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A B S T R A C T

Crocus sativus L., a perennial plant grown mainly around the Mediterranean and Iran, has many medicinal
properties including anti-inflammatory, anti-depressive and cancer preventing properties. Aqueous herbal ex-
tracts may affect the activity of Phase I and II enzymes involved in xenobiotic metabolism. The present study was
designed to determine whether C. sativus infusion alters the activity of CYP1A2, CYP2A6, XO and NAT2 enzymes
in humans.

Thirty-four healthy volunteers consumed infusion prepared from C. sativus stigmata for six days. Enzyme
phenotyping was assessed in saliva and urine using caffeine metabolite ratios as follows: CYP1A2: 17X/137Χ
(saliva) and CYP1A2: (AFMU+1U+1X)/17U, CYP2A6: 17U/(17U + 17X), XO: 1U/(1U+1X) and NAT2:
AFMU/(AFMU+1U+1X) (urine).

Following C. sativus intake, CYP1A2 index was reduced by ∼13.7% in saliva (before: 0.51 ± 0.22, after:
0.44 ± 0.14; p= 0.002) and ∼6.0% in urine (before: 3.81 ± 1.20, after: 3.58 ± 0.92; p=0.054). CYP1A2
index was significantly reduced only in males (saliva, before: 0.65 ± 0.22, after: 0.51 ± 0.16; p= 0.0001;
urine, before: 4.53 ± 1.19, after: 4.03 ± 0.87; p= 0.017) suggesting sexual dimorphism in CYP1A2 inhibition.
There was no effect of C. sativus intake on CYP2A6, XO or NAT2 indices.

Short-term consumption of C. sativus infusion is unlikely to result in significant herb-drug interactions in-
volving the enzymes studied, with the exception of potential herb-CYP1A2 substrate interaction in males.

1. Introduction

Crocus sativus L. (C. sativus) is a perennial plant of the Iridaceae
family grown in regions around the Mediterranean, Iran, India and
China. Saffron is a spice derived from the dried red style branches,
stigmas, of C. sativus flower. It is used as food additive for flavoring and
coloring and is one of the most expensive spices reflected by the labor
intensiveness and costs associated with its production. Although the
world's total annual production of saffron originates from Iran, the
largest European saffron production is Greece (Schmidt et al., 2007)
where its cultivation dates back as early as 16th century B.C. as docu-
mented by Minoan frescos brought to light in Santorini and Crete.
Saffron consists of a complex mixture of volatile and non-volatile
compounds. The main bioactive compounds of saffron, derived from the

oxidative cleavage of the carotenoid zeaxanthine, are crocin and its
aglycone crocetin, which are responsible for the colouring properties of
saffron, and picrocrocin and its aglycone safranal which give saffron its
bitter flavour and characteristic aroma, respectively (Fig. 1). Other
constituents such as mineral agents, anthocyanins, flavonoids and
kaempferol have also been reported (Tarantilis et al., 1995; Papandreou
et al., 2006; Sánchez et al., 2008; Sobolev et al., 2014; Karkoula et al.,
2018). Apart from its value as a food additive and dye material, saffron
has been also used as an effective herbal medicine. Its constituents
exhibit a spectrum of beneficial pharmacological effects (Alavizadeh
and Hosseinzadeh, 2014) such as anti-nociceptive, anti-inflammatory
and antioxidative effects (Assimopoulou et al., 2005; Papandreou et al.,
2006, 2011), neuroprotective (Linardaki et al., 2013) and memory
improving effects (Pitsikas and Sakellaridis, 2006; Pitsikas et al., 2007;
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Pitsikas, 2015) and has been evaluated as a potential agent for de-
pression (Wang et al., 2010; Ghasemi et al., 2015) and cancer preven-
tion (Tavakkol-Afshari et al., 2008; Mousavi et al., 2009; Zhang et al.,
2013; Hoshyar and Mollaei, 2017; Khorasanchi et al., 2018).

The Cytochrome P450 (CYP) enzyme superfamily, present in the
smooth endoplasmic reticulum of the liver and other extrahepatic tis-
sues, is involved in the metabolism of endogenous compounds and
xenobiotics such as drugs or environmental chemicals. Within the CYP
superfamily, only isozymes belonging to the subfamily of CYP1, 2, and
3 are responsible for the biotransformation of most foreign substances
including approximately 70% of all drugs in clinical practice (Pelkonen
et al., 2008). CYP1A2, is the only hepatic member of the CYP1 family
and it accounts for the 13% of the total hepatic content of cytochrome
isoenzymes (Shimada et al., 1994). It is involved in the metabolism of
drugs such as clozapine, olanzapine and theophylline (Pelkonen et al.,
2008) as well as the metabolic activation of several procarcinogens,
including aromatic and heterocyclic amines, nitroaromatic compounds,
and mycotoxins (Pelkonen et al., 2008). The wide inter-subject varia-
bility observed in CYP1A2 activity has been attributed to factors such as
gender, race and exposure to inducers or inhibitors, while the role of
the genetic polymorphisms identified to date is questionable (Jiang
et al., 2006; Pelkonen et al., 2008). Inter-individual variations in
CYP1A2 activity may influence the therapeutic efficacy of some drugs
and even the susceptibility to cancer risk (Le Marchand et al., 1997;
Zhou et al., 2010).

CYP2A6 has a predominant role in the overall metabolism of nico-
tine and its metabolite cotinine as well as compounds that are of tox-
icological significance such as nitrosamines and aflatoxin B1 (Pelkonen
et al., 2008; Di et al., 2009). Due to its low levels in human liver (∼4%)
(Shimada et al., 1994) its contribution to overall drug metabolism is
expected to be limited (Rendic and Di Carlo, 1997). CYP2A6 exhibits
relatively large variability among individuals owed to genetic poly-
morphisms (López-Flores et al., 2017).

Xanthine oxidase (XO) is an interconvertible form of the enzyme
xanthine oxidoreductase and it is present in the cytoplasm and on the
outer surface of the cell membrane (Harrison, 2002). It is the rate-
limiting enzyme in purine catabolism and can oxidize a variety of en-
dogenous substrates such as aldehydes, purines, pyrimidines and pter-
idines; in addition, it catabolizes aminopurines, such as 2-aminopurine,
heterocyclic compounds, such as 4-hydroxypyrimidine, retinol
(Krenitsky et al., 1972; Battelli et al., 2014) and different xenobiotics,
such as antiviral and anticancer agents, thus, contributing to liver de-
toxification (Pritsos, 2000; Battelli et al., 2014).

N-acetyltransferase-2 (NAT2) is one of the two closely related iso-
forms of the xenobiotic-metabolizing enzymes arylamine N-acetyl-
transferases involved in the N-acetylation of arylamines and the O-
acetylation of N-hydroxylated heterocyclic amines (Dupret and
Rodrigues-Lima, 2005). It is a cytosolic conjugating enzyme expressed
mainly in the liver and gut (Sim et al., 2012) and it participates in the
acetylation of several prescribed drugs, such as sulfamethazine, sulfa-
pyridine, procainamide, dapsone, nitrazepam, hydralazine, clona-
zepam, and isoniazid (Evans, 1989) and in the metabolism of en-
vironmental carcinogens including aromatic and heterocyclic amines
(Dupret and Rodrigues-Lima, 2005). It is a polymorphic enzyme with
107 alleles arising from the combination of 43 point mutations; these
polymorphisms separate individuals into slow or rapid acetylators
(Boukouvala and Fakis, 2005; Hein et al., 2018).

Caffeine is an almost universal component of the human diet either
as a natural constituent or as a common additive in various food pro-
ducts. It is a drug with large consumption among humans, it is easily
accessible, well-tolerated and is characterized by excellent oral bioa-
vailability (Nehlig, 2018). More than 80% of caffeine is metabolized by
CYP1A2 to 1,7-dimethylxanthine (17X) which is bio-transformed to
1,7-dimethyluric acid (17U) by CYP2A6 and to 1-methylxanthine (1X)
by CYP1A2. 1X is subsequently converted to 1-methyluric acid (1U) by
XO. A small part of 1,7-dimethylxanthine is metabolized to 5-acet-
ylamino-6-formylamino-3-methyluracil (AFMU) by NAT2 (Fig. 2) (Gu
et al., 1992; Kot and Daniel, 2008). Therefore, the overall metabolism
of caffeine is mediated mostly by CYP1A2, CYP2A6, XO and NAT2.
Subsequently, caffeine metabolic ratios determined in saliva and urine
have long been used as safe and non-invasive methods for the si-
multaneous assessment of the in vivo activity of CYP1A2, CYP2A6, XO
and NAT2 (Asprodini et al., 1998; Begas et al., 2007; Hakooz, 2009).

While drugs remain the cornerstone of medicine, the use of herbal
products and supplements as a source of healthcare, either as alter-
natives or as complementary to approved medications, has increased
tremendously in the Western world over the past few years (Bodeker
et al., 2005; Bandaranayake, 2006; Ekor, 2014). Unlike prescription
drugs, however, over-the-counter herbal products are often used
without prior proof of safety or efficacy introducing considerable risk
for adverse herbal-drug interactions, especially when administered with
drugs with narrow therapeutic index (Zhou et al., 2003; Bent, 2008;
Zhang et al., 2015). Herbal-drug interactions may involve altered
pharmacokinetic properties of administered drugs through inhibition or
induction of metabolic enzymes mediated by various natural phyto-
chemicals contained in herbs (Zhou et al., 2003; Wanwimolruk and
Prachayasittikul, 2014). A common example is hyperforin, the active
ingredient in St. John's wort, which promotes the expression of CYP3A4
in the small intestine and liver through interaction with pregnane xe-
nobiotic receptor (PXR) (Moore et al., 2000) ultimately leading to al-
tered pharmacokinetics of many drugs (Awortwe et al., 2019) and

Fig. 1. Chemical structures of main bioactive compounds from the dried
stigmas of C. sativus L. A. Chemical structures of saffron polyene dicarboxylic
acid crocetin and its glycosylated esters crocins, responsible for the strong
yellow-red color of saffron. The central unit of crocetin consists of seven con-
jugated double bonds and four chain methyl groups. One or both of the end
groups are esterified with gentiobiose or glucose to crocins; the presence of
glycosyl in crocins confers upon their high water solubility. B. Chemical
structure of the monoterpene aldehyde safranal, responsible for the aroma of
saffron, and its glycoside form picrocrocin, a monoterpene glycoside precursor
of safranal, largely responsible for the bitter taste of saffron. Safranal is formed
by the hydrolysis of picrocrocin during drying and storage of saffron.
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subsequent herb-drug interactions (Hammerness et al., 2003). Knowl-
edge of possible effects of herbs on xenobiotic metabolizing enzymes is,
therefore, necessary for assessing and minimizing clinical risks related
to drug-herb interactions.

Despite the wealth of clinical data on the effects of C. sativus on
depression, anxiety and other mental disorders (Lopresti and
Drummond, 2014; Christodoulou et al., 2015; Shafiee et al., 2018; Tóth
et al., 2019), diabetes and cardiovascular risk factors (Hausenblas et al.,
2015; Pourmasoumi et al., 2019) or sexual dysfunction (Leone et al.,
2018) in the literature, no study has to date addressed possible inter-
actions of saffron with xenobiotic metabolism enzymes in humans. In
fact, data of the effect of saffron constituents on enzyme activity is
limited to an experimental animal study showing significant modula-
tion of the activity of CYP3A, CYP2C11, CYP2B, and CYP2A in rat liver
microsomes (Dovrtělová et al., 2015). Therefore, the purpose of the
present study was to examine the effect of C. sativus on the in vivo ac-
tivity of the xenobiotic metabolizing enzymes CYP1A2, CYP2A6, XO,
and NAT2 in healthy volunteers using caffeine as a probe-drug.

2. Materials & methods

2.1. Subjects

Thirty-four non-smoking volunteers (twenty females and fourteen
males) with mean age 38.79 ± 14.58 years (range 19–62), mean
weight 70.63 ± 16.34 kg (range 52–130), mean height 1.70 ± 0.10m
(range 1.57–1.90) and mean BMI 24.09 ± 3.66 (range 18.65–37.98)
participated in the present study. Their health status was based on
medical history, physical examination and recent routine blood tests.
Volunteers did not have any history of medical illnesses (such as heart
disease, inflammatory of autoimmune disease, or any other endocrine
function deficiency) and were not receiving any medication, or taking
vitamins, that could interfere with the study for at least seven days prior
to and during the study period.

The protocol of the study was approved by the University Hospital,
Larissa (Greece) Ethics Committee (No. 42396), was carried out in ac-
cordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) and adhered to the declaration of Helsinki
guidelines. The participants were informed of every detail of the scope
of the study and their written consent was obtained upon entering the
study.

2.2. Study design

The study was an open-label, single-treatment, before-and-after trial
in which each subject served as their own control. The overall study
design is presented in Fig. 3. The study period lasted 17 days. CYP1A2,
CYP2A6, XO and NAT2 phenotyping was carried out on days 1 (un-
controlled diet), 8 (before C. sativus intake) and 15 (after C. sativus
intake) following a 36h abstinence from methylxanthine-containing
foods and beverages (8:00 p.m. two days prior to the test until 8:00 a.m.

Fig. 2. Caffeine metabolism pathways in human liver. Most of caffeine is N-
3 demethylated by CYP1A2 to paraxanthine (1,7-dimethylxanthine, 17X); this
pathway accounts for about 80% of caffeine metabolism (heavy arrow; Lelo
et al., 1986; Gu et al., 1992). N-1 demethylation to theobromine (3,7-di-
methylxanthine, 37X) and N-7 demethylation to theophylline (1,3-di-
methylxanthine, 13X) are also catalyzed by CYP1A2 and account for 11 and 4%
of caffeine metabolism, respectively. Paraxanthine is oxidized to 1,7-dimethy-
luric acid (17U) by CYP2A6 and is demethylated to 1-methylxanthine (1X)
which is subsequently oxidized to 1-methyluric acid (1U) by XO. NAT2 cata-
lyzes the C8–N9 bond scission and the acetylation of paraxanthine to 5-acet-
ylamino-6-formylamino-3-methyluracil (AFMU) which is then converted non-
enzymatically into 5-acetylamino-6-amino-3-methyluracil (AAMU) in urine.
Enzymes and metabolic molar ratios used as indices of enzyme activities are
shown in red. Caffeine metabolites participating in the calculation of metabolic
molar ratios are shown in blue. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Schematic diagram of the experimental
protocol followed in the study. Saliva and urine
samples were collected 6h after the caffeine test at
days 1, 8 and 15 following 36h abstinence from
caffeine-containing foods and beverages (filled circle
designated with “36”). Enzyme metabolite ratios
were determined following free diet (day 1), before
(day 8) and after C. sativus (day 15) infusion intake
(300mg in 150mL hot water, days 9–14). Samples at
days 8 and 15 were collected under restricted diet.
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of the day of the test; Fig. 3). In the morning of the test days, the
subjects followed the caffeine protocol: after voiding their bladders they
consumed a 200mg caffeine-containing capsule and 6 h later, spot
samples of unstimulated saliva and urine were collected. Urine samples
were acidified to pH 3.5 to ensure the stability of AFMU (Wong et al.,
2002). Saliva samples (1–2mL) and 1mL urine aliquots were number-
coded and were stored at−20 °C until analysis. No blank urine or saliva
samples were provided prior to the caffeine test.

In the morning of day 1 the participants carried out the caffeine test
and they commenced a restricted diet which lasted throughout the rest
of the study. Participants were asked to consume a controlled car-
otenoid-free diet (foods excluded: tomatoes, peppers, carrots, zucchinis,
spinach, lettuce, peas, cruciferous vegetables, celery, asparagus, beet-
roots, pomegranates, apricots, peaches, melons, watermelons, oranges,
tangerines, grape-fruit juice, apples, onions, cherries) for 14 days;
during this period, they were also asked to abstain from alcohol, herbs,
spices and charcoal-broiled meat. They were allowed to consume red
meat, chicken, fish (except red fish such as salmon), fats and oils, egg-
white, cereals, milk and dairy products, white bread, pasta, rice and
potatoes, all boiled or cooked in low temperatures. In the evening of
day 8 the volunteers prepared the first C. sativus infusion. The inter-
vention period began in the morning of day 9 when the participants
consumed the C. sativus infusion and they continued to receive it for the
next 5 days. Participants were asked to report possible adverse events
such as headache, nausea, dizziness, fainting, cough, dyspnea, palpi-
tations, fatigue, dysuria, altered appetite and gastrointestinal

disturbances related to the intervention.

2.3. C. sativus infusion preparation

C. sativus powder (300mg) was added in∼150mL tap water heated
at 70°-80 °C, stirred and left to stand overnight in dark. The following
morning, the solution was stirred and consumed by the volunteers.
Organic C. sativus powder was purchased from the local market of
Larissa, Greece. The product is distributed under the trade mark
“Krokos Kozanis” Kozani, Greece and is produced by the “Kozani
Saffron Producers Cooperative” which has developed a certified organic
cultivation of saffron and has gained quality assurance certificate ISO
9001 in 1997. The name “Krokos Kozanis” is registered as Protected
Designation of Origin (PDO) (www.safran.gr).

2.4. Chemicals

Caffeine (1,3,7-trimethylxanthine-137X) was purchased from Merck
(Germany); caffeine metabolites 1,7-methylxanthine (17X), 1,7-di-
methyluric acid (17U) and 1-methyluric acid (1U) were purchased from
Sigma (Germany). 1-methylxanthine (1X) was purchased by TCI
(Belgium). 5-acetylamino-6-formylamino-3-methyluracil (AFMU) was
kindly provided by Professor Wolfgang Pfleiderer (Konstanz
University). Methanol and acetonitrile were of HPLC grade; acetic acid,
chloroform, isopropanol and ammonium sulfate were of analytical
grade.

Table 1
Metabolic ratios of CYP1A2, CYP2A6, XO and NAT2 determined before and after C. sativus infusion for 6 days under restricted diet.

ID Sex CYP1A2 CYP2A6 XO NAT2

saliva urine urine urine urine “slow” urine “fast”

free before after free before after free before after free before after free before after free before after

1 F 0.37 0.32 0.30 3.18 3.24 2.89 0.51 0.36 0.44 0.51 0.50 0.49 0.10 0.09 0.10
2 F 0.21 0.16 0.27 1.59 1.32 1.90 0.58 0.67 0.57 0.54 0.42 0.53 0.36 0.35 0.42
3 F 0.28 0.34 0.30 2.52 3.62 3.43 0.43 0.28 0.29 0.51 0.46 0.35 0.08 0.09 0.08
4 F 4.90 4.70 5.53 0.29 0.36 0.58 0.58 0.64 0.63 0.35 0.40 0.38
5 F 0.33 0.45 0.48 2.72 3.59 2.54 0.62 0.35 0.42 0.63 0.58 0.59 0.54 0.53 0.48
6 F 0.26 0.23 0.24 3.71 2.51 2.54 0.38 0.38 0.45 0.39 0.49 0.43 0.40 0.37 0.33
7 F 0.43 0.50 0.38 3.27 4.17 2.88 0.36 0.49 0.47 0.54 0.49 0.54 0.11 0.12 0.10
8 F 0.33 0.29 0.29 3.48 3.29 3.49 0.61 0.68 0.66 0.57 0.57 0.56 0.10 0.09 0.08
9 F 0.42 0.43 0.44 3.04 2.80 3.29 0.78 0.71 0.57 0.60 0.51 0.58 0.08 0.06 0.09
10 F 2.09 2.14 2.59 0.49 0.59 0.58 0.54 0.57 0.57 0.09 0.08 0.08
11 F 0.50 0.56 0.42 3.47 4.59 3.72 0.31 0.39 0.52 0.51 0.50 0.52 0.06 0.05 0.07
12 F 0.39 0.29 0.27 3.50 3.16 3.16 0.46 0.58 0.55 0.51 0.56 0.57 0.07 0.05 0.06
13 F 0.41 0.50 0.32 3.38 3.04 2.85 0.65 0.70 0.62 0.57 0.59 0.57 0.52 0.48 0.53
14 F 3.28 3.19 3.06 0.39 0.59 0.65 0.56 0.54 0.55 0.10 0.06 0.10
15 F 2.99 2.55 2.72 0.38 0.74 0.76 0.50 0.53 0.55 0.47 0.45 0.36
16 F 0.28 0.34 0.50 3.35 2.98 4.40 0.51 0.48 0.62 0.53 0.60 0.61 0.12 0.09 0.10
17 F 0.51 0.53 0.58 3.21 2.89 2.64 0.63 0.52 0.73 0.59 0.64 0.61 0.06 0.08 0.07
18 F 0.47 0.44 0.43 4.42 3.86 3.65 0.40 0.46 0.68 0.63 0.59 0.63 0.10 0.06 0.10
19 F 0.50 0.26 0.35 4.62 3.19 3.23 0.44 0.34 0.37 0.50 0.50 0.52 0.09 0.09 0.08
20 F 0.54 0.58 0.49 4.78 5.37 4.71 0.63 0.56 0.63 0.59 0.59 0.57 0.09 0.09 0.09
21 M 0.81 0.64 0.46 5.54 5.37 5.42 0.42 0.45 0.58 0.56 0.51 0.58 0.50 0.41 0.36
22 M 0.62 0.71 0.53 4.07 3.79 3.41 0.77 0.74 0.71 0.61 0.63 0.60 0.32 0.33 0.36
23 M 0.46 0.65 0.61 3.92 4.97 4.42 0.52 0.80 0.59 0.46 0.48 0.44 0.16 0.17 0.13
24 M 0.28 0.25 0.24 3.80 3.32 3.23 0.58 0.76 0.64 0.61 0.67 0.64 0.42 0.39 0.34
25 M 0.63 0.72 0.53 4.11 3.91 3.27 0.68 0.74 0.74 0.48 0.55 0.54 0.07 0.09 0.09
26 M 0.69 0.63 0.43 6.09 4.99 3.84 0.30 0.62 0.68 0.49 0.47 0.47 0.10 0.12 0.12
27 M 0.64 0.70 0.52 4.56 4.16 3.64 0.65 0.64 0.74 0.64 0.62 0.65 0.32 0.42 0.38
28 M 0.35 0.47 0.41 3.33 3.29 3.74 0.65 0.61 0.38 0.55 0.57 0.57 0.47 0.50 0.53
29 M 1.26 0.99 0.78 7.25 5.72 5.56 0.45 0.54 0.78 0.49 0.52 0.56 0.37 0.35 0.42
30 M 0.71 0.57 0.59 4.37 4.08 4.02 0.52 0.63 0.65 0.46 0.51 0.54 0.09 0.09 0.08
31 M 0.44 0.39 0.30 4.21 3.61 2.97 0.48 0.58 0.45 0.63 0.60 0.62 0.26 0.27 0.26
32 M 0.67 0.99 0.69 4.82 7.70 5.48 0.44 0.39 0.51 0.53 0.55 0.58 0.29 0.24 0.30
33 M 0.48 0.48 0.33 4.87 3.70 3.87 0.78 0.88 0.67 0.50 0.54 0.52 0.12 0.09 0.09
34 M 1.49 0.94 0.66 5.56 4.87 3.50 0.59 0.59 0.50 0.58 0.57 0.54 0.11 0.10 0.10

Mean 0.53 0.51 0.44* 3.94 3.81 3.58 0.52 0.56 0.58 0.54 0.55 0.55 0.09 0.09 0.09 0.40 0.39 0.39
SD 0.28 0.22 0.14 1.15 1.20 0.92 0.14 0.15 0.12 0.06 0.06 0.06 0.02 0.03 0.02 0.09 0.08 0.08

*p = 0.002 vs. before C. sativus values (paired-samples t-test).
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2.5. Analysis of caffeine and caffeine metabolites in urine and saliva
samples

High performance liquid chromatography (HPLC) was used for the
analysis of caffeine metabolites in urine (Begas et al., 2007) and caf-
feine (1,3,7-trimethylxanthine, 137X) and 17X in saliva (Begas et al.,
2015) as previously described. In all analyses separation was achieved
using a Kromasil 100 C18 column (5 μm, 250× 4.6mm i.d.; Macherey-
Nagel, Germany) operated at 30 °C.

Caffeine metabolites were extracted from 200 μL urine samples
using 6mL chlorophorm-isopropanol solution (85/15, v/v); the mobile
phase (0.1% acetic acid/ methanol/acenonitrile 92/4/5, v/v) was de-
livered at 0.7mL/min for 5min and at 1.1mL/min from 5 to 20min and
detection was achieved at 280 nm. Inter-day coefficients of variation for
AFMU, 1U, 1X, 17U and 17X ranged between 3.34-9.00% and
2.04–5.37% for concentrations 30 and 300μΜ, respectively. Bias for the
five metabolites ranged between 0.14 and 3.40% and −2.70-0.71% for
concentrations 30 and 300μΜ, respectively (n= 8).

Caffeine and 17X were extracted from 200 μL saliva samples using
4mL chlorophorm-isopropanol solution (85/15, v/v); the mobile phase
(0.1% acetic acid/methanol/acetonitrile 80/20/2, v/v) was delivered
at 1.0 mL/min and detection was achieved at 273 nm. Twelve saliva
samples were destroyed due to facility power failure and were, conse-
quently, discarded (missing values, Table 1). Inter-day coefficients of
variation for 17X were 4.35 and 5.40% for concentrations 1.50 and
15.00μΜ, respectively; the respective biases were 4.74 and 0.36%
(n=8). Inter-day coefficients of variation for 137X were 4.00 and
4.60% for concentrations 1.50 and 15.00μΜ, respectively; the re-
spective biases were 4.46 and −2.07% (n=8).

2.6. Assessment of metabolite ratios

CYP1A2 activity was estimated by the caffeine metabolite molar
concentration ratio (AFMU+1U+1X)/17U in spot urine samples
(Campbell et al., 1987; Begas et al., 2007) and by the caffeine meta-
bolite ratio 17X/137X in saliva samples (Fuhr and Rost, 1994; Begas
et al., 2015). CYP2A6, XO and NAT2 activities were estimated using the
phenotypic indices determined by the urinary molar concentrations
17U/(17U + 17X) (Begas et al., 2017; Grant et al., 1983), 1U/(1U+1X)
(Kalow and Tang, 1991) and AFMU/(AFMU+1U+1X) (Rostami-
Hodjegan et al., 1996), respectively.

2.7. Statistical analysis

All data are presented as mean ± standard deviation (SD). The
two-tailed, paired-samples, Student t-test was used to examine differ-
ences in metabolite ratios between treatments. P values < 0.05 were
considered statistically significant. Statistical analyses were performed
using SPSS v24 software (IBM, USA).

3. Results

All 34 subjects completed the treatment period with no report of
any adverse effects suggesting good tolerability of the C. sativus infusion
intake. The metabolite ratios calculated for all volunteers reflecting the
activity of CYP1A2, CYP2A6, XO, and NAT2 at baseline (free diet) and
before and after C. sativus infusion intake under restricted diet, are
presented in Table 1 and Figs. 4 and 5.

CYP1A2 metabolite ratios in saliva exhibited a statistically sig-
nificant 13.7% reduction (range −36.0 to +68.8) following C. sativus
infusion ingestion (before: 0.51 ± 0.22, after: 0.44 ± 0.14;
p=0.002, Fig. 4A); the metabolite ratios in saliva decreased in twenty-
one, increased in eight and remained the same in one subject. The re-
duction could be attributed to the male rather than the female volun-
teers because when women and men were considered separately, a
significant reduction (21.5%) in CYP1A2 metabolite ratios was

observed in male (before: 0.65 ± 0.22, after: 0.51 ± 0.16;
p=0.0001), but not female (before: 0.39 ± 0.13, after: 0.38 ± 0.10;
p=0.67) volunteers (Table 2; Fig. 4A). This sex-related dimorphism is
reflected in the different proportion between men (∼90%) and women
(∼50%) exhibiting reduced CYP1A2 metabolite ratios following C.
sativus infusion ingestion (Fig. 4C).

CYP1A2 metabolite ratios in urine exhibited a minor 6.0% non-
significant decrease (range −30.9 to +47.0) was observed in CYP1A2
metabolite ratios following C. sativus infusion intake (before:
3.81 ± 1.20, after: 3.58 ± 0.92; p= 0.054, Fig. 4B); the metabolite
ratios in urine decreased in twenty-one and increased in thirteen sub-
jects. As in saliva samples, when women and men were considered
separately, CYP1A2 metabolite ratios exhibited statistically significant
reduction (11.04%) in male (before: 4.53 ± 1.19, after: 4.03 ± 0.87;
p=0.017), but not female (before: 3.31 ± 0.93, after: 3.26 ± 0.84;
p=0.74) volunteers (Table 2; Fig. 4B).

In subjects 5, 17, 21, 28, 30 and 33 CYP1A2 metabolite ratios
shifted towards the opposite direction between saliva and urine samples
following C. sativus infusion intake.

CYP1A2 metabolite ratios were not altered when volunteers
changed from a customary home diet to the restricted diet both in saliva
and in urine samples (saliva: free diet 0.53 ± 0.28 vs restricted diet
0.51 ± 0.22, p=0.63; urine: free diet 3.94 ± 1.15 vs restricted diet
3.81 ± 1.20, p= 0.40).

It should be noted that CYP1A2 metabolite ratios were higher in
male compared to female volunteers under all treatments in both saliva
and urine samples (Table 2).

The urine metabolite ratios reflecting CYP2A6 (before:
0.56 ± 0.15, after: 0.58 ± 0.12; p= 0.43, Fig. 5A) and XO (before:
0.55 ± 0.06, after: 0.55 ± 0.06; p=0.49, Fig. 5B) activity remained
unaltered following C. sativus infusion intake.

The activity of NAT2 is primarily genetically determined exhibiting
bimodal distribution among different ethnic groups (Sim et al., 2012).
Therefore, possible alterations in NAT2 activity were examined sepa-
rately in slow- and rapid-acetylator phenotypes; phenotypes were dis-
criminated based on the cut-off value 0.25 which we have previously
shown to separate slow-from rapid acetylators within the Greek popu-
lation (Begas et al., 2007). Based on this cut-off value, twenty subjects
were classified as slow- and fourteen as rapid-acetylators. The ingestion
of C. sativus infusion had no effect upon slow- or fast-acetylators (slow-
acetylators, before: 0.09 ± 0.02, after: 0.09 ± 0.03, p > 0.05; fast-
acetylators, before: 0.39 ± 0.08, after: 0.39 ± 0.08, p > 0.05;
Fig. 5C).

4. Discussion

Herbal products may alter the activity of xenobiotic metabolizing
enzymes leading to potential pharmacokinetic herb-drug interactions
and, subsequently, to important clinical consequences. Given the
growing interest in the medicinal uses of C. sativus, its potential influ-
ence upon drug metabolizing enzymes becomes an important issue. The
present study is the first to demonstrate that six-day consumption of C.
sativus infusion decreases CYP1A2, but not CYP2A6, XO or NAT2, me-
tabolic ratios in saliva and urine samples indicating reduction in
CYP1A2 in vivo activity in healthy volunteers. The reduction in CYP1A2
metabolic ratio is attributed to decreased CYP1A2 activity in men, ra-
ther than in women, and it is more prominent in saliva samples.

Only a few studies have reported the effects of herbal products on
CYP1A2, CYP2A6, XO or NAT2 activity in humans using caffeine as a
metabolic probe. Significant reduction in the activity of CYP1A2 has
been reported for quercetin (Chen et al., 2009), curcumin (Chen et al.,
2010), genistein (Chen et al., 2011), Angelicae dahuricae radix (Yi
et al., 2009) and Keishi-bukuryo-gan (Saruwatari et al., 2012). Con-
versely, no effect on CYP1A2 activity has been reported for garlic oil,
Ginkgo biloba, Panax ginseng (Gurley et al., 2002, 2005), peppermint
tea (Begas et al., 2017), or Sideritis scardica (Begas et al., 2018). The
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effect of St John's wort is disputed as both no effect (Wang et al., 2001;
Gurley et al., 2005) and increased CYP1A2 activity have been reported
(Gurley et al., 2002; Wenk et al., 2004). The activity of CYP2A6 is in-
creased by quercetin (Chen et al., 2009), curcumin (Chen et al., 2010)
and genistein (Chen et al., 2011), is decreased in men by Sideritis
scardica (Begas et al., 2018), whereas Keishi-bukuryo-gan (Saruwatari
et al., 2012) and peppermint tea (Begas et al., 2017) produce no effect.
XO activity is increased by quercetin (Chen et al., 2009), decreased by

genistein (Chen et al., 2011) and is not affected by St John's wort (Wenk
et al., 2004), curcumin (Chen et al., 2010), Keishi-bukuryo-gan
(Saruwatari et al., 2012), peppermint tea (Begas et al., 2017) and
Sideritis scardica (Begas et al., 2018). No effect has been reported for
NAT2 by St John's wort (Wenk et al., 2004), curcumin (Chen et al.,
2010), genistein (Chen et al., 2011), Keishi-bukuryo-gan (Saruwatari
et al., 2012) and Sideritis scardica (Begas et al., 2018) with the ex-
ception of peppermint tea which reduces its activity (Begas et al.,

Fig. 4. Effect of C. sativus on CYP1A2 activity. Metabolite ratios were estimated during the restricted diet before and after C. sativus infusion consumption. A.
CYP1A2 index 17X/137X determined in saliva samples; individual data (left) and mean values ± S.D. (right). B. CYP1A2 index (AFMU+1U+1X)/17U determined
in urine samples; individual data (left) and mean values ± S.D. (right). C. Column chart of percentage of increase (positive values) or reduction (negative values) of
CYP1A2 index determined in saliva and urine samples of female and male volunteers.
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2017). Conversely, quercetin induces NAT2 activity by almost 89%
(Chen et al., 2009). The overall data suggest that different herbal pro-
ducts exert diverse effects on the activity of specific enzymes.

The differential effect of herbal products, between men and women,
on CYP activity has been previously reported both in human and in
animal studies. Consumption of St John's Wort for 28 days elicits 74%
greater induction of CYP3A4 in women compared to men (Gurley et al.,
2002). CYP2A6 activity is significantly reduced in men, but not women,
following consumption of Sideritis scardica decoction for a week (Begas
et al., 2018). Long-term treatment with tea polyphenols increases P450
content specifically in male rats (Liu et al., 2003), while the flavonoid
quercetin inhibits the activity of CYP2E1 in vitro only in microsomes
from male pigs (Ekstrand et al., 2015).

Although the source of the apparent differential effect of C. sativus
on CYP1A2 activity between male and female volunteers has not been
addressed in the present study, such a differential effect may be ex-
plained in light of the sex-related dimorphism in several physiological
and molecular parameters concerning pharmacotherapy. First, women,
compared to men, are characterized by different physiological factors

Fig. 5. Effect of C. sativus on CYP2A6, XO and NAT2 activity. All metabolite ratios were estimated in urine during the restricted diet before and after C. sativus
infusion intake. In all panels individual data are shown in left and mean values ± S.D. are shown in right. A. CYP2A6 index: 17U/(17U+ 17X). B. XO index: 1U/(1U
+1X). C. NAT2 index: AFMU/(AFMU+1U+1X).

Table 2
Differences in CYP1A2 metabolite ratios between men and women under var-
ious diet conditions.

men women p

saliva
free diet 0.68 ± 0.33 0.39 ± 0.10 0.0023
restricted diet 0.65 ± 0.22 0.39 ± 0.13 0.0003
restricted diet + C. sativus 0.51 ± 0.16 0.38 ± 0.10 0.0120
urine
free diet 4.75 ± 1.05 3.37 ± 0.84 0.0002
restricted diet 4.53 ± 1.19 3.31 ± 0.93 0.0020
restricted diet+ C. sativus 4.03 ± 0.87 3.26 ± 0.84 0.0151
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such as gastric acidity, intestinal motility, body weight and composi-
tion, organ size, blood volume and renal excretion, which may poten-
tially influence pharmacokinetic parameters of administered substances
(Marazziti et al., 2013; Islam et al., 2017). Second, sex-related di-
morphism in molecular factors involved in drug elimination, such as
drug-metabolizing enzymes and drug transporters, may result in dif-
ferential drug disposition between men and women (Meibohm et al.,
2002). For example, olanzapine, an antipsychotic drug metabolized by
CYP1A2, reaches higher plasma concentrations (Kelly et al., 1999,
2006) and is cleared 38% slower (Bigos et al., 2008) in women com-
pared to men. These findings could be attributed, at least in part, to sex-
related differences in endogenous basal CYP1A2 activity. Indeed, it is
widely accepted that CYP1A2 activity is higher in men compared to
women (Relling et al., 1992; Bock et al., 1994; Shimada et al., 1994;
Kashuba et al., 1998; Tantcheva-Poór et al., 1999; Ou-Yang et al.,
2000). The data in the present study support these literature findings as
women exhibited lower CYP1A2 activity under all diet conditions
(Table 2). Furthermore, saffron exerted an intriguingly different effect
pattern on CYP1A2 activity between men and women; whereas it re-
duced CYP1A2 activity in almost all male subjects, the direction of the
effect in women was unpredictable (Fig. 4C). This finding could be
possibly explained by the fluctuation of CYP1A2 activity across men-
strual cycle. Indeed, the activity of CYP1A2 reaches its lowest level
during the late follicular phase (Nagata et al., 1997; Kamimori et al.,
1999; Asprodini et al., 2019), an effect which coincides temporally with
the highest serum caffeine concentration (Schliep et al., 2016). Since
menstrual cycle was not accounted for in the present study, it is possible
that the phase of the menstrual cycle, that a female volunteer was at the
time of sample collection, influenced the direction of the effect of saf-
fron on CYP1A2 activity.

In addition to sex, BMI has been considered as an independent
factor that might influence the activity of xenobiotic metabolizing en-
zymes. A small negative effect of BMI on CYP1A2-dependent caffeine
clearance has been observed in humans (Tantcheva-Poór et al., 1999),
although in other studies no such effect has been reported (Le
Marchand et al., 1997; Chiney et al., 2011). Previous studies have
suggested that elevated BMI is related with higher NAT2 (Chiney et al.,
2011) and XO (Klisic et al., 2018) activities in humans and higher
CYP2A5 (CYP2A6 human ortholog) activity in mice (Tomankova et al.,
2015). Nevertheless, since the design of the present study was a before-
and-after trial where each subject served as their own control, the BMI
of each volunteer might influence their baseline enzyme activity rather
than the outcome of C. sativus on the activity of the enzymes studied.

Interestingly, although a statistically significant reduction was ob-
served in male volunteers both in saliva and urine samples, when both
men and women were considered in the analysis the activity of CYP1A2
was significantly reduced only in saliva samples. These data indicate
that saliva caffeine metabolite ratios exhibit, in relation to urinary ra-
tios, higher sensitivity in discerning alterations in CYP1A2 activity.
Indeed, the caffeine metabolite ratio paraxanthine/caffeine determined
in saliva is considered the most advantageous index of CYP1A2 activity
as it most closely resembles systemic caffeine clearance (Fuhr and Rost,
1994). Conversely, CYP1A2 metabolite ratios determined in urine are
based on secondary or tertiary metabolites which are not formed ex-
clusively by CYP1A2 and, additionally, may be influenced by urinary
flow (Rostami-Hodjegan et al., 1996).

Like all herbal products, C. sativus is a complex mixture of more than
one constituent. It is currently unknown which of the components of C.
sativus are responsible for the reduced CYP1A2 activity in men. Due to
the multitude of active ingredients contained in any herbal product, it is
difficult to correlate specific ingredients with the impact that these
might have on enzyme activity. This issue is further complicated by the
currently unknown constituent bioavailability of orally administered C.
sativus in humans. In fact, there is only one report in the literature
showing crocetin accumulation in human serum following saffron
consumption (Chryssanthi et al., 2011). Preclinical studies have

suggested that non-absorbable hydrophilic components such as glyco-
sides, like crocins, are biotransformed by β-glucosidases, located in the
intestinal epithelial cells or in the microflora within the intestinal
lumen, to their lipophilic aglycon product, in this case crocetin, before
they are absorbed into the epithelial cells by passive diffusion (Asai
et al., 2005; Xi et al., 2007; Zhang et al., 2017). Correspondingly, the
low bioavailability of the glycoside picrocrocin (Kyriakoudi et al.,
2015) is enhanced following conversion to its aglycon form, safranal, by
digestive enzymes or by microbiota metabolism in vivo (Marín et al.,
2015). Although one might argue that findings in animal studies may
not be extrapolated to humans, it is possible that crocetin, rather than
crocins, is the bioactive molecule following C. sativus oral ingestion,
although the possibility of absorption of crocins or other active con-
stituents such as safranal or kaempferol cannot be excluded (Karkoula
et al., 2018).

It has been argued that the medicinal use of crude herbal extracts
offers advantages over the use of purified ingredients owed to the sy-
nergistic interactions among its constituents (Williamson, 2001; Li,
2002); in fact, due to this synergy the ingredient concentrations of
herbs needed to exert medicinal effects are very low (Bode and Dong,
2009). Tied to this holistic approach is the, potentially, ineffective
correlation between individual ingredients of herbs and their biological
effects, such as enzyme activity, as it would disregard the unique ad-
vantage of synergism among different herb components. Nevertheless,
several in vitro and in vivo studies have examined the effects of in-
dividual C. sativus ingredients, or related molecules, on enzyme activity
and are outlined below. Crocin has been demonstrated to downregulate
the activity of CYP2B, CYP2C11, CYP3A4, CYP2E1 in rat liver micro-
somes (Dovrtělová et al., 2015) and the activity of CYP2E1 in rat kidney
microsomes (Hassan et al., 2015). The lipophilic carotenoid lycopene,
present in trace amounts in C. sativus (Melnyk et al., 2010), has been
shown to inhibit CYP1A1 and CYPB1 activity in vitro (Wang and Leung,
2010), as well as CYP2E1, but not CYP1A2, activity in rat liver mi-
crosomes (Louisa et al., 2009). Indirect evidence suggests that lycopene
inhibits CYP1A2 activity as it reduces the mutagenicity of PhIP, a
heterocyclic amine which is metabolically activated by CYP1A2
(Weisburger et al., 1998). The evidence on the inhibitory effect of ly-
copene reported in experiments in vitro has not been corroborated,
however, in animal studies in vivo as dietary supplementation of lyco-
pene has no effect on rat CYP1A1 or CYP1A2 activities (Jewell and
O'Brien, 1999). Overall, crocin and, the structurally analogous, lyco-
pene inhibit the activity of several CYPs in rodents, although the effect
on CYP1A2 activity remains elusive. The activity of XO has been re-
ported to be reduced in the kidneys of diabetic rats treated orally with
crocin (Altinoz et al., 2015) and in skeletal muscle after exhaustive
exercise in rats treated with lycopene (Liu et al., 2005), whereas evi-
dence on the effect of crocin or lycopene on CYP2A6 or NAT2 activity is
lacking. Evidence in the literature addressing the effect of safranal, or
its glycoside picrocrocin, on xenobiotic metabolizing enzymes is also
lacking except from a report showing that safranal upregulates CYP2B,
CYP2C11 and CYP3A activities in rat liver microsomes (Dovrtělová
et al., 2015). Finally, kaempferol, a flavonoid which has been identified
in the stigmata of Greek saffron (Tarantilis et al., 1995), has been
shown to be a potent inhibitor of CYP1A2 (Shimada et al., 2010), XO
(NAGAO et al., 1999) and, to a lesser extent, NAT2 (Kukongviriyapan
et al., 2006) and CYP2A6 (Tiong et al., 2010) activities in vitro. How-
ever, the in vivo action of kaempferol has been questioned due to poor
oral bioavailability and extensive metabolism (Zabela et al., 2016). In
summary, the bioactive compounds contained in dietary saffron have
little influence on CYP2A6, XO and NAT2 activities. The reduction in
CYP1A2 activity observed in men in the present study may reflect the
combined effect, inhibiting or synergistic, of all the ingredients of C.
sativus.

A potential limitation of this study is the lack of phytochemical
analysis to quantitate the active ingredients of the product used as
constituent content may vary among geographical areas and, within the
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same area, among batches which may impact on CYP1A2 activity.
However, this potential limitation appears minimal as the chemical
composition of C. sativus, originating from Kozani, Greece, has been
thoroughly explored by various investigators and the analyses have
yielded comparable results with respect to its major active constituents
(Papandreou et al., 2006; García-Rodríguez et al., 2017; Karkoula et al.,
2018), regardless of the unavoidable batch-to-batch variations. Another
potential limitation is the short intervention period which would be
insufficient in the clinical management of chronic diseases such as
mental disorders (Tsolaki et al., 2016; Lopresti and Drummond, 2017).
In case of longer treatment, it would be interesting to evaluate the
timeline of CYP1A2 alteration as it has been reported that the effect
that an herbal product exerts on enzyme activity may be dependent on
intervention duration. For example, the inducing effect of St John's
wort on CYP1A2 is observed after 28 (Uchida et al., 2006) but not after
8 or 14 (Wang et al., 2001) days of supplementation.

It has been suggested that herbal products may act as health-pro-
moting, disease-preventing dietary supplements by reducing the ac-
tivity of phase I carcinogen-activating enzymes and by enhancing phase
II detoxifying enzymes (Moon et al., 2006; Wu et al., 2017). Since
CYP1A2 participates in the metabolic activation of several environ-
mental procarcinogens, such as aromatic and heterocyclic amines
(Pelkonen et al., 2008), modulation of its activity is expected to affect
cancer risk in individuals exposed to these procarcinogens. The reduc-
tion in CYP1A2 activity in men may potentially act as a protective
mechanism against chemically induced cancer. Despite this positive
piece of evidence, however, this result should be interpreted with
caution as CYP1A2 activity is influenced by numerous factors
(Koonrungsesomboon et al., 2018) and its evaluation in well-designed
studies with a large cohort of subjects is required.

Numerous clinical studies have pointed out the potential ther-
apeutic benefits of C. sativus in humans. For example, administration of
saffron to patients suffering from mental disorders such as depression
and Alzheimer's disease (Lopresti and Drummond, 2014; Tsolaki et al.,
2016; Leone et al., 2018; Shafiee et al., 2018; Yang et al., 2018), retinal
degeneration (Bisti et al., 2014; Lashay et al., 2016), cardiovascular
disease (Kamalipour and Akhondzadeh, 2011; Hatziagapiou and
Lambrou, 2018) or diabetes (Milajerdi et al., 2018; Yaribeygi et al.,
2019) had a favorable disease outcome. Actually, clinical guidelines by
the Canadian Network for Mood and Anxiety Treatments have recently
recommended saffron as a third-line mono- or adjunctive-therapy for
the treatment of mild to moderate Major Depressive Disorder
(Ravindran et al., 2016). Despite the relative wealth of literature on the
significant clinical effects of saffron in different diseases, there remains
a dearth of information on interaction between conventional treatments
and saffron. This is an important issue because even if drugs and herbals
may be safe when taken alone, potential herb-drug interactions with
important clinical consequences may arise upon their co-administration
(Zhou et al., 2003; Bent, 2008; Zhang et al., 2015). Moreover, in-
dividuals using herbal remedies consume significantly more prescrip-
tion drugs compared to nonusers, thus increasing the likelihood of herb-
drug interactions (Klepser et al., 2000). Therefore, a good under-
standing of the underlying mechanisms of herb-drug interactions is
essential for assessing and minimizing clinical risks.

5. Conclusions

C. sativus is increasingly used for its medicinal properties and has
gained the interest of researchers and the public for its multiple health
benefits. One important implication of the growing medicinal use of C.
sativus is the possible interactions between its phytochemical content
and the activity of enzymes involved in the biotransformation of
clinically administered drugs. The present study is the first to address
the effects of consumption of C. sativus infusion prepared from saffron
of Kozani, Greece, on the in vivo activity of xenobiotic metabolizing
enzymes in humans using caffeine as a metabolic probe. Our findings

suggest that consumption of C. sativus for six days reduces significantly
CYP1A2 activity in healthy male volunteers, but does not exert any
significant effect on CYP2A6, XO and NAT2 enznyme activities.
Subsequently, C. sativus consumption is unlikely to participate in herb-
drug interactions involving medications predominantly metabolized by
the enzymes studied, with the exception of potential interactions with
xenobiotics metabolized by CYP1A2 in males.
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