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Abstract

Almond (Prunus amygdalus) steam bark, an agro-industrial by-product rich in polyphenolic compounds, represents
a sustainable source of bioactive flavonoids, particularly rutin, with potential pharmacological applications. In this study,
total flavonoids were extracted using ethanol-based maceration combined with ultrasonic treatment and vacuum
concentration, yielding a high-purity fraction (98.0 + 0.8%), while rutin was isolated through semi-preparative HPLC.
Acute oral toxicity assessment in male mice at a limit dose of 5,000 mg/kg revealed no mortality, no significant changes
in body weight (»p > 0.05), and only mild transient behavioral alterations, indicating an LDsy > 5,000 mg/kg and
classification under GHS Category 5 (low toxicity). In the carrageenan-induced paw edema model, the flavonoid fraction
at 100 mg/kg and rutin at 25 mg/kg exhibited the highest anti-inflammatory activity, with 61.6% and 55.6% inhibition of
edema formation at the third hour, respectively, while higher doses showed moderate but sustained effects, suggesting a
non-linear dose-response relationship. Molecular docking studies demonstrated strong binding affinities of rutin to
inflammation-related protein targets, including TNF-a (-7.8 kcal/mol, Ki = 1.92 uM), AKT1 (-8.8 kcal/mol, Ki = 0.36
uM), and ESR1 (-8.5 kcal/mol, Ki = 0.61 uM), as well as high-affinity binding to serum albumin (-10.4 kcal/mol, Ki =
23.2 nM). These findings indicate that almond steam bark-derived flavonoids and rutin are safe at high oral doses, exert
potent anti-inflammatory effects, and act via multi-target modulation of inflammatory pathways, supporting their potential

as natural therapeutic or nutraceutical agents.
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Introduction

Prunus dulcis (Mill.) D.A. Webb - the almond tree
- is one of the most widely cultivated and economically
important nut crops in the world. Its kernels are widely
used in the food industry as a valuable source of oil,
proteins, minerals, and vitamins. However, during
almond processing, a large amount of by-products such
as stem bark, skin, shell, and leaves are generated. While
these parts are often considered agricultural waste, they
are increasingly recognized as potential sources of
bioactive  compounds of  nutraceutical and

pharmaceutical value [1].

The stem bark of Prunus dulcis remains poorly
studied compared with the kernel, skin, or shell, yet it
represents a promising raw material rich in phenolic
compounds, flavonoids, tannins, and phenolic acids. In
particular, rutin and quercetin glycosides are believed to
be abundant in almond bark, conferring strong
antioxidant and anti-inflammatory properties. Previous
studies have mainly focused on almond skin and shell.
For example, Garrido et al. [1] analyzed the phenolic
profile of almond skins and identified 33 types of
flavonoids and glycosides, confirming their strong
antioxidant potential. Similarly, Smeriglio et al. [2]
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investigated shell extracts by HPLC-DAD and reported
both antioxidant and antidiabetic properties [3].

In contrast, systematic phytochemical and
pharmacological studies of almond bark are very
limited. This creates a scientific gap and highlights the
need for new investigations. As suggested by Ahmed et
al. [3], almond by-products, often regarded as waste,
may serve as sustainable sources of high-value
nutraceuticals [4].

Recent studies confirm that extracts from different
parts of Prunus dulcis exhibit remarkable antioxidant
and anti-inflammatory activities. Ali et al. [5]
demonstrated that seed fractions displayed strong
radical scavenging properties in DPPH and FRAP
assays. Furthermore, Yada er al. [6] reviewed the
composition and health benefits of almonds,
emphasizing their preventive role against cancer,
cardiovascular, and metabolic disorders [6].

The significance of almond stem bark lies in its

dual value: despite being an agricultural by-product, it

Materials and methods

Animal ethics

All preoperative and experimental protocols were
read and approved slowly by the Institutional
Committee for Animal Use and Care. The animals lived
in vivarium rooms under controlled conditions, relative
humidity of 55% - 65%, ambient temperature of 22 +£2
°C, and had free access to water and normal laboratory
chow. All animal handling and care procedures
rigorously followed the European Directive 2010/63/EU
on the protection of animals used for scientific purposes.
Ethical approval for this research was provided by the
Institute of Bioorganic Chemistry, Academy of Sciences
of the Republic of Uzbekistan, Animal Ethics
Committee (Protocol No. 133/1a/h, 4 August 2014).

Plant material and preparation

Fresh stem bark of Prunus dulcis (Mill.) D.A.
Webb was collected from 8 - 10-year-old cultivated
almond trees in the Fergana region, Uzbekistan, during
the harvesting season (May - June). The plant material
was taxonomically identified and authenticated at the
Department of Botany, Fergana State University. The
bark was washed with distilled water, air-dried at 25 + 2
°C to a constant weight, and ground into a fine powder.

For flavonoid extraction, the material was sieved to a

is potentially rich in high-value bioactive compounds.
Efficient extraction and utilization of such compounds
could transform waste into a resource, adding economic
value and sustainability. Particularly, rutin isolation and
its mechanistic evaluation through in vivo anti-
inflammatory testing and in silico molecular docking
provide a scientific foundation for the development of
novel natural therapeutics [7,8].

Therefore, the present study aims to extract total
flavonoids and isolate rutin from Prunus dulcis stem
bark, assess their safety profile through acute oral
toxicity (LDso), evaluate their anti-inflammatory
potential using the carrageenan-induced paw edema
model, and investigate their molecular interactions with
key inflammation-related proteins through docking
simulations. This integrated approach will provide
valuable insights into the pharmacological potential of
almond stem bark, supporting its future application in

nutraceuticals and functional food formulations [9,10].

particle size of 0.5 mm, while for rutin isolation, a
particle size of 0.1 - 1.5 mm was used. The powdered
samples were stored in airtight containers at 4 °C until

analysis [11].

Chemicals and reagents

All solvents and reagents were of analytical or
HPLC grade. Ethanol (> 99%), acetonitrile, and buffer
salts were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Distilled water was prepared using a Milli-Q
purification system (Millipore, USA). All other
chemicals were purchased from local suppliers and used

without further purification.

Extraction of total flavonoids

Fifty g of powdered almond bark (0.5 mm particle
size) was extracted with 250 mL of 70% ethanol at 50 -
60 °C for 2 h under continuous stirring in a flat-bottom
flask equipped with a reflux condenser. The extract was
subjected to ultrasonic treatment for 15 min (2 cycles,
10 min interval) at 35 °C and filtered through ashless
filter paper (blue ribbon). The residue was re-extracted
with an additional 250 mL of 70% ethanol under
identical conditions for 1.5 h, followed by ultrasonic
treatment for 10 min (2 cycles, 8 min interval) at 35 °C.
The combined extracts were supplemented with a 20 mL
distilled water rinse of the plant residue. The organic
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solvent was removed by vacuum evaporation (10 - 30
mm Hg) in a rotary evaporator, and the aqueous fraction

was lyophilized to yield the total flavonoid fraction [12].

Semi-preparative isolation and purification of
rutin

Ten g of powdered almond steam bark (0.1 - 1.5
mm) was extracted with 99 mL of 70% ethanol at 50 -
60 °C for 2 h under continuous stirring in a reflux-
equipped flat-bottom flask [13]. The extract underwent
ultrasonic treatment for 15 min (2 cycles, 10 min
interval) at 35 °C and was cooled to room temperature.
The filtrate was passed through ashless filter paper
followed by a 0.2 pm membrane filter. Rutin was
separated using an Agilent Technologies 1260 HPLC
system with a semi-preparative XBridge® BEH C18
column (130 A, 5 pm, 10x250 mm? Waters). The
mobile phase consisted of acetonitrile and buffer (30:70,
pH 2.92) under isocratic elution at 2.00 mL/min, with a
total runtime of 15 min. Detection was performed at 254
nm using a diode-array detector (DAD). Rutin was
collected in the retention time range of 2.2 - 2.4 min over
15 automated injections. The organic fraction was
evaporated under reduced pressure, and the aqueous
fraction was lyophilized [14].

Acute oral toxicity study

Acute toxicity was assessed according to the
OECD Guideline 423 (Acute Toxic Class Method).
Mice were randomly divided into 3 groups (n = 5 per
group): Control, flavonoid fraction (5,000 mg/kg), and
rutin (5,000 mg/kg). Test substances were administered
orally as a single dose via gavage [15]. Animals were
observed continuously for 4 h post-dosing and
periodically over 14 days for signs of toxicity,
behavioral changes, and mortality. Body weight was
recorded on days 0, 7, and 14. Gross necropsy was
performed at the end of the observation period [16].

Anti-inflammatory activity: Carrageenan-
induced paw edema model

Anti-inflammatory activity was evaluated using
the carrageenan-induced paw edema model in mice.
Animals were divided into treatment and control groups
(n = 5). The flavonoid fraction was administered at
doses of 100, 150, and 200 mg/kg, and rutin at 25, 50,
and 75 mg/kg, 1 h before carrageenan injection. Edema

was induced by subplantar injection of 0.1 mL of 1%
carrageenan suspension in saline into the right hind paw
[17,18]. The control group received saline only and
carrageenan. Paw volume was measured before and at
hourly intervals for 5 h after carrageenan injection using
a plethysmometer. Edema inhibition (%) was calculated
relative to the control group [19].

Molecular docking studies

The 3D structures of TNF-o (PDB ID: 2AZS),
AKT1 (PDB ID: 7NHS5), BCL2 (PDB ID: 6GLS), serum
albumin (PDB ID: 6R7S), and ESR1 (PDB ID: 1L2I)
were retrieved from the Protein Data Bank. The
structure of rutin was obtained from the PubChem
database. All docking studies were performed using
AutoDock 4.2.6, with proteins prepared by removing
water molecules and adding polar hydrogens [20,21].
The grid box dimensions were set to cover the active site
coordinates for each protein. Docking results were
analyzed using AutoDock Tools and Discovery Studio
Visualizer, and key ligand—protein interactions recorded
[22].

Statistics

Statistical evaluation and graphical
representations were performed using Origin Pro 9
software (Microsoft, USA). Paired t-tests were used for
analyzing combined data sets, while unpaired t-tests
assessed differences between separate groups. Results
were considered statistically significant at the threshold

of p <0.05.

Results

Extraction and isolation of flavonoid and rutin
compounds from almond steam bark

Extraction of total flavonoids

The plant raw material was ground to a particle
size of approximately 0.5 mm. A 50 g portion was
extracted with 250 mL of 70% ethanol at 50 - 60 °C for
2 h under continuous stirring in a flat-bottom flask
equipped with a reflux condenser [23]. The resulting
extract was subjected to ultrasonic treatment for 15 min
(2 cycles of 10 min intervals) at 35 °C. The extract was
filtered through ashless filter paper (blue ribbon). The
residue was re-extracted with an additional 250 mL of
70% ethanol under the same conditions for 1.5 h,
followed by ultrasonic treatment for 10 min (2 cycles, 8
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min interval) at 35 °C. After filtration, both extracts
were combined, and the remaining plant residue was
rinsed with 20 mL of distilled water, which was also
added to the combined extracts. The organic solvent was
removed by vacuum evaporation (10 - 30 mm Hg) using
a rotary evaporator [24]. The aqueous fraction
containing the total flavonoids was lyophilized. This
procedure yielded a total flavonoid fraction with a purity
0f 98.0 £ 0.8%.

Semi-preparative isolation and purification of
rutin

Dried vegetative parts of the plant were milled to
a particle size of 0.1 - 1.5 mm. A 10 g sample was
extracted with 99 mL of 70% ethanol at 50 - 60 °C for 2
h under continuous stirring in a flat-bottom flask with a
reflux condenser [25]. The extract underwent ultrasonic
treatment for 15 min (2 cycles of 10 min intervals) at 35

°C, then cooled to room temperature. The solution was
first filtered through ashless filter paper (blue ribbon),
followed by membrane filtration (0.2 pm).
High-performance liquid chromatography
(HPLC) analysis was performed under isocratic
conditions with a diode-array detector (DAD) using an
Agilent Technologies 1260 system. The mobile phase
consisted of acetonitrile and buffer (30:70, pH 2.92),
with a flow rate of 2.00 mL/min, injection volume 50
pL, and total analysis time of 15 min. A semi-
preparative XBridge® BEH C18 column (130 A, 5 pm,
10x250 mm?, Waters) was used, with detection at 254
nm. Rutin was collected in the retention time range of
2.2 - 2.4 min over 15 automated injections. The organic
fraction was evaporated under reduced pressure, and the
aqueous fraction was lyophilized to obtain purified

rutin.

Figure 1 Bark of almond (Prunus amygdalus).

Acute oral toxicity evaluation of almond steam
bark-derived flavonoid and rutin in male mice

To evaluate the acute toxicity profile of the
flavonoid and rutin compounds isolated from almond
(Prunus amygdalus) Bark, an oral administration study
was conducted in male mice following the OECD
Guideline 423 for acute toxic class method [26,27]. Both

compounds were administered as a single high dose of

5,000 mg/kg body weight, which is considered the upper
limit dose for identifying toxic potential. Following
administration of the flavonoid fraction at 5,000 mg/kg,
animals exhibited mild, transient clinical signs within 10
min (Figure 1). These included increased respiratory
rate, grouping behavior (animals huddled together), and
narrowed palpebral fissures (partially closed eyes).
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Table 1 Evaluation parameters of acute toxicity of flavonoid and rutin compounds isolated from almond steam bark in

male mice (M = m, n=15).

. . LDso,
Doses Total animals / Died Average weight of animals(g)
Groups . mg/kg
mg/kg, mL animals
Day 1 Day 7 Day 14
Control 0.4 mL 5/0 220+19 226+22 232+23 -
Almond steam bark
i 5,000 mg/kg 5/0 21.6+1.8 219+2.1 23.0+22 >5,000
flavonoid
Almond steam bark
5,000 mg/kg 5/0 21.0+£2.0 21.7£2.0 22.8+2.1 >5,000

rutin

These signs persisted for approximately 20 to 30
min, after which the animals gradually returned to
normal behavior and showed no further abnormalities
for the remainder of the 14-day observation period.
Similarly, administration of the rutin compound at the
same dose resulted in observable changes approximately
15 min post-dosing. Treated animals exhibited mild
respiratory stimulation and immobility in a fixed
location. These signs were transient and resolved
spontaneously within 25 to 40 min, with full recovery to
baseline behavior and physiological status. Importantly,
no mortality was recorded in either test group
throughout the observation period (0 deaths out of 5
animals per group). Body weight was monitored on days
1,7, and 14 to detect any potential systemic toxicity. The
test groups (flavonoid and rutin) showed no statistically
significant deviation in mean body weight compared to
the control group at any time point (p > 0.05), indicating
the absence of weight loss or growth retardation

35

I Control

Ll ] [ 3 w
w = h =3
1 1 1 1

Weight (g)

=
1

associated with the administered compounds. Mean
body weights remained stable or increased slightly over
the 14-day period, suggesting good systemic tolerance
(Figure 2). Gross observations during the study did not
reveal any signs of gastrointestinal distress, tremors,
convulsions, or other toxicological markers [28,29].
Based on the absence of mortality and minimal, short-
term behavioral symptoms that resolved without
intervention, the median lethal dose (LDso) for both the
almond steam bark-derived flavonoid and rutin
compounds was estimated to be greater than 5000
mg/kg. These findings demonstrate that both
compounds, when administered orally as a single high
dose, exhibit low acute toxicity in male mice. According
to the Globally Harmonized System (GHS) for
classification of chemical substances, compounds with
LDso values exceeding 5000 mg/kg fall under Category
5 (or unclassified), indicating a very low level of

toxicity.

I Almond bark-flavanoid 5000 mg/kg
] Almond bark-rutin 5000 mg/kg

04

Day 1

Day 7 Day 14

Figure 2 Effect of oral administration of almond steam bark-derived flavonoid and rutin (5,000 mg/kg) on body weight

in male mice over 14 days.
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Overall, the results confirm the safety of oral
administration of almond steam bark-derived flavonoid
and rutin at high doses, supporting their potential use as
bioactive compounds in pharmacological formulations,
functional foods, or nutraceuticals. Further subacute and
chronic toxicity studies are recommended to fully assess
long-term safety profiles, including organ-specific
histopathology and biochemical parameters.

Anti-inflammatory activity of flavonoid and
rutin compounds isolated from almond steam bark
in the carrageenan-induced paw edema model

To experimentally verify the predicted anti-
inflammatory potential of flavonoid and rutin
compounds isolated from Prunus amygdalus (almond)
well-established

carrageenan-induced paw edema model in rodents. This

steam bark, we employed the
model closely mimics the acute inflammatory response
in vivo and allows for quantification of both early and
late phases of inflammation [30]. Upon carrageenan

injection into the plantar surface of the hind paw, local

A 105
—&— Control
—— 100 mg/kg
904 A 150 mg/kg
—¥— 200 mg/kg

751

Inhibition (%)
2

45 -
304
15
0 T T T T T
0 1 2 3 4
Time (hour)

Inhibition (%)

inflammation is initiated through the rapid release of
histamine and serotonin (early phase, 0 - 2 h), followed
by a delayed phase dominated by prostaglandins,
bradykinin, nitric oxide, and pro-inflammatory
cytokines such as IL-1p, TNF-a, and IL-6 (2 - 5 h). This
biphasic mechanism enables the evaluation of test
compounds’ effects on both vascular and cellular
components of inflammation (Table 1).

In this study, experimental animals were divided
into several groups, each receiving different doses of the
isolated flavonoid extract (100, 150 and 200 mg/kg) or
rutin (25, 50 and 75 mg/kg) prior to the administration
of carrageenan. The control group received saline and
carrageenan but no treatment. Paw volume was
5-hour
plethysmometric analysis (Figure 3). The degree of

measured hourly over a period using
edema was calculated and expressed as percentage
inhibition of inflammation relative to the control group,
providing a direct comparison of anti-inflammatory
efficacy [31].

105
—&— Control
—®— 25 mg/kg
01 o 50mg/kg
—¥—T5mg/kg
751
60
451
30
154
0 T T T ! T
0 1 2 3 4
Time (hour)

Figure 3 Time-dependent anti-inflammatory effects of flavonoid and rutin compounds isolated from almond steam bark

in the carrageenan-induced paw edema model. (A) Inhibitory effect of flavonoid extract at doses of 100, 150, and 200

mg/kg compared to the control group over a 4-hour period following carrageenan injection. (B) Inhibitory effect of rutin

at doses of 25, 50, and 75 mg/kg compared to the control group over the same time period.

The control group exhibited the highest edema
response, with a mean paw swelling of 82.6 + 8.1% at
the 3™ h post-carrageenan injection - coinciding with the
peak of the exudative phase. This time point was
therefore selected as the standard for calculating anti-

exudative efficacy across groups [32].

Among all tested doses, the flavonoid extract at
100 mg/kg exhibited the most prominent anti-exudative
effect, achieving 61.6% inhibition of edema formation.
This was followed closely by rutin at 25 mg/kg, which
yielded 55.6% inhibition. Higher doses of flavonoid
(150 and 200 mg/kg) and rutin (50 and 75 mg/kg)

showed moderate but consistent anti-inflammatory
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responses ranging from 22.8% to 42.9%, indicating a
non-linear dose-response relationship. This suggests

that lower doses may be more bioavailable or interact

A *
f * [Jcontral
100 ~ | B 100 mg/kg
* B 150 mg/ky
T I 200 mg/ky
80
3
=
<
= 60~
S
@
£
=
=]
2 40
g
a
20
0

more effectively with relevant inflammatory targets,
potentially due to solubility, pharmacokinetics, or

receptor saturation dynamics (Figure 4).

B *
f * :lCnntrol
100 | I 25 my/kg
* B 50 mg/kg
i B 75 mg/kg
80 -
z
S
= 60
s
@
g
=
$ 40
z
o
a
20
0

Figure 4 Effect of flavonoid and rutin compounds isolated from almond steam bark on carrageenan-induced paw edema

in rats. (A) Flavonoid extract significantly reduced paw volume at doses of 100, 150, and 200 mg/kg compared to the

control group. (B) Rutin also inhibited paw edema volume at doses of 25, 50, and 75 mg/kg, with the strongest effect

observed at 25 mg/kg. Paw edema volume (%) was measured at 3 h post-carrageenan injection - the peak of the

inflammatory response. Values are expressed as mean £ SEM (n = 5). Asterisks (*) indicate statistically significant

differences compared to the control group (*p < 0.05).

Time-course analysis of edema inhibition revealed
that all treated groups demonstrated the strongest anti-
inflammatory response at the 3™ h post-carrageenan
injection. This observation aligns with the established
peak  of prostaglandin-mediated  inflammation,
supporting the hypothesis that the tested compounds
may exert their effects via modulation of COX enzymes,
cytokine release, or leukocyte recruitment. Notably,
rutin at 75 mg/kg produced 63.8 £ 6.2% inhibition at this
time point, closely matching the efficacy of the
flavonoid 100 mg/kg group. The flavonoid extract at
150 mg/kg showed 59.0 + 5.8%, and rutin at 50 mg/kg
achieved 47.2 + 4.6% inhibition, respectively. These
results suggest comparable or even synergistic potential
between the flavonoid fraction and rutin in modulating
acute inflammatory responses [33].

At the 4™ and 5" h, a gradual decline in anti-
inflammatory activity was observed in most treatment
groups. This pattern may be attributed to metabolic
breakdown, hepatic clearance, or redistribution of the

compounds within the body. Nevertheless, inhibition
remained statistically significant compared to control
even at later time points, confirming that the compounds
have sustained, though time-limited, anti-inflammatory
effects.

The underlying mechanisms of these effects are
likely multifactorial. Based on earlier molecular
docking studies, both flavonoids and rutin demonstrated
strong binding affinities to key inflammation-related
proteins, including TNF-a, COX-2, AKT1, and ESR1.
These in silico predictions provide a plausible molecular
basis for the observed in vivo efficacy, suggesting that
the compounds may downregulate inflammatory
pathways at the transcriptional or post-translational
level. Furthermore, flavonoids and rutin are known for
their antioxidant properties, which may further
contribute to the stabilization of endothelial cells,
reduction of vascular permeability, and scavenging of
reactive oxygen species generated during inflammation
[34].
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Table 1 Original paw images of carrageenan-induced inflammation in rats used to assess the anti-inflammatory effects
of almond steam bark-derived flavonoid and rutin compounds.

Inhibiting inflammation 3-hour images

Control Almond steam bark-Flavanoid 100 mg/kg

Almond steam bark-Rutin 50 mg/kg

Almond steam bark-Rutin 75 mg/kg
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Taken together, the results from this model
provide compelling evidence that both rutin and the
flavonoid-rich fraction isolated from almond steam bark
possess substantial anti-inflammatory activity. Their
ability to significantly suppress carrageenan-induced
edema formation in vivo, particularly at relatively low
doses, supports their pharmacological potential as
natural therapeutic agents. These findings warrant
further investigation into their mechanisms of action,
chronic inflammation models, and eventual clinical
applicability.

Molecular docking results

To better understand the molecular basis of the
anti-inflammatory and pharmacological potential of
rutin, we conducted a series of molecular docking
simulations with key protein targets involved in
inflammation, apoptosis, signal transduction, and drug
transport. These targets included tumor necrosis factor-
alpha (TNF-a), AKT serine/threonine kinase 1 (AKT1),
B-cell lymphoma 2 (BCL2), serum albumin (ALB), and
estrogen receptor 1 (ESR1). Each of these proteins plays
a distinct and crucial role in pathophysiological
processes such as chronic inflammation, cancer
progression, and metabolic dysregulation.

Docking studies were performed using the
AutoDock software to evaluate rutin’s ability to bind to
the active sites of these targets. Binding energies (AG),
inhibition constants (Ki), and interaction profiles
including hydrogen bonding, hydrophobic contacts, and
electrostatic interactions were calculated. The results

provide insight into the potential of rutin as a bioactive

compound capable of modulating molecular pathways
through direct protein—ligand interactions.

The following subsections describe in detail the
binding affinity and interaction patterns between rutin

and each selected protein target.

Tumor necrosis factor-alpha

Tumor necrosis factor-alpha (TNF-a, PDB ID:
2AZ5) is one of the key cytokines responsible for
activating immune responses and regulating
inflammatory processes. This protein plays an essential
role in the body’s defense mechanisms, including the
destruction of neoplastic cells, apoptosis, inflammation,
and protection against infections. However, excessive
activity of TNF-a contributes significantly to the
development of chronic pathological conditions such as
rheumatoid arthritis, inflammatory bowel disease,
psoriasis, neurodegenerative disorders, and diabetes.
Therefore, compounds that inhibit TNF-a are of
considerable therapeutic interest.

In our in silico experiment, the flavonoid rutin was
docked with the TNF-o protein using the AutoDock
software. Molecular docking results showed that rutin
binds to the active site of TNF-a at the coordinates X =
—18.335, Y = 64.771, Z = 26.730, releasing a binding
energy of —7.8 kcal/mol. This negative binding energy
indicates a spontaneous interaction between the
flavonoid and the protein, occurring without external
energy input. Based on this energy value, the inhibition
constant (Ki) was calculated. At AG=—7.8 kcal/mol, the
Ki was determined to be 1.92 pM, indicating a strong
binding affinity (Figure 5).
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tumor necrosis factor (TNF) (PDB ID: 2AZ5)

Rutin B

Interactions

I conventional Hydrogen Bond || Covalent bond

[ ] vanderwaals [ | Pi-Alkyl

[ ] carbon Hydrogen Bond

I ri-pistacked [INN Pi-Anion

P Fi-sigma

Figure 5 Molecular docking model of rutin bound to tumor necrosis factor-alpha (TNF-a, PDB ID: 2AZ5). On the right,

the 3-dimensional structure of the TNF-a protein is shown, with the rutin molecule located within the active binding

pocket (highlighted by a black circle). On the left, the interaction diagram illustrates the key molecular contacts between
rutin and amino acid residues of TNF-a. Conventional hydrogen bonds were observed with GLY A:148, ASP C:10, LYS
C:11, GLN A:149, and LEU C:157. Additional interactions included pi-anion, pi-pi stacked, and hydrogen bonds
involving ASN C:39, TYR A:119, and TYR A:151. These interactions collectively contribute to the stable binding of

rutin within the TNF-o active site.

Rutin interacted with several amino acid residues
of the TNF-a protein, including ASN C:39, LYS C:11,
ASP C:10, GLN A:149, TYR A:119, TYR A:151, HIS
A:15, LEU C:157, and GLY A:148, forming
conventional and carbon hydrogen bonds, as well as
unfavorable donor-donor, pi-cation, and pi-pi stacked
interactions. Amino acids such as ASN, GLN, ASP, and
GLY tend to form hydrogen bonds and contribute to
specific ligand-protein interactions. LYS and HIS
residues can establish pi-cation bonds through their
aromatic or charged side chains, while TYR residues,
due to their phenolic structure, participate in pi-pi
stacking interactions. LEU contributes to hydrophobic
interactions, enhancing structural stability.

The binding of rutin to TNF-o through these
residues effectively blocks the protein’s active site,
potentially disrupting its role in inflammatory signal
transduction. Inhibiting TNF-a in this manner may

represent a promising therapeutic strategy for managing

inflammation and autoimmune diseases associated with
its overproduction. Therefore, rutin is evaluated as a
potential natural and effective TNF-a inhibitor.

AKT serine/threonine kinase 1 (AKT1)

AKT serine/threonine kinase 1 (AKT1, PDB ID:
7NHS5) is a central component of intracellular signal
transduction cascades and plays a key regulatory role in
cell growth, proliferation, metabolism, and survival
through the PI3K/AKT/mTOR pathway. Activation of
AKT]1 occurs via phosphorylation in response to various
receptor stimulations and is involved in vital biological
processes such as proliferation, anti-apoptosis,
angiogenesis, and glucose metabolism. However,
hyperactivation or constitutive activity of AKTI1 is
closely associated with the development of numerous
cancers, insulin resistance, cardiovascular diseases, and
neurodegenerative disorders, making it a valuable

therapeutic target (Figure 6).
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AKT serine/threonine kinase 1 (AKT1) (PDB ID: 7NHS5)

Interactions
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Figure 6. Binding model of the rutin molecule with AKT1 kinase (PDB ID: 7NHY). Rutin interacts with AKT1 through
multiple hydrogen bonds involving amino acid residues such as TYR A:229, THR A:291, GLU A:234, ASP A:274, and

others.

In our subsequent in silico experiment, the
flavonoid rutin was docked with the AKT1 protein using
AutoDock software. According to the molecular
docking results, rutin binds to the central active site of
AKT1 at the coordinates X = 9.145000, Y =
—13.570000, Z =—17.714000, forming a stable complex
with a binding energy of —8.8 kcal/mol. This negative
energy indicates that the interaction occurs
spontaneously and is thermodynamically favorable.
Based on the binding energy (AG = —8.8 kcal/mol =
—36,800 J/mol), the inhibition constant (Ki) was

calculated using the equation Ki = e 1.000RD: yielding:
Ki =~ ¢(36800/(8314:298) = o(1489) = 3 6107 M = 0.36 M.

This result suggests that rutin binds to AKT1 with
submicromolar affinity, indicating a very strong
interaction. Rutin formed conventional and carbon
hydrogen bonds, as well as pi-alkyl interactions with
several amino acid residues of AKT1, including ASP
A:274, LEU A:295, LYS A:297, LEU A:156, TYR
A:229, GLU A:234, THR A:291, and ASN A:279.
Amino acids such as ASP, GLU, and ASN exhibit
hydrophilic properties, facilitating the formation of
hydrogen bonds. LYS, being a positively charged
residue, contributes to hydrogen bonding and ionic
interactions. LEU and TYR, with their hydrophobic and
aromatic nature, are involved in pi—alkyl and van der

Waals interactions.

These residues are likely located in the ATP-
binding site or functionally important phosphorylation-
related domains of AKTI, suggesting that rutin may
block the catalytic activity of the protein. The inhibition
of AKTI1 by rutin could therefore serve as a critical
therapeutic strategy to suppress pathological conditions
arising from AKT1 overactivation, particularly cancer
and metabolic syndromes.

Consequently, rutin is proposed as a promising
natural inhibitor of AKTI1, capable of modulating
intracellular signaling pathways by suppressing cell
growth and survival mechanisms through direct

interaction with the protein’s active site.

B-cell lymphoma 2 (BCL2)

B-cell lymphoma 2 (BCL2, PDB ID: 6GLS) is a
key anti-apoptotic protein localized in the mitochondrial
membranes, where it plays a central role in regulating
programmed cell death (apoptosis). As a member of the
BCL2 protein family, it protects cells from apoptotic
stimuli and prolongs cell survival by regulating
mitochondrial membrane permeability, inhibiting the
release of cytochrome c, and preventing the activation
of caspases. Due to these protective functions, BCL2 is
often overexpressed in various cancer cells, which
contributes to their resistance to apoptosis and reduced
sensitivity to chemotherapy. Consequently, the
discovery of BCL2 inhibitors is considered a promising
strategy in cancer therapy.
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Figure 7 Binding diagram of the rutin molecule with B-cell lymphoma-2 (BCL2, PDB ID: 6GLS). Rutin interacts with
amino acid residues GLU A:160, ASP A:102, ARG A:26, and PHE A:112 through conventional hydrogen bonds, carbon

hydrogen bonds, and pi—alkyl interactions. The 3-dimensional structure of the protein is shown on the right, while the

binding site is illustrated on the left.

In our in silico study, the flavonoid rutin was
docked with the BCL2 protein using AutoDock
software. Docking results showed that rutin binds to the
active site of BCL2 located at the coordinates X =
—=5.006000, Y = —6.075000, Z = 6.349000, forming a
stable complex with a binding energy of —6.8 kcal/mol.
This negative value indicates that the interaction is
spontaneous and thermodynamically favorable. The
estimated inhibition constant (Ki) was calculated to be
10.6 uM, suggesting a moderate binding affinity at the
micromolar level.

Rutin was found to interact with several amino
acid residues in BCL2, including ASP A:102, ARG
A:106, ARG A:109, ARG A:26, ALA A:109, PHE
A:112, and GLU A:160, forming conventional hydrogen
bonds, carbon hydrogen bonds, and pi-alkyl
interactions. Acidic residues such as ASP and GLU are
actively involved in hydrogen bond formation. ARG,
with its guanidinium group, provides a charged
environment rich in hydrogen bonding potential. ALA,
with its small hydrophobic side chain, contributes to
structural stability, while PHE, due to its aromatic
structure, participates in pi-alkyl interactions (Figure 7).

These residues are likely located within or near the
BH (BCL2 homology) domains or other functional

regions of the protein. By binding to these sites, rutin
may disrupt the anti-apoptotic function of BCL2. As a
result, rutin is proposed to act as a promising natural
inhibitor of BCL2, capable of weakening its protective

effect and promoting apoptosis in cancer cells.

Serum albumin (ALB)

Serum albumin (ALB, PDB ID: 6R7S) is the most
abundant plasma protein in the human body, primarily
synthesized in the liver, and plays a crucial role as a
transporter in the bloodstream. ALB facilitates the
transport of water-insoluble or poorly soluble molecules
- particularly free fatty acids, hormones, drugs,
polyphenols, and other hydrophobic compounds -
throughout the body. Additionally, albumin is essential
for maintaining plasma osmotic pressure, providing
antioxidant defense, and acting as a pH buffer. It also
significantly influences the pharmacokinetics of many
therapeutic agents, including their tissue distribution,
half-life, and clearance rates. Therefore, studying the
interaction of bioactive compounds with ALB is
important not only for pharmacodynamics but also for

pharmacokinetics.
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Figure 8 Binding model of the rutin molecule with serum albumin (ALB, PDB ID: 6R7S). Rutin interacts with amino
acid residues such as GLU A:292, ASN A:295, PRO A:339, TYR A:452, and others through hydrogen bonds, pi-anion

interactions, and van der Waals forces.

In our in silico experiment, the flavonoid rutin was
docked with the ALB protein using AutoDock software.
The docking results showed that rutin binds to the active
site of ALB, located at coordinates X = 4.390000, Y =
5.227000, Z = 17.396000, forming a stable complex
with a binding energy of -10.4 kcal/mol. This negative
energy indicates a thermodynamically favorable and
spontaneous interaction. Based on this value, the
inhibition constant (Ki) was calculated to be 23.2 nM,
suggesting that rutin binds to ALB with high affinity at
the nanomolar level.

The binding involved several amino acid residues,
including VAL A:455, TYR A:452, ALA A:191, LYS
A:195, PRO A:339, ASN A:295, GLN A:221, GLU
A:292, and SAS A:604. Rutin formed conventional
hydrogen bonds, carbon hydrogen bonds, and pi-alkyl
interactions with these residues. Hydrophobic amino
acids such as VAL, ALA, and PRO may contribute to
van der Waals or pi-alkyl interactions with the phenolic
and alkyl portions of the flavonoid. The aromatic ring of
TYR can participate in pi-pi or pi-alkyl interactions,
while charged residues LYS and GLU are capable of
forming ionic and hydrogen bonds. Polar residues ASN
and GLN are likely to interact with the hydrophilic
groups of rutin through hydrogen bonding (Figure 8).

These amino acids are located in potential ligand-
binding regions of ALB, and the occupation of these
sites by rutin may temporarily interfere with the

protein’s transport function. By binding strongly to
ALB, rutin may influence its own pharmacokinetic
profile, possibly leading to extended circulation time,
slower tissue distribution, and delayed elimination.
Therefore, the strong and selective binding of rutin to
ALB plays a key role in determining how this compound
circulates and exerts its effects within the body. Such
interactions are critical for evaluating the therapeutic
form, dosing regimen, and potential side effects of
natural compounds that exhibit high binding affinity to
albumin. In this context, rutin is recognized as a
promising bioactive flavonoid with strong binding

capacity to ALB.

Estrogen receptor 1 (ESR1)

Estrogen receptor 1 (ESR1, PDB ID: 1L2I) is a
transcriptional activator protein belonging to the nuclear
receptor superfamily. It binds to estrogen hormones and
regulates gene expression within cells. ESR1 activity
plays a crucial role not only in sexual development and
reproductive processes but also in various biological
conditions associated with inflammation. Research
indicates that ESR1 can modulate the expression of key
inflammatory mediators such as IL-6, TNF-a, and COX-
2, making it a significant factor in the pathophysiology
of chronic inflammatory diseases, including
cardiovascular  disorders, metabolic  syndrome,

osteoarthritis, and autoimmune conditions.
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Figure 9 Binding model of the rutin molecule with estrogen receptor 1 (ESR1, PDB ID: 1L2I). The 3-dimensional
structure of the ESRI1 protein is shown on the right, with the rutin molecule positioned in the active binding site

(highlighted with a black circle). On the left, detailed molecular interactions between rutin and amino acid residues are
illustrated. Rutin interacts with GLU A:523, LYS A:520, MET A:522, TYR B:526, HIS B:524, and GLU B:523 through

conventional hydrogen bonds, carbon hydrogen bonds, and pi-anion interactions. The types of interactive forces are

represented in various colors as indicated in the legend below the diagram.

Thus, the identification of natural compounds
capable of regulating ESRI1 activity represents a
promising strategy for controlling inflammation-related
processes. In our in silico study, the flavonoid rutin was
docked with the ESR1 protein using the molecular
docking tool AutoDock. According to the docking
results, rutin binds to the active site of ESR1 with a
binding energy of —8.5 kcal/mol, forming a stable
complex. This negative energy indicates that the
interaction is spontaneous and thermodynamically

favorable.

At AG = —8.5 kcal/mol = —35,566 J/mol, the inhibition

constant (Ki) was calculated as follows:

Ki = e(35:560(83143298)) = o(-143D) = 6, 1x 10”7 M = 0.61 pM.

This result demonstrates that rutin binds to ESR1
with strong and selective affinity at the micromolar
level. The interaction occurred through several amino
acid residues of ESRI, including LYS A:520, HIS
B:524, GLU B:523, MET A:522, GLU A:523,and TYR
B:526. These interactions involved conventional
hydrogen bonds, carbon hydrogen bonds, pi-anion, and

pi-cation interactions. Charged residues such as LYS

and HIS formed pi-cation interactions, enhancing the
electrostatic affinity with the aromatic rings of rutin.
GLU, with its negatively charged side chain,
participated in pi-anion interactions. Hydrophobic and
aromatic residues MET and TYR were involved in pi
interactions or van der Waals forces (Figure 9).

These residues are likely located near ESRI1’s
estrogen-binding domain or transcriptional activation
regions, implying that rutin may modulate ESR1 activity
by occupying these functional sites. The strong and
selective interaction between rutin and ESR1 suggests
the potential of rutin to indirectly suppress
inflammation-related signaling pathways such as NF-xB
or JAK/STAT.

Overactivation of ESR1 may lead to excessive
expression of pro-inflammatory genes. By limiting
ESR1 activity, rutin could reduce the production of
inflammatory mediators. This supports its potential as a
natural anti-inflammatory agent with therapeutic
relevance. Therefore, rutin is considered a promising
bioactive compound capable of mitigating or regulating
chronic inflammatory conditions through its interaction
with ESRI.
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Discussion

The present study provides a comprehensive
investigation into the extraction, purification, safety,
anti-inflammatory activity, and molecular interaction
profile of flavonoid and rutin compounds derived from
Prunus amygdalus (almond) steam bark. The sequential
ethanol-based extraction combined with ultrasonic
treatment and vacuum concentration yielded a high-
purity (98.0 + 0.8%) total flavonoid fraction, while
semi-preparative  HPLC allowed for the efficient
isolation of rutin with high chromatographic resolution.
These results underscore the efficiency of the applied
extraction-purification workflow, which preserved the
integrity of thermolabile polyphenolic structures and
minimized potential oxidative degradation during
processing.

The acute oral toxicity evaluation revealed that
both the flavonoid fraction and purified rutin exhibited
minimal transient behavioral alterations at the highest
tested dose of 5,000 mg/kg, with no mortality or body
weight changes over 14 days. This observation aligns
with previous reports indicating that flavonoids
generally have low acute toxicity profiles, even at gram-
per-kilogram dosing levels, which supports their
classification under GHS Category 5 (low toxicity). The
absence of gastrointestinal distress, tremors, or
neurological symptoms further suggests favorable
systemic tolerance, providing a solid safety foundation
for future pharmacological applications.

In the carrageenan-induced paw edema model,
both compounds demonstrated marked anti-
inflammatory activity, with lower doses showing
comparatively greater inhibition of edema formation
than higher doses. This inverted dose-response effect
could be attributed to factors such as enhanced
bioavailability at lower concentrations, reduced
aggregation in biological fluids, and avoidance of
receptor saturation. Flavonoids at 100 mg/kg and rutin
at 25 mg/kg yielded the highest inhibition rates (61.6%
and 55.6%, respectively) during the prostaglandin-
dominated phase of inflammation. This supports the
hypothesis that these compounds may act through
cyclooxygenase (COX) modulation, as well as via
suppression of pro-inflammatory cytokines such as
TNF-a and IL-6.

The sustained but gradually declining inhibition

observed in later hours post-carrageenan injection likely

reflects metabolic clearance and redistribution of the
compounds. Nevertheless, statistically significant
inhibition persisted throughout the experiment,
indicating prolonged biological activity. These in vivo
results complement earlier antioxidant findings,
suggesting that the observed anti-inflammatory activity
is mediated by both direct inhibition of inflammatory
signaling and indirect cytoprotective effects via reactive
oxygen species (ROS) scavenging.

Molecular docking studies provided a mechanistic
basis for the in vivo observations. Rutin demonstrated
strong binding affinities to several key protein targets
involved in inflammation and cell survival pathways,
including TNF-a (-7.8 kcal/mol, Ki = 1.92 uM), AKT1
(—8.8 kcal/mol, Ki = 0.36 uM), and ESR1 (—8.5
kcal/mol, Ki = 0.61 uM), as well as high-affinity
binding to serum albumin (—10.4 kcal/mol, Ki = 23.2
nM). The interactions involved hydrogen bonding,
hydrophobic contacts, and n—n stacking, with amino
acid residues localized in functionally important regions
of the target proteins.

The inhibition of TNF-a and AKT1 may explain
the suppression of pro-inflammatory cytokine
production and downstream inflammatory cascades,
while ESR1 modulation could contribute to regulation
of NF-kB-mediated transcription of inflammatory
mediators. The strong binding to serum albumin
suggests a prolonged plasma half-life, potentially
enhancing systemic exposure and therapeutic effect
duration. Notably, rutin’s interaction with BCL2 (—6.8
kcal/mol, Ki = 10.6 uM) indicates a moderate ability to
influence apoptotic pathways, which could be relevant
in chronic inflammatory diseases where dysregulated
cell survival plays a role.

Taken together, the combined in vivo and in silico
evidence strongly supports the pharmacological
potential of almond steam bark-derived flavonoids and
rutin as natural anti-inflammatory agents with low acute
toxicity. The concordance between molecular docking
predictions and experimental results enhances

confidence in their mechanistic plausibility.

Conclusions

This study successfully optimized the extraction
and purification of high-purity flavonoids and rutin from
Prunus amygdalus steam bark, confirmed their safety in

acute oral toxicity testing, and demonstrated significant
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anti-inflammatory activity in a carrageenan-induced
paw edema model. The observed biological effects were
supported by molecular docking analyses, which
revealed strong interactions of rutin with multiple
inflammation-related protein targets, suggesting multi-
targeted modulation of inflammatory and survival
pathways. The combination of low acute toxicity, potent
anti-inflammatory effects, and favorable binding
profiles positions almond steam bark-derived flavonoids
and rutin as promising candidates for development into
pharmacological formulations, functional foods, or
nutraceuticals. Future research should focus on subacute
and chronic toxicity studies, pharmacokinetic profiling,
and clinical validation to further elucidate their

therapeutic potential and optimize dosing strategies.
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