Limit of Quantification (LLOQ)

The calibration curves, correlation coefficients (Rz), linear ranges, and LLOQ of the
analytes are shown in Table 3. The linearity of the calibration curves was determined
by plotting the peak area ratio (analytes/IS) against the nominal concentration of the
calibration standards in rat plasma covering the expected range (10-3200 ng/mL) by linear
regression analysis with the use of a 1/X? (x is the concentration) weighing factor. The
calibration curves of the analytes exhibited linearity at a specific concentration range in
rat plasma.

Table 3. The linear equation, linear range, and LLOQ of the T4C, T3C, T2C, C4C, TCT, PIC, and SAF in rat plasma samples.

Analyte Linear Equation Range (ng/mL) R? LOD (ng/mL) LLOQ (ng/mL)
T4C 10.00 to 3200.00 y = 0.001106907x + 0.0007873082 0.9968 2.00 10.00
T3C 10.00 to 3200.00 y = 0.002373485x — 0.000003492705 0.9954 2.00 10.00
T2C 10.00 to 3200.00 y = 0.002490268x — 0.0001086531 0.9990 5.00 10.00
Cc4C 10.00 to 3200.00 y = 0.0002475676x + 0.0003535316 0.9960 5.00 10.00
TCT 10.00 to 3200.00 y = 0.002001102x + 0.002474666 0.9952 2.00 10.00
PIC 10.00 to 3200.00 y = 0.002674921x + 0.004357420 0.9975 5.00 10.00
SAF 10.00 to 3200.00 y=0.007429112x + 0.02994744 0.9985 2.00 10.00

The LOD was determined on the analyte concentration, which showed a peak response
with a signal-to-noise ratio (5/N) of >3.3. Further, the LLOQ was determined with a signal-
to-noise ratio > 10 at 10 ng/mL level (n = 5) for each analyte [40,41], which indicated
that the method was sufficiently sensitive for pharmacokinetic studies. It is the lowest
concentration of the standard curve that can be accurately and precisely measured.

2.3. Bioanalytical Method Validation

The following validation results were recorded and analyzed for four bioactive com-
pounds (i.e., TCT, T4C, PIC) and SAF by UFLC-MS/MS in rat plasma.2.3.1. Optimization
of Analytes Extraction from the Plasma

2.3.1. Optimization of Analytes Extraction from the Plasma

While processing the rat plasma samples, analytes extraction is a critical step for
accurate and consistent MS/MS analysis. Protein precipitation extraction (PPE) and liquid-
liquid extraction (LLE) methods were compared for sample preparation. The carotenoids
and apocarotenoids classes are the least stable in natural products. In CSE, the polar
solvents are the solvent of choice for better solubility and consistent extraction. After
different trials, acetonitrile and methanol were found as efficient solvents. Methanol was
found to have better precipitation and stability of the analytes and IS experiments for CSE
and was chosen as the optimized solvent for experimentation.

The simple and stable protein precipitation (PPE) method was optimized for the
CSE analyte and internal standard extraction. The accuracy and matrix effect achieved in
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the PPE method using acidified methanol with formic acid also enhanced recovery and
efficiency. This extraction method was suitable for stabilizing SAF content in the rat plasma
compared to other trials. The quantification was done by using a response factor of IS. This
concentration-dependent strategy was found helpful for CSE carotenoids—-apocarotenoids
for encountering variable responses.

2.3.2. System Suitability Test

The system suitability test was applied to each batch at the LQC level (1 = 5), during
and after the batch analysis. The relative standard deviation of peak area response and
retention time for each analyte was <10% and 5%, respectively.

2.3.3. Specificity and Sensitivity

Validation was carried out as per USFDA and EMA guidelines [40,41]. The specificity
and selectivity were investigated by comparing the retention times in chromatograms
of blank plasma added with analytes and blank plasma, and plasma sample after oral
administration of CSE; no interference peak was observed at a retention time of analytes
of endogenous substances in the plasma samples. (Figure 3) The mean signal-to-noise
ratios for T4C, TCT, PIC, SAF, IS1, and IS2 were 18.90 + 4.28, 24.97 + 4.82, 17.02 £ 3.39,
34.70 £ 7.08, 77.72 4= 8.28, 88.69 + 10.77, respectively.

2.3.4. Quality Control Samples

The accuracy and precision parameters determined on the four QC levels and other pa-
rameters and assay were calculated with three QC levels based on linearity and LLOQ [41]
(Table 3). The QC samples were prepared at four levels by spiking the analyte in plasma to
get the LLQC (10 ng/mL), LQC (three times of LLOQ, 30 ng/mL), MQC (50% of the upper
CC range, 1600 ng/mL), and HQC (75% of the upper CC range, 2400 ng/mL).

2.3.5. Accuracy and Precision

Precision and accuracy were determined by analyzing QC samples at four level
concentrations (1 = 6) on the same days (01-04) and a different day (n = 6 x 3). The
accuracy was evaluated by relative error (RE). In contrast, precision was expressed in
relative standard deviation (RSD), as given in Table 4. The range of precision from 1.29 to
10.18% for intra-day ranged from 1.16 to 10.51% for inter-day, respectively. The accuracy
expressed was within £15% in all QC levels. All the results met the acceptance criteria.
This data indicated that this developed UFLC-MS/MS method was accurate and reliable
for determining compounds.

Table 4. Intra- and inter-day precision and accuracies of the analytes in rat plasma, (ng/mL).

Nominal Intra-Day 01 (1 = 6) Intra-Day 02 (1 = 6) Intra-Day 03 (n = 6) Intra-Day 04 (1 = 6) Inter-Day (n =6 x 3)
Analyte  Concen- T A Precisi A Precisi A Precisi A Precisi A
tration 'ec1s1on CCul'aCy recision Ccuracy recision CCuraCy recision CCuraCy recision CCuraCy
(ngml) (RSD,%)  (RE,%)  (RSD,%) (RE%)  (RSD,%) (RE,%) (RSD,%) (RE,%)  (RSD,%)  (RE,%)
10.00 6.76 278 6.76 278 7.96 ~1.09 572 —6.03 6.93 553
30.00 6.65 233 6.65 233 6.65 397 298 ~195 553 —7.62
T4C 1600.00 1.23 273 1.23 273 3.43 ~6.39 292 ~7.50 116 —8.92
2400.00 5.15 ~0.19 515 ~0.19 5.48 194 225 777 1.69 215
10.00 7.40 0.92 7.40 0.92 7.18 ~1.16 697 552 6.07 112
30.00 495 ~0.63 495 ~0.63 5.67 ~3.12 631 391 5.74 483
TCT 1600.00 1.98 229 1.98 229 5.63 444 1.29 ~7.14 3.49 —8.48
2400.00 5.81 1.68 5.82 1.68 438 121 1.94 ~3.99 2.48 132
10.00 7.04 ~11.03 7.04 ~11.03 9.96 371 6.70 0.25 524 4.63
30.00 595 —6.23 595 ~6.23 8.00 ~320 483 077 10.51 514
FIC 1600.00 250 ~1.50 2.50 ~1.50 3.99 572 2.90 397 2.08 —832
2400.00 157 024 157 0.24 335 ~1.83 4.09 ~498 334 —0.61
10.00 5.11 490 5.11 490 6.61 3.83 10.18 473 741 6.35
30.00 515 126 515 ~126 545 ~1.18 521 177 7.14 ~149
SAF 1600.00 224 295 224 —295 321 —485 259 —735 233 —7.63
2400.00 291 ~0.20 291 ~0.20 3.88 ~151 1.96 511 1.95 0.66
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2.3.6. Extraction Recovery, Dilution Integrity, and Carryover

The results of the extraction recoveries and dilution integrity of the four compounds
are listed in Tables 5 and 6. The mean extraction recoveries of the analytes in plasma at three
quality control (QC) concentration levels were found from 91.18 £ 0.73% to 106.86 & 1.73%.

Table 5. Extraction recovery(ng/mL) of the compounds in rat plasma samples, (1 = 6).

Analvte Nominal Concentration Extraction Recovery Precision Accuracy
y (ng/mL) (%, mean + SD) (RSD, %) (RE, %)
30.00 91.18 £0.73 0.80 —9.29
T4C 1600.00 99.09 &+ 1.55 1.56 -115
2400.00 101.60 + 0.46 0.45 1.56
30.00 106.23 £ 3.62 341 5.99
TCT 1600.00 105.22 +3.48 3.30 4.45
2400.00 101.45 +1.01 1.00 —2.18
30.00 96.74 + 1.04 1.07 —4.30
PIC 1600.00 102.89 +1.76 1.71 2.04
2400.00 106.86 £ 1.73 1.61 4.67
30.00 100.72 + 0.58 0.57 091
SAF 1600.00 103.05 £ 2.95 2.86 2.38
2400.00 105.29 +1.83 1.74 4.98

Table 6. Dilution Integrity of analytes in two-fold and four-fold dilution (ng/mL) (n = 6).

Analyte Colr\llcoel::::;lion ]];‘1’101;521;11 Precision Accuracy Four-Fold Dilution Precision Accuracy
(RSD, %) (RE, %) (ng/mL) (RSD,%)  (RE, %)
(ng/mL) (ng/mL)
T4C 4663.09 + 92.81 1.99 —6.74 4642.16 + 118.87 256 —7.16
TCT 4634.89 + 137.40 2.96 —7.30 4689.90 + 182.80 3.90 ~6.20
PIC 5000.00 4740.06 + 164.85 348 ~520 474410 + 118.81 2.50 512
SAF 4706.07 + 57.69 1.23 _5.88 4722.58 + 62.50 132 —555

Dilution integrity determined by analyte spiking above the upper limit of quantifi-
cation (ULOQ) and diluted with blank plasma brought into the calibration curve was
analyzed to obtain acceptable concentration after proper dilution with blank plasma. The
results showed that the precision and accuracy of the diluted QCs were within the 15%
limit (Table 6).

2.3.7. Matrix Effect and Stability Studies

The four compounds’ matrix effects were found to be in the range of 95.88+ 8.44% to
100.78 £ 2.59%, suggesting no significant ion suppression or enhancement in this LC-MS
method as the guidelines in Table 7.

Table 7. Matrix effect (ng/mL) for the determination of compounds in rat plasma (1 = 6).

Analvte Nominal Matrix Effect Precision Accuracy

y Concentration (ng/mL) (%, mean £ SD) (RSD, %) (RE, %)

TaC 30.00 100.03 +5.21 5.21 —7.63
2400.00 98.98 +4.17 421 3.33

TCT 30.00 97.68 + 8.35 8.55 —-2.25

2400.00 100.78 4+ 2.59 2.57 —2.08
PIC 30.00 95.88 + 8.44 8.81 2.14
2400.00 98.91 + 6.91 6.99 0.71
SAF 30.00 96.43 + 6.51 6.75 2.18
2400.00 99.19 4+ 2.53 2.55 1.51
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The analyte stability in plasma was demonstrated by analyzing LQC and HQC sam-
ples (n = 6) at storage conditions as per Table 8 for processed plasma samples of CSE. It
showed that T4C, TCT, PIC, and SAF were stable but under restricted storage conditions
due to their sensitive nature. The precision was found for autosampler stability conditions
from approximately 3.08% to 4.76% with accuracy (RE, —0.19-3.40), for room temperature
from 2.38% to 5.35% with accuracy (RE, —0.26-1.33), and freeze-thaw stability 2.43% to
8.25% with accuracy (RE, —0.06—4.13).

Table 8. Stability assays for the determination of compounds in rat plasma (1 = 6).

Room
. Freeze-Thaw
Nominal Autosampler Precisi A Temperature Precisi A Stabili Precisi A
Analyte  Concentration  Stability  Lecesion Accuracy  Fgiiip [ Precision Acouracy  Swbility  Precision  Accuracy
(ng/mL) (%, mean + SD) ( » %) (RE, %) (%, mean + ( %) (RE, %) (%, mean ( %) (RE, %)
SD)
SD)
30.00 29.01 +1.38 4.76 —3.29 27.80 +1.29 4.64 —7.34 28.45 + 1.06 3.74 —5.18
Tac 2369.47 +
2400.00 2481.58 + 86.48 3.49 340 2413.86 £+ 73.67 3.05 0.58 195' 39 8.25 —-1.27
30.00 29.94 +1.29 4.30 —0.19 28.59 +£1.18 4.12 —4.69 29.79 + 1.58 5.30 —0.69
et 2400.00 2467.92 £+ 101.06 4.09 2.83 2425.78 & 4.63 1.07 238390 & 5.59 —-0.67
! : : . : 112.27 . : 133.23 : :
30.00 29.52 £ 1.26 426 —1.61 30.40 £+ 0.92 3.01 1.33 29.98 + 1.66 5.55 —0.06
PIC 2498.53 +
2400.00 2463.69 £+ 113.42 4.60 2.65 2406.19 £+ 94.01 391 —0.26 111' 53 446 4.11
30.00 29.97 £+ 0.90 3.08 —2.44 28.07 £ 0.67 2.38 —6.43 29.66 + 1.42 4.78 —1.13
SAF 2370.67 +
2400.00 2472.88 £ 0.90 4.08 3.04 126' 71 5.35 —1.22 2499.17 £ 60.75 243 4.13

2.3.8. Application of Bioanalytical Method to Oral Pharmacokinetics Study

The method parameters were confirmed and validated for TCT, T4C, PIC, and SAF
based on bioanalytical guidelines in the rat plasma. This method was applied to the study
of carotenoids and apocarotenoids in plasma after oral administration of CSE in rats. The
compounds PIC, SAF T4C, TCT with T3C, C4C, and T2C were determined using the
validated UFLC-MS/MS method. The response of compounds T3C, T2C, and C4C were
confirmed based on the retention time, relative retention factor from IS1, and optimized
MS/MS profile. (Table 2) These compounds were quantified against individual linearity
and area response in rat plasma in each analysis [4] (Figure 4)
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Figure 4. Mean plasma concentration-time curves of six constituents identified and quantified after
oral administration of Kashmir saffron extract (CSE) at the dose of 40 mg/kg in rats (mean 4+ SEM,
n = 6). PIC, T4C, TCT, T3C, C4C, and T2C.
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2.4. Pharmacokinetic Results

As is known, natural products may work through the combined effects of constituents
with similar structures [44]. Satisfactory therapeutic effects are obtained even though
some of the constituents may be at low blood concentrations. The quantification showed a
significant amount of T4C, T3C, and PIC with C4C, T2C, TCT, and SAF in CSE by UFLC-
PDA. The validated bioanalytical UFLC-MS/MS method was applied to the simultaneous
determination of these seven compounds after single oral administration of CSE (40 mg/kg)
inrats (n = 6). The quantification was done for apocarotenoids PIC and SAF and carotenoids
T4C, T3C, C4C, T2C, TCT.

The PK parameters were calculated by non-compartmental analysis. The PK parame-
ters, such as maximum plasma concentration (Cx) and the time to reach the maximum
plasma concentration (T);4x), were derived directly from the experimental data. The trape-
zoidal equation calculated the areas under the plasma concentration-time curves from 0
to the time of the last quantifiable concentration (AUCy_;). The AUC was extrapolated to
infinity AUC., using C;/K,;, where C; is the last measured MET concentration. K, is the
elimination rate constant determined from the terminal slope of the log concentration-time
plot. The K,; was obtained from the linear regression curve slope by fitting the terminal
concentrations’ natural logarithms versus time. The terminal elimination half-life (t;,) was
calculated by 0.693/K,;. The clearance (CL) was calculated as the quotient of the dose (D)
and AUCy_. All values were expressed as mean + SEM.

As a result, in this study, the crocins detected in plasma were all acquired. This is
the first report on the PK profiles of seven compounds of CSE in rats. The PK parameters
were calculated and are listed in Table 9. The mean plasma concentration-time curves of six
compounds are shown in Figure 4, except SAF due to the low concentration in vivo. The
PK parameters of SAF could not be calculated because of the lack of sufficient data points,
as its original amount in the CSE was comparatively low.

Table 9. Pharmacokinetics (PK) parameters of six compounds after an oral administration of Kashmir saffron extract (CSE)

(n=6).
PK Parameters T4C T3C T2C c4C TCT PIC
Chuax (ng/mL) 49.27 + 11.15 759 £4.71 160.44 £+ 15.17 86.14 + 15.65 2076.21 £ 373.61 272295 + 231.41
Tax (h) 3.5+0.57 35+1.09 4.34 £0.51 3.25+1.05 6.84 + 1.69 0.792 £ 0.10
AUCq (h.ng/mL) 277.04 + 67.69 20.36 + 9.64 1529.1 4+ 197.40 395.64 + 113.41 23,590 + 3119.25 3691.19 + 274.38
AUCj. (h.ng/mL) 370.45 + 75.64 55.46 + 31.21 1676.12 + 238.38 407.21 +187.28 30,679.13 £ 3706.46 3818.76 + 256.67
t1 (h) 3.36 +1.00 4.6 +274 5.75 +0.73 157 £ 1.57 8.98 +2.00 0.793 + 0.078
CL (mL/h/kg) 19,568.35 + 4835.41 114,958.33 + 71,000.46 234.77 + 31.12 326.37 + 445.89 0.547 £ 0.094 1935.88 + 123.45
Vi (L/kg) 69.250 + 16.150 325.573 + 13.099 2.006 + 0.457 429 £1.94 0.00617 + 0.00104 2.258 £+ 0.3168

Cax- maximal observed concentration; T;,;,- maximum observed time; AUC ;- area under the curve from time zero to the last measurable
concentration; AUCy.- area under the curve from time zero extrapolated to infinite time; t;, - half-life; CL- clearance; V;-volume of
distribution; h-hour; ng-nanogram; mL-milliliter; L-liter; kg-kilogram.

All six compounds were detected at a first-time point (i.e., 10 min). The TCT reached
Cinax at 6.83 £ 1.68 h in the plasma, which is higher than the previously reported maximum
plasma concentration (Cyy), i.e., 66.3 £ 9.2 min in rat plasma [42]. The five CS analytes
T4C, T3C, C4C, T2C, and TCT, achieved C,,;, at between 3 and 7 h, i.e., time to reach the
maximum plasma concentration (Tqy) except PIC, which attained Cy4y at 0.67 h in the
plasma. The concentration-dependent responses of PIC, T4C, C4C, T2C, T3C, and TCT are
shown in Figure 4 except for SAF due to its low abundance and AUC in samples.

This is the first study that reports the PK parameters of the PIC in the rats. As shown in
Table 9, the t;/, of TCT was more than 11 h, suggesting that the compounds’ absorption and
elimination rates were slower than most carotenoid ingredients after oral administration
of CSE in rats. The slow elimination of components might help to maintain effects. The
absorption rate of TCT, which had the highest concentration among all components, was
relatively slow, maybe because of transformation from T4C, T3C, C4C, and T2C by intestinal
bacteria [46,47], and this validated method was found to be efficient to confirm and quantify
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these analytes responses in rat plasma samples. This concludes that PIC is also a significant
biomarker in vivo and TCT after oral KCS and CSE consumption.

3. Discussion

While the latest methodologies and reports are [17,22,29] targeting only T4C study
in PK or bioanalysis, this research gives a novel method of quantification and study for
five more bioactive compounds from CS (i.e., T3C, T2C, C4C, PIC, and SAF) for further
application in any preclinical or clinical studies. Most of the saffron bioanalytical studies
lack the validation data needed for the reproducibility and robustness of these carotenoids
and apocarotenoids quantification methods. The current study gives a stable matrix-based
extraction and validation of UFLC-MS/MS-based methodology, consistent and sensitive
for all these compounds.

Some pharmacokinetic studies on CS reported that the intestinal deglycosylation of
various crocins is primarily due to the enzymatic processes in the epithelial cells. In these
reports, minor crocins may be deglycosylated by the fecal microbiome, facilitating transfor-
mation into TCT finally [36,37]. The values of Cy;;x and AUC_; of TCT in the present study
were much higher than other crocins. This phenomenon might be the biotransformation of
crocins to TCT by intestinal bacteria and enzymes in vivo, leading to a higher concentration
of TCT in plasma. The comparative results indicated that coexisting compounds in CS
might enhance the absorption of TCT by increasing absorption or bioavailability. However,
the exact absorption mechanism of these components is still unclear.

4. Materials and Methods
4.1. Chemicals and Reagents

Compounds used in this study are trans-4-GG-crocin (T4C) (Pubchem CID-24721245),
trans-3-Gg-crocin (T3C) (Pubchem CID-9940690), trans-2-gg-crocin (T2C) (Pubchem ID-
25244294), cis-4-GG-crocin (C4C) (Pubchem CID-101662426), trans crocetin (TCT) (Pubchem
CID-124350893), picrocrocin (PIC) (Pubchem CID-130796), safranal (SAF) (Pubchem CID-
61041), reserpine (Pubchem CID-5770), and chloramphenicol (Pubchem CID-5959). The
reference compounds were procured from the following suppliers: T4C and T3C procured
from Chromadex (Los Angeles, CA, USA) and PhytoLab, (Vestenbergsgreuth, Germany),
respectively. SAF, reserpine, and chloramphenicol were procured from Sigma—Aldrich (St.
Louis, MO, USA). Both PIC and TCT were isolated in-house using previously reported
extraction and column chromatography methods [4], further characterized by nuclear
magnetic resonance (NMR), MS/MS, and UHPLC-PDA analysis. Both C4C and T2Cwere
received as a gift sample from CSIR-IIIM (Jammu, India) [3,4,48]. The purity of reference
compounds was checked by analyzing high-concentration (1 mg/mL) solution by UHPLC-
PDA and found (>90.0%). Acetonitrile, methanol, water (JT Baker, India), and formic acid,
MS grade (Fluka, Honeywell, India), were used in the UFLC-MS/MS study.

4.2. Preparation and Standardization of Kashmir Saffron Extract (CSE)

The Kashmir saffron sample was procured from Jammu and Kashmir, India, (KCS)
and authenticated by the Botanical Survey of India, Jodhpur. The dried stigmas of saffron
were ground to a coarse powder (200 g) and extracted with ethanol-water at 40 °C for 3 h.
Extraction was repeated twice, followed by distillation of solvent below 50 °C with yield
(20%). The powder obtained after distillation was stored in an amber-colored bottle below
2 °C (CSE). The CSE (110g), suspended in water and then partitioned with hexane-ethyl
acetate (5:95). Further from this, hexane-ethyl acetate layer fraction (12 g), PIC (28 mg),
and TCT (34 mg) were isolated and further characterized by nuclear magnetic resonance
(NMR) and MS/MS analysis [4].

The contents of PIC, SAF, T4C, T3C, C4C, T2C, and TCT, the CSE was standardized and
quantified by an external standard method by similar chromatographic conditions as the
experimental section by the UFLC-PDA method [49-51]. The PIC and SAF’s identification
and quantification were recorded at 254 nm and 320 nm against the reference standards.
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All the isomers of crocins and TCT were identified and quantified at 440 nm against T4C
and TCT, respectively. (Figure S1).

4.3. Animals

Male Sprague-Dawley rats (250-300 g) were purchased from Crystal Biological So-
lution, Pune, Maharashtra, India. The animal studies were sanctioned by the Animal
Ethics Committee of Crystal Biological Solution, Pune. It was carried out following the
Animal Ethics Procedures and Guidelines of Control and Supervision of Experiments on
Animals (CPCSEA) committee requirements. Animals were housed 3—4 per cage in rooms
with constant temperature (25 £ 2 °C), humidity (50 & 20%), and 12 h dark-light cycle.
All animals in the oral group fasted overnight before the dosing, and food was provided
8 h post-dose, and water was ad libitum. The investigational CSE was fed orally to an
individual rat as per its body weight.

4.4. Ultrafast Liquid Chromatography-Mass Spectrometry (UFLC-MS/MS)

The UFLC-MS/MS analysis was performed on a Shimadzu UFLC system (Kyoto,
Japan) consisting of a DGU-20A5R degasser, LC-30AD pump, SIL-30AC autosampler,
CTO-20AC column oven. The chromatographic separation was carried out in a single
analytical run divided into loading and eluting phases by alternating the electronic valve.
At the loading phase (—1-0 min), the auto-sampler was responsible for injecting 50 pL of
the sample. The LC-30AD pump was responsible for delivering water containing 0.1%
formic acid to the pre-column (Phenomenex Security Guard ULTRA with C8 Cartridge) at
0.8 mL/min to remove protein and retain analytes. At the eluting phase (0-12 min), the
retained components were flushed from the pre-column into the analytical column (Dr.
Maisch GmbH Reprosil Gold XBD C8, 50 mm x 4.6 mm, i.d., 1.8 um) eluting as per time
programmed gradient. The flow rate of the mobile phase was 0.8 mL/min. The mobile
phase consists of a mixture of water containing 0.1% formic acid (%v/v) (A) and 100%
acetonitrile (B). The gradient elution program was carried out for chromatographic separa-
tion: 0.01-1.91 min, 20% B; 1.91-5.91 min, 2090% B; 5.91-6.91 min, 90-80% B; 6.91-8.24 min,
80-20% B; and 8.24-12 min, 20% B. The column oven temperature was set at 30 °C. The
MS/MS analysis was carried out on an LCMS-8045 triple-quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan) equipped with positive and negative electrospray ionization
(ESI) interfaces using the MRM mode. The compound and source dependent parameters
were defined as follows: nitrogen was used as nebulizing and drying gas; argon was used
as the collision gas. Quadruple voltage was set at Q1 RF gain: 4998 Q1 RF offset 4990 and
Q1 post-rod bias: —5.0 V CID CELL exit lens: —4.0 V, interface: ESI, interface temperature:
350 °C, desolvation line (DL) temperature: 250 °C, nebulizing gas flow: 2.50 L/min, heating
gas flow: 10.00 L/min heat block: 300 °C; drying gas flow: 10.00 L/min.

The ESI source was operated in the negative and positive ion mode. The MRM
analysis was done by monitoring transitions of the precursor to product ions transition
of compounds, i.e., m/z 975.7 /651.3 for T4C, m/z 813.3/327.2 for T3C, m/z 651.3/327 .2 for
T2C, m/z 975.5/651.4 for C4C, m/z 327.1/283.1 for TCT, m/z 609.7/195.1 for reserpine, and
321.00/152.00 for chloramphenicol. The IS1 (reserpine) was used to analyze PIC and SAF
in positive mode, whereas IS2 (chloramphenicol) was used to analyze T4C, T3C, T2C, C4C,
and TCT in a negative mode. The apocarotenoids PIC showed m/z 151.3/81.1, similar to
the SAF m/z 151.3/81.1 but separated by LC based on retention time 1.925 and 6.190 min,
respectively (Figure 3). The other instrument parameters, viz. dwell time (msec), Q1
Pre-Bias (eV), CE (eV), Q3 Pre-Bias (eV), tR (min), were optimized as per Table 2. All data
were controlled and analyzed by Lab Solution and Lab Solution Insight Software (Versions
3.2) of Shimadzu Tech. (Kyoto, Japan).

4.5. Preparation of Standard Solution, Calibration Standards, and Quality Control Samples

Each standard stock solution of T4C, T3C, T2C, C4C, TCT, PIC, and SAF (1.0 mg/mL)
with ISland IS2 (1.0 mg/mL) was prepared separately in the methanol to prepare calibra-
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tion standards and quality control samples. The primary stock solutions were made up
of methanol to prepare mixed working solutions (WSa). All the standard stock solutions
were stored at 4 °C. The calibration curve (CC) stock solutions (WSa) were diluted with
methanol to prepared working solutions with a range of 100 to 32,000 ng/mL (WSb). The
stock solutions of IS1 and IS2 were diluted to prepare 0.1 mg/mL (WSc).

The blank plasma samples of volume 45 pL were spiked with each of 5 uL standards
(WSa) and IS (WSc) solutions, respectively. With further 200 pL, methanol was added and
vortex for 2 min, followed by centrifugation for 10 min at 2000 RPM. The supernatant
was collected in HPLC vials for analysis. A nine-point CC (10, 30, 100, 200, 400, 800, 1600,
2400, and 3200 ng/mL) was prepared for analysis. Quality control samples were prepared
separately by spiking respective working standard solutions to achieved LLOQ (10 ng/mL),
LOQ (30 ng/mL), MOQ (1600 ng/mL), and HOQ (2400 ng/mL).

4.5.1. Preparation of Plasma Samples

An aliquot of 45 uL of rat plasma was spiked with each 5 pL of IS1 and 1S2, and 200 pL
of methanol was added, vortexed for 1-2 min, then centrifuged for 10 min at 2000 RPM.
Collect the supernatant into HPLC vials and injected it into the UFLC-MS/MS system
for analysis.

4.5.2. Linearity and Calibration Curve (CC)

The linearity of T4C, T3C, T2C, C4C TCT, PIC, and SAF over nine points (10, 30, 100,
200, 400, 800, 1600, 2400, and 3200 ng/mL) were prepared by spiking of 45 puL drug-free
rat plasma with the appropriate amount of analyte and IS1 and IS2. The linearity was
assessed with three different calibration curves with maintaining the standard internal
concentration at 10 ng/mL. A nine-point CC was set up by plotting T4C, T3C, T2C, C4C,
TCT, PIC, and SAF peak area ratio against the control matrix’s nominal concentration of
calibration standards. Calculation of linear regression data with 1/X? weighting factor.

4.6. Bioanalytical Validation: UFLC-MS/MS Method

The optimized method for carotenoids T4C, T3C, C4C, T2C, TCT, and apocarotenoids
PIC and SAF were further validated for four bioactive compounds, i.e., TCT, T4C, PIC, and
SAF based on the reference compound’s availability. The compounds T3C, T2C, and C4C
were confirmed based on the retention time, relative retention factor from IS, and MS/MS
profile [3].

4.6.1. System Suitability Test

A system suitability test (SST) was performed before the batch analysis. The LLQC
(n =7) sample was followed by a blank (n = 8) injected in the system to assess the re-
producibility of tR and peak area response in the method. Acceptance criteria for the
relative standard deviation (RSD) of the analyte peaks” area response obtained from the
seven-system suitability; plasma samples were <10.00%.

4.6.2. Specificity, Selectivity, and Sensitivity (LLOQ)

The method'’s specificity and selectivity were determined by analyzing samples from
at least six different blank rat plasma sources for significance interference at the LC peak
elution zone of T4C, TCT, PIC, SAF, and IS. Further plasma samples spiked with IS1 and
IS2 were analyzed as zero calibrators and spiked with mixed analyte at LLOQ level for any
co-eluting peak interference at the LC peak elution zone. Sensitivity was evaluated at the
LLOQ with acceptable precision, accuracy, and signal-to-noise (S/N) ratio was >10.

4.6.3. Quality Control Samples

After determining the linearity of T4C, TCT, PIC, and SAF nine points calibration curve
(in Section 4.5.2), four QC levels were calculated [41]. The QC samples were prepared at
four levels by spiking the analytes in plasma to get the LLOQ (lower limit of specification),
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LQC (three times of LLOQ), MQC (50% of the upper CC range), and HQC (75% of the
upper CC range).

4.6.4. Accuracy and Precision

The intraday accuracy and precision were ascertained by analyzing QC samples
spiked at four levels within the calibration curve (10 ng/mL, 30 ng/mL, 1600 ng/mL,
2400 ng/mL) in blank rat plasma. Intraday precision and accuracy of the method were
estimated in multiple analyses of batches (1 = 6) of quality control samples for repeatability.
And for the inter-day analysis, the same sample set was analyzed on three consecutive days.
The acceptance criterion for each back-calculated standard concentration was 85-115%
accuracy from the nominal value, except for the LLOQ (<80-120%). The precision criterion
was <15% RSD (Tables 3 and 4) except for the LLOQ (<20%).

4.6.5. Extraction Recovery, Matrix Effect, and Carryover

Analyte recovery was calculated at three quality control levels in blank plasma. QC
samples were prepared (1 = 6) at the low, medium, and higher QC (30, 1600, 2400 ng/mL),
by spiking freshly prepared mix analyte and IS (1.0 pg/mL) into the blank matrix. Follow-
ing extraction, recovery (%) was determined by comparing QC samples’ mean response
at pre-extraction spiking with corresponding post-extraction spiking. The matrix effect
was demonstrated as a matrix factor at two quality control levels in blank plasma. The
QC samples (LQC and HQC) were prepared (1 = 6), containing the analyte and IS spiked
into a blank plasma matrix (post-extraction samples). The other containing Analyte and
IS spiked into the mobile phase (diluent). The matrix factor was evaluated as the ratio of
peak response of analyte and IS in the presence of matrix divided by IS and analyte’s peak
response in the absence of matrix. The carryover was studied by comparing the response
in a blank after calibration standard at the ULOQ (1 = 3). The total response was noted and
monitored for not exceeding 20% of LLOQ.

4.6.6. Stability Studies of Carotenoids and Apocarotenoids

The stability was performed at different sets of working and storage conditions. As
carotenoids and apocarotenoids are sensitive compounds, their presence in CSE was
studied carefully. The degradation of T4C, TCT, PIC, and SAF was observed in plasma
at LQC and HQC levels. The stability conditions of the method studied were at ambient
temperature for 4 h (room-temperature stability), in the autosampler at 8 °C conditions
for 24 h (autosampler stability), and with three freeze-thaw cycles at —20 =+ 4 °C condition
(freeze-thaw stability). The samples were prudent to be stable if the measured concentration
was within +£15% of the nominal concentration [40,41].

4.7. Application of Validated Methodology in Investigation of Pharmacokinetic Parameters of CSE

This sensitive and validated UFLC-MS/MS method was applied for the simultaneous
determination of CSE apocarotenoids and carotenoids in rat plasma. The PK parameters
were investigated after oral administration of CSE in the rats (n = 6). The in vivo pharma-
cokinetic study of KCS was studied for active metabolite TCT and T4C with PIC, SAF with
T3C, C4C, and T2C.

4.8. Pharmacokinetic Study

Twelve male animals were free to access the water and food until 12 h before the
experiment. In the study, the animals were administered 40 mg/kg CSE by oral gavage.
The dose was selected based on previous research [3,4,52]. After drug administration,
twelve animals were further subdivided into two groups with six animals (for alternate
time-point blood samples). Blood samples (0.2 mL) were collected from the ophthalmic
venous plexus into heparinized tubes at pre-dose, 0.16, 0.33, 0.5,0.75,1, 1.5, 2, 3, 4, 6, 8, 12,
and 24 h post-dosing, respectively. Heparin sodium (1 g/100 mL) with 10 pL was added
to a tube and dried into the heparinized tube. In the experiment, the saline and sugar
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solutions were provided every two h to promote the recovery of the rat’s blood volume.
The blood samples were collected from six rats at each time point. Each blood sample was
centrifuged at 5000 rpm for 10 min, and then the plasma layer was transferred into clean
tubes and stored at —80 °C until analysis.

5. Conclusions

India’s Kashmir region has been found suitable for the growth and quality supply
of KCS with regional agricultural benefit. The KCS and its extract (CSE) has become a
popular dietary supplement with bioactive as apocarotenoids (PIC, SAF) and carotenoids
(crocins, crocetin) [3,28-34]. These dietary supplements have been regulated widely and
require a validated methodology and data. [53,54]. The studies showed the potential of
KCS and CSE in brain health. Therefore, the quantitative relationship of apocarotenoids,
carotenoids, and active metabolites like crocetin in the CSE and it’s in vivo therapeutics
data hold importance showed an improved memory function.

Thus, in this research, a sensitive and reproducible UFLC-MS/MS method was de-
veloped for the simultaneous determination of seven CSE compounds in rat plasma. The
method showed excellent linearity (R?> > 0.990) with the lower limit of quantification
(LLOQ) (10 ng/mL) for apocarotenoids PIC and SAF and carotenoids T4C, T3C, C4C,
T2C, TCT.

This UFLC-MS/MS method was validated to determine PIC, SAF TCT, and T4C with
internal standards reserpine and chloramphenicol in the rat plasma. The precision (RSD,
<15%) and accuracy (RE, —11.03-9.96) studies on UFLC-MS/MS assay based on the three
analytical quality control (QC) levels were well within the acceptance criteria from FDA
guidance for bioanalytical method validation with recoveries (91.18-106.86%) [40]. The
method was applied to investigate the PK parameters after oral administration of 40 mg/kg
CSE in the rats (n = 6).

This is the first report on the in vivo oral pharmacokinetics investigations that dis-
closed active metabolite PIC with TCT, T4C quantitatively related to CSE. The T3C, C4C,
T2C, and SAF were also detected by this validated bioanalytical method after oral CSE
consumption. This will help preclinical/clinical trials of KCS dietary supplements fo-
cusing on apocarotenoids and carotenoids in various therapeutic applications and their
neuroprotective role.

6. Patents

Sustained-release formulations of Crocus sativus. IN201711036084, WO2019077621A1,
EP18796784.9, US16753969.

Supplementary Materials: The following are available online. Figure S1: HPLC Standardization of
Crocus sativus extract A- Chromatograms of standards PIC, T4C, TCT, SAF; B- Chromatograms of
KCS extract at 254 nm /440 nm /320 nm.
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