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Abstract: Moroccan Cannabis sativa L. seeds were investi-
gated for their phenolic profile and antidiabetic potential.
Ultra-high-performance liquid chromatography with diode
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array detection and electrospray ionization mass spectrometry
analysis revealed a rich phenolic composition, including ben-
zoic acid, cannabisin B, genistein, and epicatechin. In vitro, the
seed extract exhibited potent a-amylase inhibitory activity
(half-maximal inhibitory concentration = 25.02 + 4.03 pg/mL).
In vivo studies in diabetic rats demonstrated significant hypo-
glycemic, hypolipidemic, hepatoprotective, and nephroprotec-
tive effects. Molecular docking studies further supported these
findings, revealing strong interactions between identified phe-
nolic and the a-amylase enzyme. These results highlight the
potential of C. sativa seeds as a natural source of bioactive
compounds for diabetes management.

Keywords: medicinal plant, natural products, bioactive
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1 Introduction

In recent years, there has been a growing interest in
exploring natural compounds, particularly polyphenols,
for their potential therapeutic effects in managing diabetes
mellitus a widespread chronic metabolic disorder charac-
terized by persistent high blood sugar levels due to inade-
quate insulin synthesis or poor insulin utilization. This
condition affects millions globally and poses a significant
social and economic burden, with an estimated 1.5 million
deaths attributed to diabetes each year [1,2]. The increasing
prevalence of diabetes, along with its associated complica-
tions, places considerable pressure on healthcare systems.
Chronic hyperglycemia can lead to microvascular compli-
cations such as diabetic retinopathy, nephropathy, and
neuropathy [3,4]. Additionally, individuals with diabetes
are at a significantly higher risk for macrovascular com-
plications, including cardiovascular disease, stroke, and
peripheral artery disease [5].

Current diabetes management strategies emphasize achieving
glycemic control through a combination of pharmacological
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therapies, lifestyle modifications, and nutritional interven-
tions. A variety of conventional hypoglycemic agents are
available that function by supplementing insulin, improving
insulin sensitivity, stimulating insulin secretion, and facili-
tating glucose uptake. However, these medications typically
target a single mechanism of action and are often associated
with undesirable side effects such as diarrhea, lactic acidosis,
hepatic failure, weight gain, tachycardia, and hypothyroidism.
Furthermore, the development of tolerance over time neces-
sitates frequent dosage adjustments. Unfortunately, these
medications do not provide a permanent cure for diabetes;
they primarily focus on managing its symptoms [6,7].

In light of these challenges, there is an urgent need to
explore innovative strategies that can address these limita-
tions and offer more effective long-term management
solutions for diabetes. In this context, Cannabis sativa L.,
commonly referred to as marijuana or hemp, has gained
attention for its potential medicinal properties [8]. Histori-
cally used for various therapeutic purposes — including
pain management and antioxidant effects — the therapeutic
potential of cannabis in managing diabetes has gained
traction in recent years [8-11].

In Morocco, C. sativa has long been illegal but tolerated
to varying degrees. A significant shift occurred in June 2021
when the Moroccan parliament passed a landmark law reg-
ulating cannabis for medical, pharmaceutical, and industrial
purposes. This legislative change not only signifies a pro-
gressive step toward addressing the societal and economic
dimensions of C. sativa but also opens new avenues for
scientific exploration and utilization of C. sativa L. in various
therapeutic applications, including diabetes management
[12]. Given this evolving landscape, investigating the antidia-
betic properties of polyphenols derived from cannabis seeds
emerges as a compelling avenue for research. Polyphenols
are known for their antioxidant and anti-inflammatory proper-
ties and have shown promise in modulating glucose meta-
bolism and improving insulin sensitivity — making them
attractive candidates for diabetes management [13]. The
unique composition of polyphenols in cannabis seeds such
as cannabisins and cannaflavins [14,15] coupled with recent
legal developments in Morocco and the country’s specific
environmental factors presents an opportune moment to
delve into the therapeutic potential of this natural resource.

In light of these considerations, this study aims to
explore the phenolic profile and antidiabetic properties of
Moroccan C. sativa L. seeds through a multifaceted approach
encompassing in vivo, in vitro, and in silico methodologies. By
elucidating the biochemical composition and pharmacolo-
gical effects of cannabis seed-derived polyphenols, this
research seeks to contribute valuable insights toward devel-
oping novel therapeutic strategies for diabetes management.
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2 Materials and methods
2.1 Plant collection

Plant samples were collected in September 2021 from the
Tafrant region, Taounate, Morocco (34°39'28.4"N, 5°05'58.9"
W). Subsequent to the collection, the plants were air-dried
in a shaded environment and the seeds were isolated.
These seeds were then stored in airtight plastic bags under
ambient temperature conditions (24-27°C) until further
analysis.

2.2 Plant identification

A botanist at the Scientific Institute of Rabat identified the
plant, and a voucher specimen labeled with the number
RAB 112735 was archived in the institute’s herbarium.

2.3 Quality control of plant material of
C. sativa L. seeds

2.3.1 Oil content

C. sativa L. seeds after being cleaned and dried to achieve a
consistent dry weight were processed by grinding using a
mill. The oil content of the ground samples was assessed
using a Soxhlet apparatus with hexane as solvent. The
solvent was then evaporated using a rotary vacuum eva-
porator, and the oil content of the C. sativa L. seeds was
quantified following a method outlined in the AOAC [16].

2.3.2 Ash content

The ash content was assessed following the procedure out-
lined by Laaroussi et al. [17]. Initially, the C. sativa L. seeds
underwent preliminary ashing at 500°C for 4 h, followed by
measurement of the resulting ash content. The residue was
subsequently weighed three times, and the percentage of
ash (%) was calculated according to the formula:

masse of ash

Ash(%) = ; .
(%) masse of ground C. sativa L. seeds

2.3.3 Organic material content

The quantity of organic material was computed using the
equation [17]:
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Organic material (%) = 100 — Ash(%).

2.3.4 Humidity level

The moisture content of C. sativa L. seeds was determined
through a meticulous gravimetric analysis. This method
entails precisely measuring the weight of the sample before
and after drying in a convection oven at 105°C until a con-
stant weight is achieved [16].

2.3.5 pH determination

A mass of 5g of the sample was mixed with 500 mL of
distilled water. The mixture was stirred for 5min at room
temperature. The mixture was filtered, and the pH was
measured using a pH meter [18].

2.4 Extract preparation

The study commenced with the air-drying and mechanical
pulverization of fresh C. sativa L. seeds to produce a pow-
dered form. A portion of 200 g of this powder was sub-
jected to maceration with a 70% ethanol solution while
being continuously stirred for 48 h at room temperature.
Post-maceration, the resulting mixture underwent filtra-
tion utilizing Whatman filter paper No. 1 to remove any
insoluble materials. The filtrate obtained was then concen-
trated at 40°C under vacuum conditions using the Buchi
rotary evaporator R-250 to eliminate the solvent. The con-
centrated extract was subsequently subjected to freeze-
drying to obtain the lyophilized extract, which exhibited
a yield of 23% w/w. Following extraction, the obtained
extract was carefully stored in a refrigerator (4°C) until it
was required for further analysis and experimentation.

2.5 Experimental animal

Male albino Wistar rats, weighing between 190 and 250 g,
were procured for this research from the animal facility of
the Bioactives and Environmental Health Laboratory at the
Faculty of Sciences, Moulay Ismail University, Meknes,
Morocco. The animals were housed in Plexiglas cages
under standard laboratory conditions, maintaining a tem-
perature of 25 + 2°C, humidity levels of 55 + 5%, and a 12-h
light/dark cycle. Throughout the experimental period, the
rats had ad libitum access to both food and water. All
animal care and experimental protocols adhered strictly
to ethical guidelines as outlined in authorization number
86/609/EC20.

Anti-diabetic potential in C. sativa L. seeds == 3

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals,
and has been approved by the ethical committee of the
Faculty of Sciences, Moulay Ismail University, Morocco.

2.6 Phytochemical screening

An assessment was conducted to screen for steroids/terpe-
noids, alkaloids, flavonoids, saponins, phenols, tannins, cou-
marins, and free quinone. This evaluation relied on observing
color intensity or the formation of precipitates, which are
recognized as key analytical indicators for these tests [19].

2.7 Identification of phenolic compound

Phytochemical analyses of cannabis seed extract were car-
ried out using ultra-high-performance liquid chromatography
with diode array detection and electrospray ionization mass
spectrometry (UHPLC-DAD-ESI/MS), as described previously
by Zefzoufi et al. [20]. The experimentation was conducted
using an Ultimate 3000 system (Dionex, A, USA), which fea-
tured a quaternary pump (HPG 3400 RS), an autosampler
(WPS 3000 TSL), and a column oven (TCC 3000). For the
method, a Kinetex C18 reversed-phase column (250 mm x
4.6 mm, 2.6 um particles) supplied by Thermo Fisher Scientific
(CA, USA) was employed. The chromatographic separation
was achieved using a gradient of solvent A (0.1% formic
acid aqueous solution) and solvent B (methanol), with the
following profile: 0-3 min, a linear gradient from 5 to 25%
B; 3-6 min, held at 25% B; 6-9 min, a gradient from 25 to 37%
B; 9-13 min, held at 37% B; 13-18 min, a gradient from 37 to
54% B; 18—22 min, held at 54% B; 22-26 min, a gradient from
54 to 95% B; 26—29 min, held at 95% B; 29—-29.15 min, returned
to initial conditions at 5% B; and from 29.15 to 36 min, held at
5% B. The flow rate of the mobile phase was maintained at
1 mL/min. Ultra-violet visible spectral data for all peaks were
recorded in the range of 200-400 nm, while chromatographic
profiles were monitored at 280 nm. The mass spectrometer
utilized was a TSQ Endura (Thermo Fisher Scientific, CA, USA)
triple quadrupole equipped with heated-electrospray ioniza-
tion (H-ESI) source operating in negative mode. Nitrogen
(purity >99.98%) served as the sheath gas, ion sweep gas,
and auxiliary gas at flow rates of 65, 0, and 40 arbitrary units
(a.u.), respectively. H-ESI vaporizer and ion transfer tube tem-
peratures were set at 350°C. The electrospray voltage was
maintained at 2.5kV. For characterization and evaluation,
the full scan MS acquisition mode (m/z 50-1,000) in Q1 with
a mass resolution of 0.7mj/z fullwidth half maximum
(FWHM) and a scan time of 0.5 s was primarily utilized.
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2.8 Effect of hydro-ethanolic extract on
alloxan-induced diabetic rats

2.8.1 Diabetes induction and study design

Diabetes was triggered by administering a single intraper-
itoneal injection of 150 mg/kg body weight of alloxan mono-
hydrate solution to albino Wistar rats that had been fasted
for 12-14h [21]. To avoid hypoglycemic shock following
diabetes induction, the rats were provided access to 10%
glucose solution bottles for the next 24 h. One week post-
injection, blood glucose levels were measured, and animals
were classified as diabetic if their fasting blood glucose
level reached or surpassed 200 mg/dL.

Twenty-four selected animals, including both diabetic
and non-diabetic subjects, were divided into four groups,
each consisting of six individuals (n = 6):

Group 1 normal healthy control consisted of six non-dia-
betic rats, who were administered distilled water orally
at a dosage of 10 mL/kg of body weight per day.

Group 2 diabetic control (DC) comprised six diabetic rats,
who were orally administered a dosage of distilled water
at 10 mL/kg of body weight per day.

Group 3, treated group (TG) six diabetic rats were orally
treated with a hydro-ethanolic extract of C. sativa L.
seeds (CSSE) dissolved in distilled water at a dosage of
300 mg/kg of body weight per day.

Group 4 (DG) involved six diabetic rats treated with glib-
enclamide, a reference drug, at a dosage of 2mg/kg of
body weight per day.

The study lasted for a total of 28 days, during which all
treatments were administered orally once every morning via a
feeding tube prior to the animals’ meals. Throughout the treat-
ment period, body weight and fasting blood glucose levels were
monitored by collecting tail blood samples and analyzing them
with a glucometer (Accu-Chek Active-300) on days 0, 7, 14, 21,
and 28. Changes in body weight were also recorded.

At the conclusion of the 28-day experimental period, the
animals were anesthetized using diethyl ether and subse-
quently euthanized by decapitation. Blood samples were
promptly collected for analysis of serum biochemical para-
meters, including AST, ALT, urea, creatinine, LDL, HDL, cho-
lesterol (CT), and triglycerides (Trg), using an automated
chemistry analyzer (KONELAB 20i: AUTO-ANALYZER).

2.8.2 Oral glucose tolerance test (OGTT)

OGTT was conducted following the procedure outlined by
Patel et al. [22], with slight modifications as illustrated in
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Figure 1. Briefly, normal rats that had fasted for 12h were
divided into three groups, each consisting of six individuals (n
= 6). Group 1 served as the control and received distilled water
(1mL/100 g body weight), Group 2 was treated with 300 mg/kg
of hydro-ethanolic extract from C. sativa L. seeds (CSSE), and
Group 3 received 2mg/kg of glibenclamide. Thirteen minutes
after treatment administration, the animals were given a glu-
cose solution at a dosage of 5g/kg. Blood samples were col-
lected from the tail prior to dosing and at regular intervals of 0,
30, 60, 90, and 120 min following glucose administration.

2.8.3 Inhibition of a-amylase activity in vitro

The a-amylase inhibition assay was conducted in accor-
dance with the method outlined by Aazza et al,, utilizing
the starch-iodine test [23]. Briefly, the assay mixture con-
sisted of 40 uL of 0.02 M sodium phosphate buffer (pH 6.9,
containing 6 mM sodium chloride), 20 yL of a-amylase solu-
tion (50 pg/mL), and 20 pL of the extract or acarbose at
varying concentrations. This mixture was incubated at
37°C for 10 min. Following this, 20 uL of soluble starch
(0.5%, w/v) was introduced to each well, and the incubation
continued at 37°C for an additional 15min. To halt the
enzymatic reaction, 20 uL. of 1M HCl was added, followed
by the addition of 100 uL of iodine reagent (5 mM KIO; and
5mM KI). Color changes were observed, and absorbance
was measured at 620 nm using a microplate reader. The
control sample, representing 100% enzyme activity, was pre-
pared without the addition of the extract. The inhibitory
activity (%) was determined using the following formula:

(Abs2 - Absl)

%inhibition = 1 - (Abs4 — Abs3)

x 100,

with

* Absl is the absorbance of the incubated mixture that
includes the extract, starch, and a-amylase.

» Abs2 refers to the absorbance of the incubated mixture
with the extract and starch only.

* Abs3 represents the absorbance of the mixture con-
taining starch and a-amylase.

* Abs4 is the absorbance of the incubated mixture with
starch alone.

The half-maximal inhibitory concentration (ICs,) was
determined by curve-fitting using graphpadprism10 (10th
version).

2.8.4 Inhibition of a-amylase activity in vivo

To assess the in vivo a-amylase inhibitory activity of the C.
sativa seed extract (CSSE), an oral starch tolerance test was
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Figure 1: OGTT model.

employed [24]. Briefly, three groups of fasted rats, each
consisting of five animals, were established. The control
group received only distilled water orally (10 mL/kg), while
the CSSE group was administered the extract at a dose of
300 mg/kg. The acarbose group received 10 mg/kg of acar-
bose. Thirty minutes post-treatment, all rats were orally
loaded with starch (2 g/kg). Blood samples were collected
from the tail vein of the rats at 0, 30, 60, and 120 min to
measure blood glucose levels.

2.8.5 Statistical analyses

It is expressed as mean + SD, Statistical comparisons among
the groups were conducted using a two-way analysis of
variance, followed by the Tukey test, utilizing GraphPad
Prism (10th version). Significance was considered at p < 0.05.

2.9 Glide molecular docking methodology

Analysis of the aqueous extract of hydro-ethanolic extract
of C. sativa L. seeds showed the presence of seven poly-
phenols such as which served as the ligands to be docked
via the maestro glide docking method with an a-amylase
inhibitory (Protein Data Bank [PDB] ID: 4GQR) target pro-
teins along with its respective co-crystallized ligand and
the reference compound, acarbose.

2.9.1 Protein preparation

The PDB repository (https://www.rcsh.org) [25] was the
source of an a-amylase inhibitory (PDB ID: 4GQR) target

End

protein. The bond orders were assigned followed by the
addition of hydrogen atoms and finally disulfide bonds
were created in the Glide (Maestro 12.8) [26] of the protein
preparation wizard panel followed by optimization of pro-
tein structure with OPLS4. The receptor grid file was then
set to create the ligand binding pocket.

2.9.2 Ligand preparation

All the ligands were sketched by ChemDraw 20.1.1 followed
by energy minimization via Chem3D 20.1.1 [27]. LigPrep
module was incorporated to fetch sdf file format and
finally prepared ligands for molecular docking (Maestro
12.8). The correct chiralities were used to create low-energy
3D structures such that at a physiological pH of 7.2 + 0.2 and
the potential ionization states were created for all of the
retrieved ligand structures.

2.9.3 Receptor grid generation (RGG)

For ligand docking, RGG assists in the size and position
parameters of the probable active site of the target protein.
With the use of the RGG tool of Schrodinger Maestro 12.8, the
scoring grid was expressed based on the hinding of co-crystal-
lized ligand in the target protein. Non-polar receptor atoms’
van der Waals (vdW) radius scaling factor was affixed to 1.0
whereas the partial charge cut-off was set at 0.25.

2.9.4 Protein-ligand docking

The created RGG file was employed to conduct molecular
docking studies by using the Glide tool of Schrodinger
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Maestro 12.8 while standard precision was the factor to
dock the already prepared ligands. For ligand atoms, the
vdW radius scaling factor was scaled at 0.80 with a partial
charge cut-off of 0.15.

3 Results

Significant causal relationships are evident among the
results presented.

3.1 Quality control of plant material of C.
sativa L. seeds

Table 1 outlines the quality control evaluations performed
on C. sativa L. seeds, which revealed a moisture content of
approximately 5%, an oil content of 28%, an ash content
0f 5.99%, a pH level of 5.3, and an organic material content
of roughly 94.01%.

These findings emphasize the critical role of main-
taining optimal seed quality for preservation and thera-
peutic applications. The low moisture content is especially
advantageous as it reduces the risk of microbial growth
and spoilage, thereby extending the shelf life of the seeds.
Moreover, the substantial oil content indicates that these
seeds could serve as a significant source of essential fatty
acids, enhancing their nutritional and medicinal value.

The slightly acidic pH level of 5.3 helps to maintain the
stability of bioactive compounds within the seeds, which is
essential for preserving their efficacy. Additionally, the
high organic material content highlights the seeds’ poten-
tial utility in various applications, such as nutritional sup-
plementation and the development of functional foods.

Overall, these quality control assessments provide essen-
tial insights into the characteristics of C. sativa L. seeds,
underscoring their value as a versatile resource for both agri-
cultural and medicinal purposes.

3.2 Phytochemical screening

The initial phytochemical analysis of C. sativa L. seeds,
conducted using a hydro-ethanolic extract, revealed the
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presence of various secondary metabolites, including ster-
oids, terpenoids, flavonoids, saponins, phenols, tannins,
coumarins, and quinones, while alkaloids were notably
absent (Table 2). These findings suggest that C. sativa L.
seeds serve as a rich reservoir of secondary metabolites.
The significant presence of these phytochemicals under-
scores the importance of C. sativa L. as a medicinal plant.

3.3 Identification of phenolic compound

The hydro-ethanolic extract from C. sativa L. seeds (CSSE)
was subjected to qualitative analysis using UHPLC-DAD-ESI/
MS) to identify the major components potentially involved
in its anti-diabetic effects (Figure 2).

As detailed in Table 3 a total of seven phenolic com-
pounds were successfully identified and categorized into
two subgroups: phenolic acids and flavonoids. The predo-
minant compounds in the CSSE were benzoic acid (35.98%),
cannabisin B (18.68%), genistein (9.55%), and epicatechin
(12.92%). These findings highlight the significant presence
of bioactive compounds within C. sativa L. seeds that may
contribute to their therapeutic potential, particularly in the
context of diabetes management. The predominance of
benzoic acid suggests a strong antioxidant capacity, which
is essential for mitigating oxidative stress associated with
diabetes [28]. Additionally, the presence of flavonoids such
as genistein and epicatechin is noteworthy, as these com-
pounds have been linked to enhanced insulin sensitivity
and improved glucose metabolism [29,30].

3.4 Effect of hydro-ethanolic extract on
alloxan-induced diabetic rats

3.4.1 Effect of CSSE on body weight

It is widely recognized that a decrease in body weight is
one of the most straightforward indicators of diabetes [31].
Table 4 illustrates the changes in body weight for each
group over a span of four weeks. Based on these findings,
all diabetic groups exhibited significant weight loss

Table 1: Oil content, ash content, organic material content, humidity level, and pH of C. sativa L. seeds

C. sativa L. seeds Oil content Ash content

Organic material content Humidity level pH

28 +1.9% 5.99%

94.01 5% 53




DE GRUYTER

Table 2: The qualitative analysis of C. sativa L. seeds hydro-ethanolic

extract

Alkaloids
Tannins
Phenols
flavonoids
Saponin
Coumarins
Carbohydrates
Terpenes

++
++
++
++
++
++
++

Quinones ++

Steroids ++

—— Absent, ++ present.

compared to the normal control group during the test
period, particularly after 28 days (p < 0.0001). In contrast,
the control group demonstrated an increase in body
weight. The observed decrease in body weight in diabetic
rats can be attributed to the increased breakdown of fats
and structural proteins, which serve as alternative energy
sources due to limited carbohydrate availability.

3.4.2 Effect of CCSE on fasting blood glucose

Diabetes is marked by hyperglycemia, which involves ele-
vated levels of glucose in the bloodstream. Alloxan is a
well-known diabetogenic compound that specifically tar-
gets and damages pancreatic B cells, leading to their
destruction and thus aiding in the development of type 1
diabetes. The fasting blood glucose levels of rats were

Benzoic acid
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measured before diabetes induction at days 1, 7, 14, 21,
and 28, during the treatment period, as illustrated in
Figure 3. All treatment groups exhibited normal blood glu-
cose levels prior to the induction of diabetes, and there were
no statistically significant differences observed among them,
after diabetes induction (day 0), the glucose concentration
was high significantly elevated in diabetic groups compared
to the normal group.

As evidenced by the data presented in the same figure,
the daily administration of CSSE (300 mg/kg) led to a sig-
nificant (p < 0.0001) decrease in blood glucose levels com-
pared to the DC group starting from day 7, the same result
was observed in the glibenclamide (2 mg/kg) group. Upon
comparison of mean blood glucose levels on day 28 to
those on day 1, a significant reduction was noted (p <
0.0001). The glibenclamide group displayed a 55.67%
decrease, whereas the 300 mg/kg CSSE group showed a
47.30% decrease (Figure 4).

3.4.3 Effect of CCSE on serum biochemical parameters

Aspartate aminotransferase (ASAT) and alanine amino-
transferase (ALAT) are liver enzymes, serve as indicators
of hepatocellular health, and are commonly employed to
assess liver function; as shown in Table 5, the ASAT and
ALAT revealed significantly heightened levels in the DC
group compared to normal group (p < 0.0001), Conversely,
in groups treated with CSSE (300 g/kg), or gilbenclamide
(2mg/kg), the rats were shielded from the rise in ASAT
and ALAT levels.

) 4
300
g’
g Cannabisin B Genistein Epicatechin
<
4 ¥ Cannabisin B 200 - Y
y 1708 isomer 1 |
¢ | W
) i |
\ Cannabisin A |
! | 1859 x,n” | | | ..
. A A CannabisinF__2584 } \ | |\
“ 3 7 LA AT Q-' \4, J\.
WVAASEBA 72 5 o 1212 1478 INJ'\J 2B g uu [V \
™ = Wv\'v\’w\/\:/v\‘_/\’\/\\/\&/\_/“\~\---/—} J ISR \
C|‘1—T"1"'II]Y!Y]IY']!I']IIII'IV]II1[1'1['IY[II'[I'Y'Y!I[!IY["!
0 2 0 12 ! 18 18 2 2 24 pe 3
Time (mn)

Figure 2: Chromatographic profile of CSSE obtained by UHPLC-ESI/MS at 280 nm.



8 —— Rafik El-Mernissi et al.

Table 3: Compounds identified by UHPLC-DAD-ESI/MS in CSSE

DE GRUYTER

No RT uv m/z (M-H)- Proposed compounds Subclass % Area Chemical structures
1 3 272 12112 Benzoic acid Benzoic acid 35.98 ©_/<°

2 17.98 285.335 595.4 Cannabisin B Lignanamide 18.68

3 18.89 285.335 595.4 Cannabisin B isomer 1 Lignanamide 4.24

4 20.1 255 593.12 Cannabisin A Lignanamide 4.46

5 25.84 220.289 623.14 Cannabisin F Lignanamide 3.85

6 26.9 262 269.1 Genistein Isoflavone 9.55

7 28.25 277 289.12 Epicatechin Flavan 12.92

Table 5. Elevated levels of urea and creatinine in the
blood were also noted in the untreated diabetic groups;

Table 4: Effects of CSSE on animals’ body weights during 28 days

Changes in kidney markers are demonstrated in however, oral administration of CSSE (300 g/kg), or gil-

benclamide (2 mg/kg) in diabetic rats, resulted in the nor-
malization of these levels.

Body weight (g)

Day 1 Day 7 Day 14 Day 21 Day 28
Normal control 214619 2136 + 215" 215.4 + 1.85"# 219 + 2.6M### 226.8 + 1.6
Diabetic control 219.6 £ 2.24  205.6 + 2.44%** 1772 + 231kk* 130.8 + 2,63**** 129 + 3.03%***
Diabetic + glibenclamide (2 mg/kg)  220.4 + 3 212.4 +1.85", #2078 + 1.72%kxx FHEE 904 6 4 1 35%kkk B 507 4 ) pgkkk R
Diabetic + CSSE 300 mg/kg 2224 +2.57 212.8 + 2.56™5, ###  201 & 2.ggkkkk B 995 )y q7pkkkk HHHE g9 4 4 ) 33wkwk i

Values are represented as means + SD (n = 5 rats). ****p < 0,0001, ***p < 0.001, compared to normal controls; *#p < 0.0001, **p < 0.001, compared
to diabetic control; ns = not significant.
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Figure 3: Effects of CSSE on fasting blood glucose levels in normal and alloxan-induced diabetic rats, values are represented as means + SD (n = 5 rat);

****p < 0.0001, compared to DC.
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Figure 4: Percentage decrease in mean fasting glucose levels at day 1
and day 28 respectively, Data are presented as mean + SD.

3.4.4 Effect of CSSE on lipid profiles

In this current research, we examined the lipid profile due
to its connection with changes in lipid metabolism often

Table 5: Effect of CCSE on kidneys and liver biochemical parameters

observed in individuals with diabetes. The graphical repre-
sentation in Figure 5 illustrates the serum levels of TG, total
CT, HDL, LDL, and VLDL across all groups. In the diabetic
rat groups, there was a notable increase in serum levels of
TG, total CT, LDL, and VLDL compared to the normal con-
trol rats. Furthermore, administering C. sativa L. seed
extract (CSSE) at a dosage of 300 mg/kg or glibenclamide
at 2mg/kg to diabetic rats for 28 days significantly reversed
these increases in lipid metabolism indicators.

3.4.5 OGTT

The impact of hydro-ethanolic extract from C. sativa L.
seeds (CSSE) on the OGTT in rats is depicted in Figure 6. In
the untreated normal control group (1 mL/100 g body weight),
there was a pronounced spike in blood glucose levels, peaking
at the 30-min mark following glucose administration. In con-
trast, the oral intake of CSSE at a dosage of 300 mg/kg, as well

Groups Liver biomarkers Kidney biomarkers

ASAT (UI/L) ALAT (UI/L) Urea (g/L) Creatinine (mg/L)
Normal control 113 t 15%*** 67.33 & 4**** 0.58 + 0. 2* 2.16 £ 0.18****
Diabetic control 169 + 22 94 +5 0.94 + 0.09 1.51+0.29
Diabetic + glibenclamide (2 mg/kg) 141 £ 19%** 80.66 + 2.5%* 0.61 £+ 0.11* 1.84 + 0.21*
Diabetic + CSSE 300 mg/kg 145 £ 12%** 82 + 3** 0.61 + 0.07* 1.80 £ 0.13*

Values are mean + SD (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to DC.
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as glibenclamide at 2 mg/kg, resulted in a significant reduc-
tion in blood glucose levels at the 30-min mark (p < 0.0001),
effectively preventing hyperglycemia. Moreover, blood glu-
cose levels remained stable at 60, 90, and 120 min post-admin-
istration compared to the control groups.

3.4.6 Inhibition of a-amylase activity in vitro

In light of the adverse reactions and potential toxicity asso-
ciated with existing medications for managing hyperglycemia,
there has been a concerted effort in research to identify novel
pancreatic a-amylase inhibitors derived from natural sources.
This includes a focus on plants exhibiting hypoglycemic effects
with minimal or no side effects. Our study aimed to evaluate
the inhibitory effects of CSSE (plant extract) on pancreatic a-
amylase, using acarbose as a reference drug.

The results indicated that CSSE extracts effectively
inhibited a-amylase activity, with an ICso value of 25.02 +
4.03 ug/mL. Although this demonstrates significant inhibi-
tory activity, it is noteworthy that CSSE exhibited reduced
efficacy compared to acarbose, which showed an ICs, value
of 12.33 £ 3.7 pg/mL (Table 6).

3.4.7 Inhibition of a-amylase activity in vivo

In the oral starch tolerance test designed to evaluate in vivo
a-amylase inhibition, blood glucose concentrations in all
rat groups peaked (PBG) at 0.5h post-gavage, subsequently
returning to baseline levels over time. Notably, the groups
receiving CSSE at a dosage of 300 mg/kg and acarbose at
10 mg/kg demonstrated significant reductions in postprandial
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n
i

»
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W
it

.

N
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ke

R —

DE GRUYTER
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- glibenclamide (2mg/kg)
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1 ml/100g

Blood Glucose Level g/l

time (min)

Figure 6: The influence of CSSE and glibenclamide on postprandial blood
glucose levels in healthy rats following glucose administration 5 g/kg,
values represented as mean * SD (n = 5), **p < 0.01, ****p < 0.0001,
compared to normal control.

hyperglycemia compared to the normal control group at
30 min, 60 min (***p < 0.0001), and 90 min (***p < 0.001).

Furthermore, it was evident that acarbose at a
dosage of 10 mg/kg exhibited a more potent hypogly-
cemic effect than the CSSE group (300 mg/kg), as illu-
strated in Figure 7.

The groups administered with CSSE or acarbose exhib-
ited a statistically significant decrease in peak blood
glucose (PBG) levels and area under the curve (AUC) in
comparison to the normal control group (Table 7).

3.5 Glide molecular docking results

Seven polphenol ligands of hydro-ethanolic acid extract of
C. sativa seeds as well as the reference drug and the co-

Bl Diabetic control

Diabetic + glibenclamide (2mg/kg)

s
Fkkk

ek

LDL

HDL

VLDL

CT TG

Figure 5: The serum concentrations of TG, CT, HDL, LDL, and VLDL. Values are presented as Means + SD (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared to DC.
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Table 6: a-Amylase inhibitory activities of CSSE and acarbose

ICs (ug/mL)

12.33 £ 3.70°
25.02 + 4.03°

Acarbose
CSSE

Values in identical columns annotated with the same letter did not
exhibit significant differences according to Tukey’s multiple range test
(p < 0.05).

crystallized ligand of the chosen target protein were docked
to explore their o-amylase inhibitory activity and their
docking data is shown in Table 8 and Table S1. The hit com-
pound cannabisin B shows a Glide G-score of —7.791 kcal/mol
which is very close to the G-score of the standard drug for a-
amylase inhibition (acarbose), i.e., =7.203 kcal/mol, and even
higher than the co-crystallized ligand (-6.923 kcal/mol).
Cannabisin B (A) as shown in Figure 8 interacts via
GLNG63 (2.18), ASN105 (2.29 A), ALA106 (2.08 &), and ASP197
(1.82 A) amino acid residues with the target protein through
hydrogen bonding. Polar interactions are contributed by
GLNG63, ASN105, and THR163. Diverse hydrophobic interac-
tions are observed between the OH group of the hit com-
pound and TRP58, TRP59, TYR62, ALA106, LEU162, LEU165,

Anti-diabetic potential in C. sativa L. seeds = 11
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Figure 7: The influence of CSSE and acarbose on postprandial blood
glucose levels in healthy rats following starch administration 2 g/kg,
values represented as mean + SD (n = 5), *p < 0.05, ***p < 0.001,
****p < 0.0001, compared to normal control.

and ALA198 amino acids of the target protein. Hydrophobic
contacts facilitate in binding affinity of the ligands. Acar-
bose, being the standard drug used in this study to evaluate
the a-amylase inhibition profile of the investigated ligands,
shows that GLN63 (2.25 A), ASN105 (2.67 A), THR163 (1.814),
ASP197 (1.82 A), and GLU233 (1.92 A, 2.08 &) develop hydrogen
bonding as depicted in Figure 9. Polar amino acids are GLN63,
ASN105, THR163, and ASN298. The co-crystallized ligand of the
chosen target protein shows hydrogen bonding with GLN63

Table 7: The impact of acarbose 10 mg/kg, and CSSE 300 mg/kg PBG and AUC following starch (2 g/kg) administration in normal rats

Groups Peak blood glucose (PBG) (g/L) % Diminution of PBG AUC (g/L) % Diminution of AUC (g/L)
Normal control 1.81+0.13° — 34.77 + 4.65° —
Acarbose 10 mg/kg 1.07 +0.22° /1 7.230 + 2.32° 80
CSSE 300 mg/kg 1.25 + 0.23° 31 13.95 + 1.5 60

Values represent the mean + SD (n = 5), Values in identical columns annotated with the same letter did not exhibit significant differences according to

Tukey’s multiple range test (p < 0.05).

Table 8: Glide score, H-bonding interactions with distances (A), polar, hydrophobic, and other interacting residues for investigated ligands with

a-amylase (PDB ID: 4GQR) target protein

Title G-score Emodel HBI residue Polar residues Hydrophobic and other interacting
(kcal/mol) (kcal/mol) (distance A) residues
Cannabisin B (F) =7.791A -92.093 GLN63 (2.18) GLN63 TRP58, TRP59, TYR62, ALA106, LEU162,
ASN105 (2.29) ASN105 LEU165, ALA198
ALA106 (2.08) THR163
ASP197 (1.82)
Acarbose (B) -7.203B -95.973 GLN63 (2.25) GLN63 TRP58, TRP59, TYR62, LEU162, ALA106,
ASN105 (2.67) ASN105 LEU165, ALA198, ILE235
THR163 (1.81) THR163
ASP197 (1.82) ASN298
GLU233 (1.92, 2.08)
Co-crystallized ligand -6.923C -63.397 GLN63 (1.82) GLN63 TRP58, TRP59, TYR62, LEU162, LEU165,

(4GQR) (O)

ASP197 (1.62, 1.80)

ALA198
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Figure 8: 3D and 2D representation of cannabisin B (A) with a-amylase (PDB ID: 4GQR).

(1.82 A), and ASP197 (1.62 A, 1.80 A), along with the polar con-
tacts of GLN63 as presented in Figure 10. In addition to the
interactions detailed above, Figures S1-S6 illustrate the var-
ious interactions between pancreatic o-amylase (PDB ID:
4GQR) and the other ligands examined in this study.

Our findings indicate that C. sativa L. seed extract
(CSSE) exhibits significant a-amylase inhibitory activity,
reduces postprandial glucose levels, and improves lipid
profiles in diabetic rats. Molecular docking studies
further supported these findings, revealing strong inter-
actions between identified phenolic and the a-amylase
enzyme.

4 Discussion

The significant public health challenge posed by diabetes
mellitus has prompted an ongoing search for effective pre-
ventive alternatives. C. sativa L., recognized as a medicinal
plant, has been utilized in traditional African medicine for
centuries, particularly in managing chronic diseases such
as diabetes [32,33] This investigation assessed the impact of

a hydro-ethanolic extract derived from C. sativa L. seeds on
diabetes and its associated complications.

As detailed in Section 3, the plant extract exhibited
favorable effects on all physiological parameters evaluated
in rats induced with diabetes via alloxan.

The quality assessment of the cannabis seed extract
(CSSE) was conducted by evaluating various parameters.
The oil content observed in this study aligns closely with
previous research findings. For instance, Mihoc et al. [34]
reported similar oil content in five Romanian varieties,
while Taaifi et al. investigated Moroccan C. sativa L. seeds
from diverse locations and found oil content ranging from
26.42 to 35.19% [35]. Additionally, Munteanu et al. docu-
mented a lipid content of 29.17 + 0.46%, which is consistent
with our findings [9].

The ash content recorded in this study exceeded pre-
viously reported values by Taaifi et al. [35] but was consis-
tent with findings from Munteanu et al. and Bhatt et al.
[9,36] while being lower than those obtained by Rodriguez-
Martin et al. [37]. Furthermore, screening results for
phytochemicals indicate that C. sativa L. seeds are rich in
secondary metabolites, underscoring their significance as a
medicinal plant. Numerous studies have highlighted that
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Figure 9: 3D and 2D representation of acarbose (B) with a-amylase (PDB ID: 4GQR).
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Figure 10: 3D and 2D representation of co-crystallized ligand (C) with a-amylase (PDB ID: 4GQR).

phytochemicals play a crucial role in exhibiting antioxi-
dant, anti-hyperglycemic, and anti-hyperlipidemic effects.
For example, tannins, phenols, and saponins inhibit glu-
cose transport by blocking the sodium-glucose co-trans-
porter-1 (S-GLUT-1) and hinder carbohydrate digestion by
inhibiting a-amylase and a-glucosidase [38,39].

Our analysis identified seven polyphenols as major
constituents of CSSE, aligning with multiple studies that
have identified specific phenolic compounds in C. sativa seeds
[9,40-43]. Notably, Martinez and collaborators reported the
presence of genistein and epicatechin in extracts of C. sativa
seeds [42]. Benkirane et al. also identified several lignana-
mides in defatted hempseeds, including cannabisin C, D,
and M, along with phenolic acids such as p-coumaric acid
and ferulic acid [44] Furthermore, Haddou et al. noted that
3-hydroxycinnamic acid was the major compound in aqueous
extracts of hemp seeds [45]. In addition to these findings,
Ahmad et al’s phytochemical investigation successfully iden-
tified benzoic acid, gallic acid, and kaempferol as primary
phenolic components in methanolic extracts of C. sativa seeds
[46]. The abundance of phenolic compounds in CSSE could
potentially contribute to diverse pharmacological activities.

Diabetes induced by alloxan leads to the degeneration
and shrinkage of pancreatic beta cells through excessive
formation of reactive oxygen species, resulting in insulin
deficiency [47]. This condition creates a complex pathophy-
siological state characterized by significant weight loss and
increased intake of water and food alongside elevated
urine output [48]. Studies indicate that increased water
consumption and diuresis are directly linked to hypergly-
cemia due to absolute or relative insulin deficiency leading
to elevated blood glucose levels [49,50]. Consequently, the
kidneys expel excess sugar through urine water follows
glucose due to its osmotic effect stimulating thirst to offset
water loss [51].

The protective effect of CSSE against body weight loss
may be attributed to its ability to increase insulin levels,

thereby improving glycemic control. A 28-day treatment
with CSSE exhibited significant antihyperglycemic effects
consistent with those observed by Munteanu et al., who
studied the C. sativa L. zenith variety [9]. It has been
demonstrated that fixed oils from C. sativa L. exert hypo-
glycemic effects on diabetic rats [52]. Additionally, the anti-
hyperglycemic impact of cannabis essential oil has also
been documented, reinforcing the potential of various can-
nabis-derived products in diabetes management [53].

The liver plays a crucial role in glucose homeostasis
and xenobiotic metabolism; thus, concentrations of ALT
and AST in the bloodstream serve as reliable indicators of
liver function status. Previous studies have shown necrosis
in the liver of alloxan-induced diabetic rats [54]. Elevated
activities of ALT and AST are primarily linked to their
release from liver cytosol into circulation due to cellular
damage [49]. Notably, administering CSSE alongside gliben-
clamide to alloxan-diabetic groups for 28 consecutive days
restored enzyme activities to baseline levels.

Diabetic animals typically exhibit significantly higher
serum levels of urea and creatinine — critical markers for
renal impairment [55]. The substantial decrease in serum
urea and creatinine levels among diabetic rats treated with
CSSE and glibenclamide suggests its potential role in halting
renal damage associated with diabetes progression.

Moreover, diabetes mellitus is widely recognized as a
prevalent factor contributing to cardiovascular diseases
due to its association with significant changes in plasma
lipids [56] Insulin regulates lipid metabolism; impaired
insulin signaling can lead to hypertriglyceridemia and
hypercholesterolemia characterized by elevated VLDL and
LDL levels while decreasing HDL concentrations [48]. In
diabetic states, hypercholesterolemia arises because insulin
inhibits B-hydroxy-p-methylglutaryl-coenzyme-A reductase
an essential enzyme involved in cholesterol metabolism
[39]. Furthermore, diabetes renders lipoprotein lipase inac-
tive, an enzyme crucial for triglyceride breakdown. This
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inactivity results in elevated triglyceride levels and a decline
in HDL levels [57]. CSSE demonstrated hypocholesterolemic
and hypotriglyceridemic effects similar to antihyperlipi-
demic medications that lower lipid levels while increasing
HDL cholesterol concentrations [9,58]. An effective anti-
diabetic agent should control glucose level rises through
various mechanisms; thus, we assessed this using oral glu-
cose-loaded hyperglycemic models where CSSE proved
effective. An effective antidiabetic agent should control glu-
cose level rises through various mechanisms; thus, we
assessed this using oral glucose-loaded hyperglycemic
models where CSSE proved effective.

Lowering postprandial hyperglycemia is crucial for
diabetes management achieved by inhibiting a-amylase
an enzyme that breaks down complex polysaccharides
into smaller oligosaccharides through hydrolysis [59].
a-Amylase inhibition leads to a reduction in the formation
of oligosaccharides and disaccharides, ultimately resulting
in decreased glucose absorption into the bloodstream. Con-
sequently, postprandial blood glucose levels are effectively
lowered. Our findings indicate that CSSE exhibits significant
a-amylase inhibition with an ICsq value of 25.02 + 4.03 pg/
mL. Molecular docking studies further supported these find-
ings, revealing strong interactions between identified phe-
nolic and the a-amylase enzyme. While previous studies on
the effects of C. sativa on o-amylase yielded mixed results
Zengin et al. reported no significant effects while Haddou
et al. demonstrated promising a-amylase inhibitory activity
[60,61]. However, Leonard et al. reported that a C. sativa L.
seed hull extract did not exhibit significant a-amylase inhibi-
tory activity [40]. These discrepancies may stem from varia-
tions in plant variety, growth conditions, extraction methods,
or specific compounds present within the extracts. The
observed a-amylase inhibition indicates that further explora-
tion of CSSE’s role in diabetes management is warranted.

a-Glucosidase also plays a vital role in carbohydrate
digestion by acting on glycosidic bonds to produce glucose
[62]. Inhibiting a-glucosidase is advantageous for mana-
ging pre-diabetic and diabetic conditions as it plays a
critical role in carbohydrate absorption within the gastro-
intestinal tract [40]. Earlier research indicated that ethanolic
extracts from C. sativa seeds demonstrate a-glucosidase
inhibitory activity [63,64] aligning with Ren’s findings
regarding oligopeptides derived from C. sativa L. seeds pro-
tein exhibiting potent a-glucosidase inhibition activity [65].
Supporting these findings, Leonard et al. [40] concluded that
phenolic extracts from C. sativa L. seeds showed a-glucosi-
dase inhibitory activity comparable to the pharmaceutical
standard, acarbose. This collective evidence highlights the
potential of C. sativa seed extracts and derivatives in the
management of carbohydrate metabolism disorders.
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C. sativa seed extract exhibits high antioxidant poten-
tial [43,44,66-68] due to its richness in phenolic compounds
and fatty acids [69,70]. This antioxidant property aids in
preventing the degeneration of pancreatic islets, preser-
ving their histoarchitecture. Additionally, because a lower
dose of alloxan induces only partial destruction of pan-
creatic beta cells, the surviving beta cells in albino rats
can regenerate [71].

Beyond their antioxidant properties, phenolic com-
pounds from various plant sources have been shown to pos-
sess therapeutic benefits for diabetes management [13]. These
compounds can enhance insulin secretion, reduce glucose
production by the liver, inhibit key enzymes involved in
carbohydrate digestion, improve the sensitivity of peripheral
tissues to insulin, and regulate glucose absorption in the blood-
stream. Collectively, these actions contribute to improved post-
meal blood sugar control [48,72].

Phenolic compounds in C. sativa L. seed extract stimu-
late postprandial insulin secretion, promote L cells and K
cells to secrete glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic polypeptide (GIP) [73], and increase
their halflife by inhibiting dipeptidyl peptidase-4 (DPP-4)
[74,75]. Additionally, they stimulate the expression of glucose
transporters (GLUT) types 2 and 4 in the liver, skeletal muscle,
and adipose tissues [76], enhancing the binding of insulin to
insulin receptors [30,77,78]. Benzoic acid, genistein, and epi-
catechin, the major compounds in CSSE, reduce B-cell apop-
tosis, regenerate damaged pancreatic islets, and enhance
insulin secretion from surviving beta cells, resulting in an
antihyperglycemic effect [79-82]. Lignanamides, such as can-
nabisins, found in C. sativa L. seeds exhibit antioxidant and
anti-inflammatory activities, which may contribute to their
beneficial effects on glucose metabolism [83-85]. However,
specific studies directly linking lignanamides and cannabisins
to diabetes management are limited. Further research is
needed to fully elucidate their mechanisms of action and
therapeutic potential in the context of diabetes. Cannflavins,
unique prenylated flavonoids found in cannabis seeds, exhibit
antioxidant, anti-inflammatory, and anticancer properties,
which may also contribute to their potential benefits in dia-
betes management [86-88].

The anti-diabetic properties of CSSE may result from a
synergistic effect of multiple bioactive molecules instead of
a single compound.

5 Conclusions

Our findings demonstrate that C. sativa L. seed extract
(CSSE) holds significant promise as a novel therapeutic
approach for managing diabetes and its associated
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complications. The extract’s rich phenolic profile, particularly
compounds like benzoic acid, cannabisin B, genistein, and
epicatechin, contributes to its potent a-amylase inhibitory
activity. This, coupled with its hypoglycemic, hypolipidemic,
hepatoprotective, and nephroprotective effects observed in
our in vivo studies, suggests its potential to improve glycemic
control and overall metabolic health. Furthermore, in silico
docking studies validate the strong binding affinity of these
phenolic compounds to the o-amylase enzyme, providing
mechanistic insights into their inhibitory activity.

The clinical implications of our findings are substantial.
By inhibiting a-amylase, CSSE can delay carbohydrate diges-
tion and absorption, leading to a more gradual increase in
blood glucose levels. This could be particularly beneficial for
individuals with type 2 diabetes, who often experience post-
prandial hyperglycemia. Additionally, the hypolipidemic and
antioxidant properties of CSSE may contribute to the preven-
tion of diabetic complications, such as cardiovascular disease
and neuropathy.

While our findings are promising, further research,
including well-designed clinical trials, is necessary to fully
evaluate the safety and efficacy of CSSE in human subjects.
By elucidating the underlying molecular mechanisms,
we can optimize the therapeutic potential of this natural
product and develop innovative strategies for diabetes
management.
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