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Introduction: Medicinal herbs used in traditional diabetes treatment are a rich
source of anti-diabetic compounds. Pancreatic a-amylase inhibitors offer an
effective strategy to reduce postprandial hyperglycemic levels via control of
starch degradation. In this context, our study for the first time investigates the
effect of Crocus sativus stamens extracts on a-amylase inhibition.

Material and methods: The hydromethanolic and hydroethanolic extracts were
obtained by macerating the dried stamen powder with methanol/water or
ethanol/water, respectively. The total phenolic content of the stamen extracts
was assessed using the Folin-Ciocalteu reagent method, while the total flavonoid
content was determined using the Aluminum Chloride method. Phytochemicals
were further quantified and identified using HPLC-DAD. For evaluation of
hypoglycemic activity, in vitro a-amylase enzyme inhibition was calculated.
The results were confirmed in vivo using an oral starch tolerance test in both
normal and diabetic rats.

Results: Our findings demonstrated a higher level of polyphenols and flavonoids
in the hydroethanolic extract. Important flavonoids found were kaempferol, rutin,
and vanillic acid, while prominent carotenoids contained trans- and cis-crocins.
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The in vitro study showed that both hydromethanolic and hydroethanolic extracts
had considerable inhibitory effects, with maximum inhibitions of approximately
83% and 89%, respectively. In vivo tests indicated that both extracts effectively
lowered peak blood glucose and area under the curve in both normal and diabetic
rats following oral starch treatment. The obtained results are also supported by a

docking study.

Conclusion: These findings imply that C. sativus stamens possess a distinctive
capability to reduce postprandial blood glucose levels. This effect is likely mediated
through the inhibition of a-amylase, presenting a novel dietary avenue for

managing diabetes.

a-amylase, stamens, Crocus sativus, peak blood glucose, postprandial hyperglycemia

1 Introduction

The utilization of medicinal plants has gained widespread
popularity and is increasingly recognized for its significance in
both health and the economy. Herbal treatments are employed
for various ailments, with diabetes, being the most prevalent
endocrine disease, among the conditions addressed by these
natural remedies (N'doua et al., 2016). Diabetes is a metabolic
disorder distinguished by persistent hyperglycemia resulting from
impaired insulin secretion, insulin action (sensitivity), or a
combination of the two (Ozougwu et al,, 2013). Diabetes is now
responsible for 5.2 million fatalities worldwide, with a mortality rate
of 82.4 per 100,000 people. Moreover, diabetes is recognized as a
significant risk factor for the onset of cardiovascular disease (CVD),
the primary cause of mortality among individuals with diabetes
(Benjamin et al.,, 2018). Numerous studies have demonstrated that
elevated postprandial hyperglycemia heightens the risk of
microvascular and macrovascular complications in individuals
with diabetes (Fan, Glovaci, and Wong, 2019). Therefore, the
management of diabetes, particularly by minimizing postprandial
glycemia, constitutes a crucial aspect of the treatment of type II
diabetes aimed at preventing vascular complications (Ceriello et al.,
2004). This objective can be attained by inhibiting carbohydrate-
hydrolyzing enzymes, specifically a-amylase and a-glucosidase,
which play crucial roles in carbohydrate digestion. a-Amylase is
responsible for breaking down long-chain carbohydrates, while a-
glucosidase is involved in the conversion of starch and disaccharides
into glucose (Nair, Kavrekar, and Mishra, 2013). The current
therapeutic approach for managing diabetes involves strict
dietary measures and the use of oral antidiabetic drugs. However,
this solution proves to be costly, particularly considering the limited
purchasing power of populations in many developing countries,
such as Morocco. The elevated expenses associated with
conventional treatments compel diabetic patients to turn to
traditional remedies (Lotfi et al., 2017). The kingdom of plants
offers a vast area for the discovery of natural oral hypoglycemic
medicines that are effective and cause minimal to no adverse effects
(Tundis, Loizzo, and Menichini, 2010). Thus, naturally occurring
alpha glucosidase and alpha amylase inhibitors derived from plants
present a desirable method for managing hyperglycemia (Tundis,
Loizzo, and Menichini, 2010).

In Morocco, Crocus sativus L. (Iridaceae) is known to have
medicinal proprieties (Khan et al., 2020). It has been cultivated and
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harvested for centuries for cosmetics, as a culinary coloring and
flavoring agent, and as a natural treatment (Schmidt, Betti, and
Hensel, 2007). Furthermore, a pharmacological investigation
revealed that C. sativus stigma had significant effects on diabetes
(Sabir et al., 2018). Nevertheless, 1 kg of flowers generates only 15 g
of spices. This means that more than 90% of the plant material
harvested is discarded (Smolskaite et al., 2011). Recent research has
revealed that saffron tepal extract has potential therapeutic benefits
like renotoprotective (MAMRI et al., 2022), antioxidant (Ouahhoud
etal,, 2022), antifungal (Khoulati et al., 2019) and antidiabetic (Sabir
2018) activities. Nevertheless, the
investigation of C. sativus stamens has received minimal

et al, pharmacological
attention. Crocus sativus stamens have been the subject of some
recent scientific investigations aimed at assessing or verifying their
advantageous biological effects on a range of diseases. It has been
shown that stamens possess a remarkable capability for antioxidants
(Montoro et al., 2012) and protective effect against nephrotoxicity
(MAMRI et al., 2022). Hence, the aim of the present study is to assess
the control of postprandial glycemia through the administration of
C. sativus stamens extracts. The goal is on elucidating potential
mechanisms during the absorptive process, with a specific focus on
the activity of pivotal
carbohydrate digestion.

alpha-amylase, a enzyme in

2 Materials and methods
2.1 Chemicals and reagents

All the chemicals used in this study are of analytical quality.
Sucrose and starch powders were procured from Sigma-Aldrich in
Germany. Acarbose and dinitrosalicylic acid were obtained from
Sigma-Aldrich in China. The a-amylase enzyme was purchased
from Sigma-Aldrich in the United States. Alloxan monohydrate
(98% purity) was purchased from ACROS Organics. The glucose
oxidase-peroxidase (GOD-POD) kit was acquired from Biosystems
in Barcelona, Spain.

2.2 Plant material collection

Plants of C. sativus were produced on a farm in Taliouine (30°
31'54"north, 7° 55'25"west, Southern Morocco). Crocus sativus
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from this location was grown without the use of any chemicals.
Professor Botanist Fennane Mohammed of Morocco’s Scientific
Institute of Rabat identified the plant botanically. Three
specimens of the plant were registered in the plant section of the
University Herbarium Mohammed First, Oujda, Morocco
(HUMPOM), with the voucher number (HUMPOM?210).

Stamens were manually harvested during late October and early
November. Subsequently, the stamens underwent oven-drying at
37°C for a duration of 4 h. The dried stamens were then ground
using an automatic grinder and stored as stamen powder at —20°C
until required for further use.

2.3 Extracts preparation

2.3.1 Preparation of hydroethanolic extract

For the hydroethanolic extract (EthOH) preparation, the stamen
powder underwent maceration in a mixture of ethanol and water
(80/20, v/v). The plant powder was added at a ratio of 2 g per 50 mL
of solvent, and the maceration process lasted 24 h with continuous
stirring. This procedure was conducted in darkness and at room
temperature (25°C). Subsequently, the solvent was filtered using a
0.45 pm filter. This extraction process was repeated three times, and
the combined hydroethanolic phase was then subjected to drying
using a rotary evaporator at 40°C. Finally, the resulting dry
hydroethanolic extract was stored at -20°C. The various
concentrations were obtained from this extract dissolved in
distillate water.

2.3.2 Preparation of hydromethanolic extract

For the hydromethanolic extract (MethOH) preparation, 2 g of
stamen powder was macerated in 50 mL of methanol and water (80/
20, v/v) for 24 h with stirring, in darkness and at room temperature
(25°C). After the extraction, the solvent was filtered through a
0.45 um filter. This process was repeated three times, and the
total hydromethanolic phase obtained was dried using a rotary
evaporator at 40°C. Finally, the resulting dry hydromethanolic
extract was stored at —20°C. The various concentrations were
obtained from this extract dissolved in distillate water.

Weight of extract recovered (g) ‘1

00
Weight of dry matter (g)

Extraction Yield (%) =

2.4 Determination of total phenolic

The total phenolic content in various stamen extracts was
determined using the Folin-Ciocalteu method, following the
procedure outlined by Lamien-Meda et al. (Lamien-Meda et al.,
2008) with some adjustments. To quantify total polyphenols, a
calibration curve was generated from different dilutions of gallic
acid (concentration: 1 mg/L) in distilled water.

Stamen extracts were prepared for the analysis, with each extract
sample having a concentration of 10 mg/mL. In individual test tubes,
500 pL of each extract sample was mixed with 1.75 mL of distilled
water, and then 250 pL of 10% Folin Ciocalteu reagent was added.
This mixture was incubated at room temperature in the dark for
5 min. Following this, 500 uL of a 20% Na2CO3 solution was
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introduced to each test tube. The tubes were then incubated at room
temperature for 30 min, and the absorbance of the resulting mixture
was measured at 725 nm using a UV-visible spectrophotometer
(UV-Visible spectrophotometer T80+).

The regression equation derived from the gallic acid calibration
curve. The concentration was expressed in micrograms of equivalent
gallic acid per Gram of extract (ug EAG/g extract).

2.5 Determination of total flavonoid

The method described by Zhishen et al. (1999) was used to assess
flavonoid content using aluminum trichloride reagent (AICl;) and
sodium hydroxide (NaOH). Flavonoids react with aluminum
trichloride to produce a yellow complex, while sodium hydroxide
forms a pink complex with absorption in the 510 nm wavelength range.

In the experimental procedure, the following components were
successively introduced into a test tube: 500 pL of the extract, 1.5 mL
of distilled water, and 150 uL of a 5% NaNO, solution. After a 5-min
interval, 150 uL of AICl; (10%) was added to the mixture.
Furthermore, 6 minutes later, 500 puL of NaOH (4%) was
introduced. The absorbance of the resulting mixture was directly
measured at a wavelength of 510 nm using a UV-visible
spectrophotometer against the blank.

The total flavonoid concentrations in each extract sample were
calculated based on the regression equation obtained from the
calibration curve, which was constructed using a rutin standard
(concentration: 1 mg/mL). Results were expressed in milligrams of
rutin equivalents per Gram of extract (mg RE/g extract).

2.6 Determination of carotenoid content

The method described by Sass-Kiss et al. (2005) is used to
determine the carotenoid content. Approximately 20 mL of a
hexane-acetone-ethanol mixture (2:1:1) solvent were added to 2 g of
the dried and ground stamen sample. The solution is agitated in the
dark at 170 rpm for 30 min. The hexane phase is recovered, and the
lower phase is extracted a second time using 10 mL of hexane.
Subsequently, both filtrates are combined, and absorbances are
measured at 420 nm. Using the calibration curve of B-carotene,
carotenoid concentrations are expressed in milligrams equivalent to
[-carotene per 100 g of dry matter (mg carotene equivalents/100 g DM).

2.7 High-performance liquid
chromatography analysis of Crocus sativus
stamens extracts

Hydroethanolic and hydromethanolic extracts of C. sativus
stamens  were analyzed by  high-performance  liquid
chromatography (HPLC) using the Waters AllienceTM 2695 XC
system equipped with a 2,998 photodiode array detector. The sample
(10 mg/mL in methanol) was injected into a reversed-phase
C18 column (5 pm, 250 mm x 4.6 mm) at a flow rate of 1 mL/
min The following gradient of mobile phase A (2% acetic acid in
water) and mobile phase B (methanol) was used for compound
separation: Initial 80% (A), 20% (B); 20 min 100% (B); 25 min 100%
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(B); 30 min 50% (A), 50% (B); 35 min 80% (A), 20% (B) (Ouahhoud
et al., 2023). Injection volume was 10 pL and UV detection was
performed in the 210-400 nm range. The phenolic compounds
present in each extract were tentatively identified by comparison
with their retention time and UV against standard commercial
norms. The analysis of crocetin esters was performed under the
same conditions and with the same mobile phase. The DAD detector
was set to 440 nm for the detection of crocetin esters. Identification
was achieved by comparing their retention times and UV spectra
with those of commercial standards, as well as referencing the study
conducted by (Vignolini et al., 2008).

2.8 Porcine pancreatic alpha-amylase
inhibitory activity

The quantification of a-amylase inhibitory activity was
conducted using an assay adapted from the method developed by
Daoudi et al. (2020). The reaction mixture comprised 0.2 mL of a-
amylase enzyme solution (13 IU), 0.2 mL of phosphate buffer
(0.02 M; pH = 6.9), and 0.2 mL of C. sativus stamens, their
fractions, or acarbose at various concentrations. This solution
was pre-incubated at 37°C for 10 min. Subsequently, 0.2 mL of a
1% starch solution in the aforementioned buffer was added, and the
mixture was further incubated at 37°C for 20 min. The reaction was
halted by introducing 0.6 mL of DNSA color reagent, followed by a
10-min incubation in a boiling water bath and subsequent cooling in
an ice-cold water bath for a few minutes. After adding 1 mL of
distilled water and diluting the reaction mixture, the absorbance was
measured at 540 nm. The experiment was performed in triplicates,
and the percentage of enzyme inhibition by the sample was
calculated using the formula:

(DO control 540 nm — DO Test 540 nm) y

100
DO Control 540 nm

Inhibitory activity percentage =

Using the following mathematical function, the concentration of
the samples that inhibit 50% (ICs,) of a-amylase enzymatic activity
is graphically determined:

Inhibition percentage = f (log sampleconcentration).

2.9 Porcine pancreatic alpha-amylase
inhibitory activity in vivo

2.9.1 Experimental animals

Normoglycemic Wistar rats (3/%), (weight 200-250 g) from the
animal house of the Biology Department, Faculty of Sciences, Oujda,
Morocco, were maintained individually in wire cages at constant
temperature (21°C + 2°C) and a 12-h light/dark cycle with free access
to food and water for 1 week for adaptation. The study was approved
by the Faculty of Sciences at Mohammed First University, Oujda
(Morocco) under the trial registration numbers 10/21-LBBEH-
12 and 22/03/2021.

2.9.2 Induction of diabetes

Diabetes was induced following the protocol described by Prince
et al. (Prince et al, 1998) with slight modifications. A single
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intraperitoneal injection (i.p.) of alloxan monohydrate dissolved
in fresh and cold phosphate citrate buffer (pH = 4.5) at a dose of
120 mg/kg body weight induced experimental diabetes. Rats with
blood glucose levels higher than 1.25 g/L were added to the
experiment 1 week later.

2.9.3 Oral starch tolerance test

The rats were divided into six groups, each comprising six
rats (n = 6).

Group 1 (control): orally received distilled water (10 mL/kg).

Group 2 (positive control): orally received acarbose (50 mg/kg, bw).

Groups 3, 4, 5, 6 (experimental groups): orally administered
250 mg/kg of plant extract, including MethOH and EthOH
respectively.

Thirty minutes after the oral administration of the respective
treatments, the rats were orally loaded with 2 g/kg of starch. Blood
samples were collected from the tip of the tail under light anesthesia
at 0, 30, 60, and 120 min after starch administration. The blood
glucose concentration was determined using the glucose peroxidase
method (Daoudi et al., 2020).

The calculation of the area under the curve (AUC) only included
the increase in blood glucose levels throughout the course of the 120-
min test (AUCO0-120 min).

2.10 Molecular docking protocol

A molecular docking analysis was executed following the detailed
guidelines outlined in reference (Kandsi et al., 2022). The crystalline
structure of a-amylase (PDB ID: 1SMD) was sourced from the RCSB
Protein Data Bank, established at the Brookhaven National Laboratory
in 1971 (accessed on 2 January 2024). Using AutoDock Tools, water
molecules were eliminated, and polar hydrogens, along with Kollman
charges, were introduced. Subsequently, co-crystallized ligands were
excluded, and the protein was formatted in “pdbqt.” Ligands, obtained
in “sdf 3D” format from PubChem (accessed on 2 January 2024),
underwent conversion to “pdb” files with the assistance of PyMol.
Subsequently, AutoDock Tools (version 1.5.6) was employed to
generate the final pdbqt files for the ligands. To accommodate the
active binding site, the grid box for the docking search space was
expanded. The a-amylase enzyme’s grid box dimensions were set at a
uniform grid size of 40, with center coordinates (x, y, and z) at 17.39,
61.804, and 15.925. Docking simulations yielded data on the complexes,
represented in terms of kcal/mol AG binding energy values. Acarbose
served as the native ligand in this computational investigation. Analysis
of protein-ligand binding interactions was conducted, and 2D
molecular interaction diagrams were crafted using Discovery Studio
4.1 by Dassault Systems Biovia, headquartered in San Diego, CA,
United States. This systematic approach enhances the robustness of
the molecular docking study, ensuring a comprehensive exploration of
a-amylase interactions with diverse ligands within its active binding site.

2.11 Prediction of the toxicity analysis
(Pro—Tox 1)

Utilizing established methodologies, the web-based tool Pro-
Tox (https://toxnew.charite.de/protox_II/, accessed on 9 January
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TABLE 1 Yield, total phenolic and flavonoid content of Crocus sativus stamens.

Extraction yield (%)

Total phenolic content (mg GAE/g)

Total flavonoid content (ug RE/g)

MethOH 498 £ 1.1

126.31 + 0.002

243.22 + 0.003

EthOH 49.25 + 1.43

119.17 + 0.02

655.00 + 0.002

Values are expressed as mean SEM (n = 3). MethOH, hydromethanolic extract; EthOH, hydroethanolic extract.

2023) played a pivotal role in evaluating potential toxicity (Banerjee
et al, 2018; Ouahabi et al, 2023). This application adopts a
comprehensive methodology by harnessing advanced statistical
techniques. Its primary objective is to establish correlations
between the chemical composition of a substance and a wide
range of well-known hazardous chemicals. This proactive
approach enables the anticipation of potential adverse effects or
deleterious consequences on human and other biological systems.
Pro-Tox significantly advances our understanding of a substance’s
inherent toxicity by offering valuable insights into various factors.
These encompass LDs, values, toxicity stratification, and a
comprehensive range of toxicological outcomes, including
hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity,
and cytotoxicity (Banerjee et al., 2018). By delivering this
pertinent information, Pro-Tox emerges as an indispensable tool
in the assessment of a material’s potential harm, thereby
contributing to informed decision-making in diverse fields

(Banerjee et al., 2018).

2.12 Statistical analysis

The results obtained were presented as mean + Standard Mean
Error (SEM) and were analyzed, using the one-factor ANOVA
(Analysis of Variance) test and followed by Tukey’s multiple
comparison post-test with significance levels of p < 0.05, p <
0.01 and p < 0.001.

3 Results
3.1 Yields

The extraction procedure was used three (3) times for each plant
material. The extraction yield was determined as milligrams of
extracted extract per Gram of plant material, and the results were
expressed as mean + SEM. For hydroethanolic (EthOH) and
hydromethanolic (MethOH) extracts of stamens, the evaluated
yields were 49, 25 1, 43 mg/g and 49, 8 1, 1 mg/g,
respectively (Table 1).

3.2 Total phenolic and flavonoid contents

Gallic acid calibration curves were used to calculate the total
phenolic and total flavonoid contents (Y = 0.0035X + 0.034, R2 =
0.9963) and rutin (Y = 0.0014X + 0.0082, R2 = 0.9942), respectively.
The results for total phenolic and total flavonoid contents across
different extracts are presented in Table 1. The findings revealed that
the highest total phenolic content was observed in MethOH
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(12631 + 0.002 mg GAE/g), followed by EthOH (119.17 +
0.02 mg GAE/g). EthOH also exhibited the highest levels of total
flavonoids (655.00 + 0.002 ug RE/g), whereas the lowest level was
detected in MethOH (243.22 + 0.003 pg RE/g).

3.3 Carotenoid content

The carotenoid pigment extraction results were expressed as
milligrams of B-carotene per Gram of C. sativus stamen dry matter
(mg Eq B-C/g DM). Employing a -carotene calibration curve (Y =
0.0134X + 0.2596, R2 = 0.9989), the determined carotenoid content
was 152.97 + 4.4 mg Eq B-C/g DM.

3.4 High-performance liquid
chromatography analysis of Crocus sativus
stamens extracts

3.4.1 Detection of phenolic compounds at
wavelengths of 245-254 nm

The results of HPLC-DAD analysis of the main phenolic
constituents of the hydromethanolic extract of C. sativus stamens,
carried out at wavelength 245-254 nm, are presented in Table 2.
Several peaks were identified using this analysis, with varying
retention times. Kaempferol and rutin, with surface percentages of
16.16% and 13.73%, were the two most important molecules found.
Three other peaks, with percentages of 5.98%, 5.32% and 2.90%,
represent caffeic acid, coumarin and vanillic acid respectively.

3.4.2 Detection of carotenoids at 400 nm
wavelength

HPLC-DAD analysis of the hydromethanolic and hydroethanolic
extracts at a detection wavelength of 400 nm enabled identification
and quantification of the crocetin glycosides present in these extracts.
The trans-4, trans-3, trans-2, cis-4, cis-3, cis-2 and trans-1 isomers
were detected, with trans-crocin-4 and trans-crocin-3 peaking
predominantly in both extracts (Figures 1, 2). The percentages of
these isomers in the hydromethanolic extract are 48.22% and 26.55%
respectively, and 52.92% and 21.54% in the
hydroethanolic extract, as shown in Tables 3, 4.

respectively

3.5 Porcine pancreatic alpha-amylase
inhibitory activity

Figure 3 illustrate the a-amylase inhibitory activity of stamens
extract, and acarbose, which is used as a reference. The in vitro a-
amylase inhibitory study demonstrated that both MethOH and
EthOH extracts inhibit significantly the a-amylase activity. The

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1419120

Mamri et al. 10.3389/fchem.2024.1419120

TABLE 2 HPLC-DAD identification of the main constituents of hydromethanolic extract at wavelength 245-254 nm.

Identified compound Retention time (min) Peak area (%)
1 Vanillic acid 7,778 2.90
2 Caffeic acid 8,802 5.98
3 Kaempferol 11,229 16.16
4 Rutin 11,573 13.73
5 Coumarin 12,240 532
0,804
] 1
0,604
] 2
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0,204 58 8
: IIEXY
n'm ). _r\-v"'l
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000 500 1000 1500 2000 2500 3000  350C

Minutes

FIGURE 1
HPLC-DAD chromatogram of hydromethanolic extract at wavelength 440 nm. 1: Trans-crocin-4, 2: Trans-crocin-3, 3: Trans—crocin-2, 4. Cis-
crocin-4, 5: Cis-crocin-3.6: Cis-crocin, 7: Trans-crocin-2, 8: Cis-crocin-2.

1,00 E
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< 1 3
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FIGURE 2
HPLC-DAD chromatogram of hydroethanolic extract at wavelength 440 nm. 1. Cis-crocin-5, 2: Trans-crocin-4, 3: Trans-crocin-3, 4:
Trans—crocin-2, 5: Cis-crocin-4, 6: Cis-crocin-3, 7: Trans-crocin-1, 8: Trans-crocin, 9: Cis-crocin-2.
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TABLE 3 HPLC-DAD identification of the main constituents of the hydromethanolic extract at wavelength 440 nm.

Peak no Identified compound Retention time (min) Peak area (%)
1 Trans-crocin-4 13,459 48.22
2 Trans-crocin-3 14,414 26.55
3 Trans —crocin-2 15,399 1.26
4 Cis-crocin-4 16,357 7.28
5 Cis-crocin-3 17,097 3.92
6 Cis-crocin 17,648 10.73
7 Trans-crocin-2 18,581 0.54
8 Cis-crocin-2 18,789 0.96

TABLE 4 HPLC-DAD identification of the main constituents of the hydroethanolic extract at wavelength 440 nm.

Peak no Identified compound Retention time (min) Peak area (%)
1 Cis-crocin-5 12,381 1.06
2 Trans-crocin-4 13,531 52.92
3 Trans-crocin-3 14,482 21.54
4 Trans —crocin-2 15,465 1.98
5 Cis-crocin-4 16,406 9.75
6 Cis-crocin-3 17,143 3.79
7 Trans-crocin-1 17,699 7.50
8 Trans-crocin 18,624 0.32
9 Cis-crocin-2 18,836 0.80
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FIGURE 3

Inhibitory activity of Crocus sativus stamens extracts and acarbose (Positive control) against a-amylase at different doses. ***p < 0.001 as compared

to the control. MethOH = hydromethanolic extract; EthOH = hydroethanolic extract.

Frontiers in Chemistry

07

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1419120

Mamri et al.

TABLE 5 IC5 values of stamens extracts and acarbose in a-amylase
inhibition.

Inhibitors ICs0 (Mmg/mL)

Acarbose 0.466 + 0.03
MethOH 2.37 £ 0.20 ***
EthOH 1.37 £ 0.03 ***

Values are expressed as mean SEM (n = 3). ***p < 0.001 as compared with acarbose.
MethOH, hydromethanolic extract; EthOH, hydroethanolic extract.

percentage inhibition at 0.5, 1.1, 2.2, 4.5, 9.09 mg/mL concentrations
of MethOH and EthOH extracts demonstrated a reduction in
percentage inhibition that was dependent on concentration.
Therefore, the highest tested concentration of 9.09 mg/mL
exhibited a maximum inhibition of nearly 83% for Met OH and
89% for EthOH extract.

To better compare the percentages of a-amylase inhibition, we
calculated the ICs, values for each sample (Table 5) and we found
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FIGURE 4

10.3389/fchem.2024.1419120

that EthOH has a higher inhibitory activity than MethOH extract
(p < 0.001), and this effect is similar to acarbose.

3.6 Oral strarch tolerance test of
stamens extracts

The graph presented in Figure 4 shows the effect of stamens
MethOH and EthOH extracts on blood sugar after oral starch
overload in normal and alloxane-diabetic rats. The results
showed that the glycemia increases from 0.94 to 1.47 g/L in the
normal control group (A) and from 2.71 to 3.13 g/L in diabetic
control group (B), after oral administration with starch. Whereas in
the presence of MethOH and EthOH at a dose of 250 mg/kg,
postprandial glycaemia is significantly reduced at time ¢
30 min and f = 60 min compared to the control group. However,

at 120 min blood glucose showed no significant difference compared
to the control in normoglycemic group, and a significant reduction
in diabetic animals. Additionally, area under the curve (AUC)
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1

Effect of stamens extracts on glycemia following starch overload in normal (A) and diabetic rats (B), as well as the area under the curves (AUC) (n = 6).
*p < 0.05; **p < 0.01; ***p < 0.001 as compared to the control. MethOH: hydroMethanolic extract and EthOH: hydroethanolic extract.
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showed that MethOH and EthOH
significantly oral starch tolerance in normal and diabetic rats.

assessment improved

3.7 Computational analysis using
molecular docking

In this study, molecular docking served as a potent tool to
elucidate the potential mode of action associated with the a-amylase
activities exhibited by components extracted from C. sativus
stamens. This state-of-the-art computational method allowed for
a detailed investigation of the interactions between the chemical
constituents of C. sativus and target enzymes, offering insights into
specific binding patterns and affinities.

Through the application of molecular docking, the study
significantly advanced our understanding of the molecular
mechanisms governing the pharmacological effects of these
components. This approach provided valuable insights into
how the chemical constituents from C. sativus stamens
interact with target enzymes, contributing to a deeper
comprehension of their pharmacological effects. The
utilization of molecular docking in this context represents a
sophisticated and effective

means of unravelling the

complexities of drug actions at the molecular level.

3.8 In silico a-amylase activity of
stamens extract

Based on binding affinity values, the reported data show that
the examined chemical compounds may exhibit either higher or
lower affinity for the target than the native ligand (acarbose)
(Table 6). The foundational concept supporting this observation
is that a compound’s affinity tends to increase with a decrease in
binding energy.

10.3389/fchem.2024.1419120

The analysis reveals that, in this case, two molecules, rutin
and crocin, exhibit lower free binding energy values than the
natural ligand. Specifically, Table 6 presents the values of rutin
and crocin as —9.1 and -8.1 kcal/mol, respectively. Notably,
amino acid residues GLY A:9, ARG A:10, ARG A:252, ARG A:
421, SER A:289, ASP A:402, GLN A:404, and PHE A:406 are
involved in forming eight common hydrogen bonds with rutin.
Conversely, crocin engages amino acid residues to form seven
typical hydrogen bonds, as listed in Figure 5: GLY A:9, ARG A:10,
ARG A:252, ARG A:421, SER A:289, ASP A:402, GLN A:404, and
PHE A:406.

The outcomes of this in silico investigation strongly suggest
that the interactions between these molecules and the designated
amino acid residues are likely responsible for the observed
antihyperglycemic effects and the inhibition of pancreatic a-
amylase. This provides a molecular basis for understanding
the pharmacological effects associated with these compounds.

3.9 In silico toxicity prediction (using Pro-
Tox 1)

Table 7 presents a comprehensive toxicological evaluation of
prominent compounds identified in stamens extracts (MehtOH and
EthOH), including vanillic acid, caffeic acid, kaempferol, rutin,
coumarin, crocine, crocine 1, crocine 2, crocine 3, and crocine 4.
The table includes anticipated LDs, values (expressed in mg/kg),
categorization according to GHS hazard classes, and respective
probabilities for various toxic endpoints. Insights drawn from
LDs, values highlight those compounds 2, 3, 6, 7, 8, 9, and
10 exhibit low acute toxicity, in contrast to compound 5
(coumarin), which demonstrates high acute toxicity. Hazard
classifications within GHS ranging from III to VI predominantly
place the compounds in hazard classes V and VI, indicating low to
moderate toxicity. While most compounds in the extracts show low

TABLE 6 The binding energy, hydrogen bonds, and interacting amino acids of phytochemicals present in Crocus sativus stamens target protein.

Compounds

a-Amylase protein (PDB ID: 1SMD)

Affinity (kcal/mol)

H-Bonding

- Acarbose * -8 THR A:6, GLN A:7, GLN A:404, ARG A:252, Ser A:289, GLY A:334, Asp A:402

1 Vanillic acid =55 TYR A:67, LYS A:68, ALLA A:128, HIS A:185

2 Caffeic acid —-6.3 ARG A:252, Glu A:233, His A:299, TRP A: 59, GLN A:63

3 Kaempferol -7 ASP A:317, ASP A:353

4 Rutin -9.1* GLY A:9, ARG A:10, ARG A:252, ARG A:421, SER A:289, ASP A:402, GLN A:404, PHE A:406
5 Cumarin -5.9 HIS A: 185

6 Crocin -8.1* GLY A:9, ARG A:10, ARG A:252, ARG A:421, SER A:289, ASP A:402, GLN A:404, PHE A:406
7 Crocin-1 -7.2 ARG A:319, LYS A: 322, TRP A:388, ARG A:389, GLN A:390, ASN A:481

8 Crocin-2 -6.5 ILE A:148, TYR A:151, THR A:163, GLN A:302, ILE A:312, ASP A:317, ARG A:346

9 Crocin-3 -7.1 ASP A:356, QV A:4,500

10 Crocin-4 =71 LYS A:200, ASN A:301, ASP A:317

“acarbose, a native ligand of a-amylase; * The potent ligands in comparison of the native ligand.

The bold values indicate that two molecules, rutin and crocin, exhibit significantly lower free binding energy values compared to the natural ligand.
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toxicity, some constituents may pose risks to human health.
Anticipated toxicological endpoints shed light on potential health
implications, ~ encompassing  hepatotoxicity, = mutagenicity,
carcinogenicity, cytotoxicity. Notably,
compounds three and four exhibit an increased probability of

immunotoxicity. Compound 2 stands out as a potential candidate

immunotoxicity, and

for increased carcinogenicity, while compound 5 presents moderate
probabilities of carcinogenic and cytotoxic potential.

In essence, the study on C. sativus stamens extracts,
specifically MethOH and EthOH extract, provides crucial
insights into the health implications of key compounds. These
findings contribute significantly to the safe utilization of these
agents. However, ongoing research is essential to fully grasp the
toxicity profiles and potential risks associated with human health.
The toxicological assessment highlights varying levels of toxicity
among major compounds, emphasizing the importance of

Frontiers in Chemistry 10

continued exploration to optimize benefits while minimizing
health risks.

4 Discussion

The quantitative study of C. sativus stamens extracts was
carried out using spectrophotometric assays, with the aim of
determining the content of total polyphenols, flavonoids and
carotenoids. The results obtained showed that the two extracts
studied contained varying quantities of these bioactive molecules.
The hydroethanol extract contained almost twice as many
flavonoids as the hydromethanol extract. This is attributed to
the fact that ethanol is a more suitable solvent for flavonoid
extraction 2006). HPLC-DAD
chromatograms of the stamen extracts revealed the presence

(G6mez-Caravaca et al,
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of various flavonoids with distinct retention times. Kaempferol
and rutin were the most abundant flavonoids in the
hydromethanolic extracts.

The primary bioactive components of the phenolic group
identified in ethanolic extracts of dried stamens were gallic acid
(3.10 mg), syringic acid (0.20 mg), and vanillic acid (0.13 mg). In
the ethanolic extracts of dried stamens, the key bioactive
components of the flavonoid group included quercetin
(2.13 mg g/L), pyrogallol (1.73 mg), kaempferol (1.20 mg),
rutin (0.20 mg), and tricin (0.10 mg) (Mahood et al., 2023).
The findings of Mottaghipisheh et al. align with our own results
for stamen samples. Three flavonol glycosides, specifically
quercetin-3-O-sophoroside, kaempferol-3-O-glucoside, and
kaempferol-3-O-sophoroside, were identified as the main
components. The amount of kaempferol-3-O-glucoside, the
most abundant compound, ranged from 1.72 to 7.44 mg/g
(Mottaghipisheh et al., 2020).

The total carotenoid content was determined in C. sativus
stamens for the first time using the spectrophotometric method,
and the results showed that the stamens are rich in carotenoids
with a quantity of 152.97 + 4.40 mg/g DM. Of all known species of
the Crocus genus, C. sativus is particularly valued for its high
levels of carotenoids (Ahrazem et al., 2010). Crocins, and crocetin
are the main carotenoids characteristic of saffron stigmas (Javadi,
Sahebkar, and Emami, 2013; Mottaghipisheh et al., 2020).
Crocetin glycosides are responsible for the yellow color of
stamens, their UV-Vis spectra characterized by an absorption
maximum at around 440-460 nm depending on the molecule.
UV-visible spectra can be used to differentiate between cis and
trans crocetin, since the cis isomer absorbs at 326 and 440 nm,
while the trans isomer absorbs only at 440 nm (Tarantilis,
Tsoupras, and Polissiou, 1995). In general, trans isomers have
a higher polarity than cis isomers. Nine crocetin glycosides were
identified from the results of HPLC-DAD performed, of which
trans-crocetin-4, trans-crocetin-3, cis-crocetin-4 ester, trans-
crocetin-2 and cis-crocetin-3 ester were the most abundant
crocetin derivatives, followed by cis-crocetin, trans-crocetin
and trans-crocetin. This is consistent with the results of
Vignolini et al. (Vignolini et al., 2008) who also identified
12 crocetin glycosides in C. sativus stamens. Crocins and
crocetin, which are linked to saffron’s coloring properties, are
derived from zeaxanthin. Anuar et al. (Anuar et al., 2018)
identified crocins, crocetin, and zeaxanthin in both stigmas
and stamens. Crocin was found at a higher detectable level in
stigmas compared to crocetin and zeaxanthin. Additionally,
stamens exhibited a higher concentration of crocetin
compared to stigmas, with values of 17.19 mg/g and 7.52 mg/
g, respectively.

Type 2 diabetes exhibits a heterogeneous nature,
characterized by the interplay of defects in both insulin
secretion and action. This deficiency leads to elevated blood
glucose levels, causing damage to various bodily systems (Lin
and Sun, 2010). Managing postprandial blood glucose is crucial
for diabetes control, and inhibiting digestive enzymes,
particularly o-glucosidase and a-amylase, is considered a
promising strategy for reducing postprandial blood glucose
levels and a significant target in diabetes management
(Bischoff, 1994; Lebovitz, 1995). While synthetic glucosidase
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inhibitors like acarbose are available, there is a growing interest
in exploring natural sources as nutritional alternatives due to
their potential for minimal side effects and lower therapy costs
(Van de Laar et al., 2005). Acarbose, a pseudo-tetrasaccharide of
microbial origin, effectively inhibits various brush-border
enzymes and pancreatic a-amylase (Bischoff, 1994). Despite its
efficacy, acarbose is associated with side effects like diarrhea and
flatulence, necessitating the exploration of alternative food-based
options (Wang et al., 1999). With the renewed focus on
nutritional therapy and functional foods, there is an increased
interest in exploring preventive and modulatory effects on
diabetes and obesity (Evert et al., 2014).

A few papers have described antidiabetic effect of C. sativus
by-products (Rocher et al., 1992). Nevertheless, none of the
previous studies determined the glucosidase and amylase
inhibitory activities of stamens. Furthermore, the reported
work has focused on stigmas and tepals. In this context, the
objective of our study was to investigate the impact of C. sativus
stamen extracts on postprandial hyperglycemia. Our study based
on the in vitro evaluation of the effect of extracts on the activity of
the enzyme a-amylase. However, in vitro analyses are not
sufficient and must be confirmed by other tests. For that, we
have confirmed these activities in vivo in normal and in alloxan-
diabetic Wistar rats. The results of this experiment prove that the
EthOH and MethOH extracts exhibited an in vitro inhibiting
potential on the pancreatic enzyme a-amylase especially EthOH
has a higher inhibitory activity than MethOH extract. The anti-
enzymatic activity of stamens is probably related in part to its
phenolic content. Stamen extracts were shown to have promising
levels of phenolic compounds. The metabolites of the extracts
were able to bind to either the free enzyme or the enzyme-
substrate complex.

The in vivo investigation demonstrates that shortly after
starch administration, both MethOH and EthOH extracts were
effective in reducing blood sugar levels in both normal and
diabetic rats, validating the in vitro findings. Furthermore, the
assessment of the area under the curve (AUC) revealed a
significant improvement in oral starch tolerance in both
normal and diabetic rats treated with MethOH and EthOH
extracts of C. sativus stamens.

The application of molecular docking in this study has
unveiled the potential mode of action of a-amylase activities
exhibited by components from stamens. By exploring the
interactions between these components and target enzymes,
the study deepens our understanding of the molecular
pathways governing the pharmacological effects of these
compounds. The in silico analysis, based on binding affinity
values, highlights rutin and crocin as promising molecules
with lower free binding energy than the natural ligand.
Notably, hydrogen bond formations between these molecules
and specific amino acid residues around the active sites of a-
amylase provide insights into their antihyperglycemic effects and
pancreatic a-amylase inhibition. The findings obtained through
in silico analysis align with the research conducted by Birari et al.
(Birari and Bhutani, 2007), demonstrating the inhibitory
capabilities of crocin on the alpha-amylase enzyme. Bhat et al.
(Singla and Bhat, 2011) reported that crocin can effectively
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inhibit both a-amylase and a-glucosidase activities, resulting
in a reduction in blood sugar levels. Similarly, rutin, a
demonstrated in  vitro
inhibitory activity against the a-amylase

demonstrated by Dubey et al. (Dubey et al., 2017).

flavonoid  glycoside, significant

enzyme as

5 Conclusion

The results of the current study indicate that various extracts
and fractions derived from C. sativus stamens exhibit a noteworthy
inhibitory effect on the a-amylase digestive enzyme. The observed
variability in this effect can be directly linked to the nature of the
fractions and their phenolic content. Further research is warranted
to validate the antidiabetic activity of these diverse fractions, paving
the way for their potential use as alternatives to commercially
available drugs.
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