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Our recent studies have identified a novel module in the BK channel reminiscent of the cytochrome c
domains of hemoproteins. This feature may explain the distinctive physiological functions of these
widespread ion channels. To further elucidate the structural and functional implications, we
investigated how BK channel activity responds to reactive oxygen species (ROS), with a particular
focus on hydrogen peroxide (H,0:). We demonstrated that the human BK channel possesses enzymatic
activity that efficiently cleaves H,O,. To elucidate this novel catalytic activity in a physiological
context, we are conducting experiments using a biochemical assay of the human BK channel and
studies in human embryonic kidney (HEK293) cell lines. Our experiments using ABTS and Amplex
Red assay showed that the C-terminal protein, isolated from the soluble and incorporated fractions,
catalyzes H,O; cleavage unless heme is added, at which point the protein exhibits catalytic activity.
Our experiments using the intact human BK channel revealed a significant protective effect of wild-
type BK channels against oxidative stress by enhancing HEK cell tolerance to (H,05): at 200 pM H,O,,
37%+6% of cells expressing only YFP survived. In contrast, 60%+4% of HEK cells expressing wild-
type BK channels were viable. However, a mutant with a disrupted heme-binding site (C6155/H616R)
did not provide protection. We demonstrated that the BK channel exhibits modulatory activity at the
H>0: level. Most importantly, this novel enzymatic activity of BK likely has physiological significance:
non-conducting BK channels with intact heme-binding properties enhance cell survival against
oxidative stress.

Keywords: MaxiK, Slol, heme regulatory motif, electronic absorption spectroscopy, heme sensor, ABTS
oxidation, oxidative stress, ROS

INTRODUCTION

Human BK channels provide a fundamental
physiological mechanism whose activity modulates
numerous biological signaling molecules, including
heme (Hoshi et al., 2013; Pantazis & Olcese, 2016;
Echeverria et al., 2024; Cui, 2021; Sancho & Kyle,
2021). The opening probability of BK channels
(Slol) is tightly regulated by heme, which binds to
their intracellular C-terminal domain (Tang et al.,
2003; Horrigan et al., 2005; Walewska et al., 2022;
Toro et al., 2016; Yusifov et al., 2025). Heme is
essential for numerous physiological processes in
living organisms (Yusifov et al., 2025; Soladogun
& Zhang, 2024; Dutt et al., 2022; Coletta et al.,
2024), partly by modulating ion channel activity.
Despite its importance, the mechanisms by which
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heme regulates these channels remain poorly
understood (Wang et al., 2009; Burton et al., 2016;
Sahoo et al., 2013; Coburger et al., 2020; Burton et
al., 2020; Sahoo et al., 2022). We discovered that
the gate ring region of the human BK channel,
including the heme-binding site, shares structural
homology with cytochrome c (CytC), a well-known
multifunctional hemoprotein Figure 1 (Yusifov et
al., 2026; Gudratova et al., 2026).

In addition to its role in electron transport,
cytochrome c (CytC) exhibits diverse catalytic
activities, including peroxidase activity, the
oxidation of suitable substrates using peroxides
(Kagan et al., 2005; Belikova et al., 2006a;
Belikova et al., 2007; Bertini et al., 2006). The
heme moiety can bind to a region of the BK
channel that adopts a cytochrome c-like fold; this
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binding likely drives a conformational transition
from a disordered to an ordered state. These
structural changes in the "gate ring" region appear
to mediate the heme-dependent modulation of BK
channel activity (Yusifov et al.,, 2025). The
identification of a novel heme-sensitive site
resembling cytochrome c (Cytcl) suggests that it
may regulate BK channel activity through similar
mechanisms (Kagan et al., 2005; Belikova et al.,
2006; Bertini et al., 2006; Belikova et al., 2007).
However, further research is required to elucidate
the physiological role and consequences of this
enzymatic activity. Recent biochemical studies
proposed a role for BK channels in cell protection
(Yusifov et al.,, 2026; Gudratova et al., 2026).
Accordingly, we tested whether BK channels in
HEK293 cells serve not only as a cytosolic domain
for ligand binding but also as functional ion-
conducting channels with specific consequences.
Our data indicate that BK channels promote cell
survival in the presence of H»O,, pointing to a
novel physiological role for these channels in
protecting cells against oxidative damage.

MATERIALS AND METHODS

In the experiments, Tris-HCl, EDTA, and
ABTS  (2,2’-azino-bis-(3-ethylbenzothiazoline-6-
sulfonate) (Sigma-Aldrich, USA), ultra-pure urea
(MP Biomedicals), MOPS (MP Biomedicals),
AmplexRed. acrylamide, and imidazole (Thermo
Fisher Scientific). All enzymes and buffers for
DNA manipulations were obtained from New

England Biolabs (USA). PCR purification kit and
nickel-nitrilotriacetic acid-agarose column (Qiagen,
Valencia, CA).

Preparation of heme solution. Heme stock
solutions (4 mM) were freshly prepared in DMSO
for the experiment. The heme concentrations in the
stock solutions were determined
spectrophotometrically using the heme molar
extinction coefficient of 170,000 M ' cm ! at A
max 404nm (Javaherian et al., 2011).

Cloning, construction of the recombinant
plasmid, and mutagenesis: cDNA for the C-
terminus of the human BK (*#IIE---ALK!%%) was
amplified by PCR using specific primers. To ensure
correct orientation at the vector's multiple cloning
sites, the forward primer incorporated a BamHI
restriction enzyme site. In contrast, the reverse
primer incorporated a HindlII site. Amplification of
the DNA was achieved in a 25 pl reaction mixture
using 30 cycles of denaturation at 94°C for 10
seconds, annealing at 57°C for 10 seconds,
extension at 72°C for 90 seconds, and a final
extension at 72°C for 10 minutes. The PCR
products were recovered from the gel and purified
using the PCR purification kit (Qiagen). The human
BK channel constructs with mutant C615S/H616R
genes were obtained by using Quick Change site-
directed mutagenesis (Stratagene). The point
mutations were confirmed by the determination of
DNA sequences.

A Voltage Sensor Pore

Ca bowl

Fig. 1. BK channel topology and 3D structure, and the conservation of functionally important residues.
(A), Membrane topology of a single BK a subunit. The intracellular C terminus is located below the
transmembrane voltage-sensing domain (VSD) and ion-conducting (pore) region and consists of the
Ca?"-sensing RCK1 and RCK2 domains, which flank the Cytochrome c-like (Cytcl) domain with a
conserved heme-regulatory motif (HRM, ®2CKACH®®) and M691. RCK1 possesses Ca**-sensing
residues D367 and E535, while RCK2 encompasses the Ca bowl (3*DDDDD?%); (B), BK channels are
homotetramers. Side view of a BK channel 3D structure.
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Expression and purification of the C-
terminus of the human BK from E. coli:
M15(pREP4) bacterial cells were transformed with
the pQE30 plasmid. Protein expression was induced
by 1 mM isopropyl-pB-D-thiogalactopyranoside
(IPTG). Cells carrying the pQE-30-Cytcl plasmid
were cultured at 37°C in 1 liter of Luria-Bertani
(LB) medium containing 100 mg/ml ampicillin.
When the optical density (at 600nm) reached 0.5,
ImM IPTG was added to induce the C-terminus of
the human BK expression. The cells were incubated
for an additional 1 h at 28°C and then harvested by
centrifugation.

The collected cells were lysed by sonication.
The supernatant was loaded onto a 5-ml nickel-
nitrilotriacetic ~ acid-agarose column (Qiagen,
Valencia, CA), which was extensively washed with
Tris buffer (25 mM Tris-HCI, 150 mM KClI,
pH7.5). The His6 tag-C-terminus of the human BK
fusion protein was then eluted with elution buffer
(25 mM Tris-HCI, 150 mM KCIl, 80 mM imidazole,
pH 7.5), according to the manufacturer’s
instructions. We also purified CT protein from
inclusion bodies as described previously by
solubilizing them in 100 mM NaH,PO4, 10 mM
Tris-HCI, 8 M Urea (pH 8.0) containing 1 mg/ml
lysozyme (Javaherian et al., 2011). The purity of
the expressed proteins was analyzed using a 12.5%
SDS-PAGE (Fig.2A). Protein concentrations were
determined using the Biuret-Lowry assay.

Absorption spectroscopy. UV/Vis electronic
absorption spectrometer measured on a Shimadzu
UV-2700 UV-VIS spectrophotometer in a quartz
cuvette of lcm path length. The measurements
were performed in the range of 240—-600 nm in Tris
buffer mM (150 KCl, 25 Tris, and 2 EDTA, pH
7.5).

ABTS assay. The peroxidase activity of the
BK channel CT proteins purified from solubles and
inclusion bodies was investigated using a
colorimetric =~ assay  with  2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) as the
electron donor. Reduced ABTS has a characteristic
peak at 340 nm; when the peroxidase-catalyzed
reduction of H»O,to water is coupled to the
oxidation of ABTS, an absorbance peak at 415 nm
is formed. The reaction mixture (100 pL in a quartz
cuvette) contained 20-50 uM ABTS, 10-500 uM
H,0,, and 0.1-2 uM CT proteins.

Amplex RED assay. The stock solution of
Amplex Red was prepared in analytically pure
DMSO; the stock solution was diluted in 50 mM
Tris—HCI buffer, pH 7.4. Amplex Red at 10 mM
was incubated with 2 mM H,0O, and soluble
fraction (CTsol) or from the inclusion body (CTin)
(2uM) in 50 mM Tris, pH 7.4, at room temperature
for 5 min, then diluted threefold before

measurement. The emission spectra of Amplex Red
and its oxidation product, resorufin, were measured
by recording the fluorescence emission intensity at
580 nm (with an excitation wavelength of 500nm).

Cell viability assay. HEK293 cells (ATCC
CRL-1573; kindly provided by Dr. Ligia Toro,
UCLA) were transfected with either YFP alone or
WT or C615S/HI6IR mutant BK channel
constructs fused to YFP at the C-terminus using
Lipofectamine 2000. Cells were grown in the
presence of the specific BK channel blocker 1 uM
paxilline (PAX) (Giangiacomo et al., 1992). After
72 h, collected cells were lysed in a buffer (50 mM
Tris HCI, 2 mM EDTA, pH 7.4) in the presence of
a protease inhibitor cocktail (Roche) and 1 mM
PMFS wusing sonication (5-10 s) and then
centrifuged at 3000x g for 5 min to clarify the
lysates. The expression level of channel proteins
was evaluated using the fluorescence intensity of
the YFP signal (Aext 500 nm/Aem 527 nm). Protein
concentration was measured using the DC protein
assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). After 48h, cells were seeded in triplicate in a
96-well plate and, after 10h, treated with different
concentrations of H>O, (0-500 uM) in the presence
of 100nM Iberiotoxin. Cell viability was tested
after 16h using the MTT (3-(4, 5-
dimethylthiazolyl-2)-2, S-diphenyltetrazolium
bromide) assay. The MTT salt is reduced by
metabolically active cells, generating formazan that
is solubilized and quantified by spectrophotometry
(A=570 nm) to estimate cell proliferation.
Background absorbance of the medium alone was
subtracted from the absorbance of wells containing
cells at the corresponding (H>O:) and normalized to
no-H»O, absorbance values (100% viability).

Statistical analysis. Data are presented as
mean+S.E.M, n>6. Statistical comparisons were
made using one-way ANOVA with Tukey's posttest
(SPSS Windows software, Rel. 11.0). Statistical
significance was assumed at P < 0.05 and indicated
by asterisks in the figures.

RESULTS

The C-terminal (CT) protein of the human
BK channel modulates the levels of reactive
oxygen species (ROS), such as HO.

a) ABTS assay. The C-terminal (CT) sequence
of the human BK channel protein (**’IIE ALK'""),
corresponding to >60% of the total channel, was
cloned into a bacterial protein expression vector
and obtained in high yield and purity from the
soluble fraction, as described in Materials and
Methods. After purification, the CT protein
migrated as a single band corresponding to the
expected mass (=78 kDa), as shown in Fig. 2A.
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This is very similar to the characteristics of the CT
protein purified from CT protein inclusions
(Belikova et al., 2007). However, the BK channel
protein purified from the soluble fraction (CTsol)
exhibits distinct characteristics from that purified
from inclusions (CTin). We found that CT proteins
have activity that modulates HO, levels by
degrading in the absence of heme, but the CTin
protein for similar activity requires the presence of
heme.

The results of these experiments are shown in
Fig. 2C, D. We performed a peroxidase reaction
using the ABTS assay in the presence of CTsol and
CTin proteins. As shown in Fig. 2D, CT sol
oxidizes ABTS in the absence of heme, indicating
its own heme. In contrast, the protein CTin isolated
in inclusion bodies exhibits no peroxidase activity
unless heme is added, after which the protein
exhibits catalytic activity. This is likely because
CTsol forms a protein-heme complex, in which the
CTin protein does not exhibit the characteristic
band at 41nm for heme (Fig. 2B).

The C-terminal (CT) protein of the human
BK channel modulates the levels of reactive
oxygen species (ROS), such as HO0:.

b) Amplex Red assay. To assess the activity of
human BK channel proteins degraded in H.O,, we
assessed peroxidase activity using the Amplex Red
assay, which measures resorufin fluorescence upon
oxidation of Amplex Red. Amplex Red is a
colorless substrate that reacts with hydrogen
peroxide (H20;) to form highly fluorescent
resorufin (excitation at 530 nm, emission maximum
at approximately 580 nm) in the presence of
peroxidases (Fig. 3A, B). The fluorescence
intensity of resorufin formed in CTsol proteins was
compared with the fluorescence intensity in CTin
protein samples (Fig. C, D). This experiment
showed high resorufin fluorescence intensity in
CTsol protein samples compared to CTin proteins
(Fig. 3E). These data demonstrated that the human
BK channel protein CTsol can form resorufin by
degradation in H»O,, similar to the results of
previous experiments using the ABTS assay.
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Fig. 2. (A), 10% SDS-PAGE of the purified GR from the inclusion fraction (CTin, 10ug) and
soluble fraction. (CTsol, 5 pg) shows a single band of ~72 kDa (B), Electronic absorption spectra
of purified CT from the soluble fraction (CTsol) and inclusion fraction (CTin). In the spectrum of
CT, a band is observed near 412 nm (Soret band) that is characteristic of heme binding to proteins.
However, this feature is absent in GRin. (C), Time course of ABTS oxidation in the presence of
the CTsol (0.1 uM; 0-150 s), at 150 after the addition of H>O, (500 uM, 150-600 s). (D), Time
course of ABTS oxidation in the presence of the CTin (0.1 pM; 0-150 s), at 150 after the addition
of H,0, (500 uM, 150-300 s), and heme at 300 (2 pM 300-600 s).



The human large-conductance, calcium-activated potassium channel covers cell resistance to oxidative damage

2100 -| Ctsol+AMPRED 1800 1 CT in+ AMPRED 700000 - CTsol/AMPRED
] —— CTsol/AMPRED+H,0,
—~ 1800 —~ 1500 - 600000 - ¥ o
=} 1 =} =
3 1500 % 200 - D |s00000 -
2 20 1 Py < 1400000 -
g S 900 o
J o
51 %0 3 < 300000
2 | 600 | Ext. 530 nm @ | 600 1 Ext. 530 nm 3 Ext. 530 nm
5 5 8 |200000
—
3 | 300 - 3 | 3004 g
= = B w0000 -
0 T . T . . 0 . . e o
540 560 580 600 620 640 540 590 640 10 590 640
Wavelength , nm Wavelength , nm Wavelength , nm
o000 - —— CYin/ AMPXRED P 6000001
——— CTin/AMPRED+H,0, =
25000 - &5 | 5000001
/'.\ N
=) 5}
< pooso - 2 | 400000
<
2 fsooo 4 © 300000
8 Ext. 530 nm E
S hoooo - = | 2000007
=) =}
=) £
~ | so00 - 2 100000
5]
22 ]
0 - : ; " v 0 CT sol )
540 560 580 600 620 640 CT in
Wavelength , nm

Fig. 3. (A) and (B), Emission spectra (with an excitation wavelength of 500nm). of Amplex Red solutions in the
presence of CTsol and CTin the absence of H,0», respectively. (C) and (D), Emission spectra of Amplex Red
solutions in the presence of GR sol and CTin in the presence of H,O,, respectively. The addition of H,O; led to
the formation of fluorescence intensity at 580 nm, indicating the formation of Amplex Red oxidation product
resorufin (E), In the CTsol solution, unlike with CTin incorporated into the protein, the significant increase in
emission intensity indicates the formation of resorufin, demonstrating that the CTsol protein exhibits peroxidase

activity by decomposing H>O,.

Expression of the entire human BK channel
protein in HEK293 cells

To evaluate the physiological relevance of CT
protein activity on H,O, HEK293 cells were
transfected with yellow fluorescent protein (YFP)
or YFP was fused to the C-terminus of human BK
channel constructs (Fig. 4A-F). YFP fluorescence
signal fused to the BK channel proteins allows the
expression level with the emission peak at 527 nm
to be quantified, at an excitation of 500 nm. To
determine the concentrations of expressed YFP, as
well as YFP fused to the BK proteins in HEK
lysates, we utilized the fluorescence emission
intensity of YFP at 527 nm (with an excitation
wavelength of 500 nm). After measuring the total
protein concentration in the HEK cell lysates, we
used the emission intensity at 527 nm to
standardize for the equal amount of expressed YFP,
YFP fused to BK WT, and BK C615S/H616R
proteins in the MTT assay.

The human BK Channel proteins increase cell
survivability against oxidative stress

To evaluate the non-conducting properties
(enzymatic activity) of the full BK channel in a
cellular environment, we expressed the channel-
forming o subunit of the human BK channel in

tandem with YFP in HEK-293 cells and assessed
cell viability under increasing oxidative stress
(H20; 0-500 uM). Cell viability was evaluated with
the MTT assay, which measures the cell
proliferation rate or, conversely, the reduction in
cell viability when metabolic events lead to
apoptosis or necrosis. The potency of H»O, to
induce cell death in BK-transfected cells was
compared to that in cells expressing YFP alone and
cells transfected with a BK HRM mutant with
impaired heme binding ability (C615S/H616R). To
pharmacologically eliminate the ion-conducting
properties of the channels and restrict the
investigation to the enzymatic activity of the gating
ring, the cell medium was supplemented with
100nM Iberiotoxin, a highly selective and potent
BK channel blocker with an effective K4 of ~InM
(Giangiacomo et al., 1992). Thus, the BK channel
conductance was fully blocked, while native ionic
conductances were unperturbed.

This experiment (Fig. 5) revealed a significant
protective effect of BK channels against oxidative
stress, increasing the tolerance of HEK cells to
H>0,. E.g., with 200 pM H20,, 37%+6% of the
cells expressing only YFP survived (n=9), while
60%+4% (n=9) of HEK cells expressing WT BK
channels were viable. While wild-type BK channels

7
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endow resistance to H>O, insult, a mutant with an measured for the viability of cells transfected with
impaired heme-binding site failed to confer YFP alone versus mutant BK.
protection: no statistical difference could be

YFP 100 nM Iberiotoxin WT BK- YFP C615S/H616R BK- YFP
100 nM Iberiotoxin 100 nM Iberiotoxin
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Fig. 4. Expression of the human BK channel in HEK293 cells. Lanes, A-C HEK293 cells
transfected with WT BK-YFP, and C615S/H616R BK-YFP, YFP alone (control), respectively.
Lanes, D-F Fluorescence spectra of the HEK293 cells lysates, which expressed with YFP alone
(D), WT BK-YFP (E), and C615S/H616R BK-YFP (F). The expression level of channel proteins
was assessed using the fluorescence intensity of the YFP signal, which revealed an emission peak
at 527 (em 527 nm) and excitation at 500 nm (Aext S00 nm).
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Fig. 5. BK channels with an intact heme regulatory motif protect cells from oxidative stress.
(A), Cell viability of HEK-293 cells transiently transfected with BK-YFP channels (WT or BK-
C615S/H616R, heme-binding mutant) or YFP alone was determined by MTT assay after 16 h
incubation with various H,O; concentrations in the presence of 100 nM Iberiotoxin to fully and
selectively block BK ion conduction. (B), The statistical analysis was performed using one-way
ANOVA with Tukey's post-test, comparing data from cells transfected with YFP alone (n=6) and
cells expressing either BK-WT (n=6) or BK-C615S/H616R (n=6). Statistical significance (p<0.05)
is indicated by the symbols above data points (*, for comparison between cells with BK WT m and
control cells #; f, for comparison between BK WT m and BK-C615S/H616R mutant e). The
viability of cells with BK-C615S/H616R was not significantly different from that of cells with YFP
alone (except at 100uM). Error bars are SEM (bars not visible are within the symbols).
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These results support the hypothesis that heme
bound by BK channels, and their associated
enzymatic activities, play a key role in protection
from H,Os-induced cell death. Also, these results
are in agreement with the data from our
biochemical work that show significantly reduced
peroxidase activity of the CT proteins carrying the
C615S/H616R HRM mutations (Javaherian et al.,
2011; Yusifov et al., 2025; Gudratova et al., 2025).

DISCUSSION

Human BK channels provide multifunctional
molecular machinery

The discovery of novel enzymatic properties
in these channels reinforces the view that ion
channels are more than just proteins that facilitate
ion transport and paves the way for attributing new
physiological functions to these ubiquitously
expressed channels. Channel-enzymes constitute a
class of ion channels possessing enzymatic activity
that is directly or indirectly linked to their channel
function. Channel-enzymes (co-enzymes) form a
unique group of ion channels that combine two key
biological functions within a single polypeptide
chain: ion permeability and enzymatic activity. Our
discovery that the human BK channel exhibits
peroxidase-like activity and degrades reactive
oxygen species (ROS), hydrogen peroxide (H,O;)
has led to its classification as a new member of the
co-enzyme family (Huang et al., 2024). Thus, the
coupling of electrical activity with functions
unrelated to ion transport underlies the mechanism
of the BK channel's functional versatility within the
organism. The results of this study reveal new
functions—distinct from those previously known
(such as ion conductance and enzymatic activity)
that characterize the multifunctional nature of
human BK channels. Multifunctional proteins (also
referred to as proteins with "combined functions" or
"moonlighting proteins") are defined as proteins
capable of performing multiple, unrelated
biochemical or biophysical functions within a
single polypeptide chain, where these functions do
not arise from gene fusion or alternative RNA
splicing. Consequently, the BK channel represents
one of the multifunctional components of cellular
organization; Such components are viewed not
merely as highly specialized, monofunctional
agents, but as dynamic participants in cellular
processes, endowed with multiple functions
(Espinosa-Cantti et al., 2020). Multifunctional
proteins can influence the evolution of organisms
by contributing to increased complexity and
resilience. For instance, in early life forms as well
as in organisms undergoing genome reduction,
multifunctionality enables the expansion of the

functional repertoire of a limited gene set (Kelkar
& Ochman, 2013). Furthermore, multifunctional
proteins can coordinate the interplay between
diverse  biological processes, a capability
particularly important for organisms with large
genomes and complex metabolic and regulatory
pathways (Flores & Gancedo, 2011). Identifying
and studying such proteins is essential for a deeper
understanding of living systems, both in health and
disease. Indeed, multifunctional proteins often act
as virulence factors and determine disease
progression, generating significant interest in this
subject.

Catalytic activity of human BK channels
regarding H;0; decomposition: a function
extending beyond electrical signaling

The current research demonstrates the diverse
physiological functions of BK channels and their
involvement in the pathogenesis of a wide range of
diseases, driven by interactions with numerous
signaling molecules. To elucidate the molecular
mechanisms by which biological modulators such
as Ca®" and heme regulate BK channel activity, we
identified that BK channel confers peroxidase
activity, catalyzing H>O, decomposition. Our
findings indicate that the BK channels protect cells
against H,O»-induced oxidative damage specifically
through the catalytic activity of the BK channel.
Thus, their K* conductance prevents abnormal
cellular excitability, while their enzymatic activity
may protect against oxidative damage. This
discovery lays the groundwork for identifying
additional physiological functions of these
ubiquitously expressed ion channels and for
understanding the mechanisms underlying this new
cytochrome c-like activity, which is likely linked to
cellular metabolism. These results open new
avenues for developing therapeutic strategies for
diseases associated with BK channel dysfunction,
such as cancer and cardiovascular disorders.

CONCLUSION

BK channels are nearly ubiquitous membrane
proteins, whose exceptionally large conductance for
potassium has earned them the designation
“universal suppressor of cellular excitability”. BK
channel conductance is regulated by numerous
cytosolic signaling molecules, including Ca, Mg,
and heme. The latter, usually associated with
oxygen transfer and storage, inhibits BK channel
opening. Intriguingly, BK channels sense heme by
means of a heme regulation motif (HRM), usually
encountered in an altogether different class of
proteins: cytochrome ¢ (CytC), which are normally
involved with electron shuttling and exhibit
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catalytic properties. We know very little about the
molecular structure of the area immediately
downstream of the HRM, but in this work, we
present compelling evidence that it adopts a CytC-
like structure in the presence of heme. Such a
molecular transition not only explains the
regulation of BK conductance by heme; it also
confers CytC-like enzymatic properties, specifically
the ability to break down hydrogen peroxide, a
product of damaging free radicals. We
characterized the novel catalytic ability of BK
channels and also found that, when overexpressed,
they can protect cultured cells from H,O:-induced
death. Our work demonstrates that, in addition to
protecting against overt electrical excitability, BK
channels may confer resistance to deleterious
metabolic byproducts by virtue of their newly
identified CytC-like domain.
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Alpha-lipoic acid (ALA) is a naturally occurring antioxidant that has attracted considerable interest for
its applications in nanobiotechnology, controlled drug delivery, and agricultural sciences. In the present
study, a magnetic chitosan-coated liposomal nanocomposite incorporating ALA was synthesized and
comprehensively characterized. Structural analyses demonstrated a spherical and well-dispersed
morphology with an average crystallite size of 19.42 nm, as determined by X-ray diffraction. Elemental
characterization confirmed the presence of Fe, C, O, and S, with iron accounting for 64% of the
composition, while FT-IR analysis verified successful integration of the composite constituents through
characteristic functional group interactions. The antioxidant properties of ALA are associated with its
ability to suppress lipid peroxidation and reduce oxidative damage caused by reactive oxygen species.
These effects are particularly relevant for plant systems, where oxidative balance directly influences
growth, development, stress tolerance, and overall physiological performance. To enhance the stability,
bioavailability, and targeted delivery of ALA, liposomal formulations were functionalized with magnetic
iron oxide and chitosan, yielding a multifunctional nanocarrier platform. The developed ALA-
conjugated nanocomposite exhibited favorable physicochemical properties, including improved
stability, controlled morphology, and enhanced surface characteristics. Owing to the biocompatible
nature of liposomal and chitosan-based systems, the synthesized material is expected to possess low
toxicity while maintaining efficient delivery performance. This study highlights the potential of magnetic
chitosan-coated liposomal nanoparticles as innovative carriers for ALA and provides a basis for future
investigations into their biological activity, biocompatibility, and applications in plant-based and
therapeutic delivery systems.

Keywords: Magnetic Fe;Oxalpha-lipoic acid, chitosan, Spinacia oleracea, SEM-EDX, FTIR

INTRODUCTION

In the evolving technological landscape, the
synthesis of nanoparticles through various
methodologies has emerged as a prominent field of
research. This growing interest is driven by their
unique properties in battery charge-discharge
processes and energy storage, as well as their diverse
applications, including drug delivery systems,
environmental remediation (soil, air, and water),
shelf-life extension of food products, and biosensors
(Ertas et al., 2025; Aslan et al., 2026; Priya et al.,
2023). In recent years, incorporating natural bioactive
compounds into the process has come to the fore to
enhance the efficacy and biocompatibility of these
nanomaterials. In this context, alpha-lipoic acid
(ALA), frequently defined in the literature as the
'universal antioxidant', stands out as a natural redox
compound widely distributed in flora and fauna. This
molecule, which acts as a cofactor for critical enzyme
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complexes in mitochondrial bioenergetic processes,
exists in cells in both oxidized and reduced
(dihydrolipoic acid - DHLA) forms. Offering high
antioxidant capacity through both of its chemical
forms, the ALA/DHLA system not only neutralizes
free radical damage but also restores the depleted
endogenous antioxidant pool (Kagan et al., 1992; Han
et al., 1997; Shay et al., 2009; Goraca et al., 2011).
Capitalizing on these properties, recent research has
focused on developing advanced drug delivery
systems that leverage alternative antioxidant
molecules conjugated with gold nanoparticle
(AuNP)-ALA matrices to attenuate oxidative stress
and repair cellular damage. Studies indicate that the
deployment of such binary or ternary nanocomposites
yields a powerful synergistic effect, significantly
outperforming the therapeutic outcomes achieved by
single-component administrations (Abdelkader et al.,
2025). Alpha-lipoic acid (ALA) is a promising
therapeutic candidate for addressing oxidative stress.
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ALA is a potent, endogenous antioxidant and a
necessary cofactor for mitochondrial enzymes.
However, its therapeutic potential is constrained by
physicochemical limitations, including instability,
low bioavailability, and non-specific tissue
distribution. To overcome these challenges,
nanoparticle-based drug delivery systems offer an
attractive solution. Such systems can enable targeted
delivery while enhancing the stability and
bioavailability of therapeutic compounds. Among
various nanocarriers, chitosan has emerged as an
excellent material due to its biocompatibility,
biodegradability, and versatile formulation properties.

Furthermore, chitosan itself has demonstrated
intrinsic antioxidant activity. To enable neuronal
targeting, we functionalized chitosan nanoparticles
with lipoic acid. Our goal in synthesizing this triple
composite is to potentially increase the specificity
and cellular uptake of the delivered therapeutic agent
by leveraging the high expression of its receptors
(Skibska et al 2015; Quitadamo et al., 2021; Bagheri
et al., 2022; Singh et al., 2023; Kurul et al., 2025;
Gheybi et al., 2026). Alpha-lipoic acid (ALA), also
known as thioctic acid, is a dithiol-containing
compound (Hahm et al., 2004; Smith et al., 2004;
Sheikholeslami et al., 2021). Due to its potent
antioxidant, hydroxyl radical scavenging, and anti-
inflammatory properties, it is widely utilized in the
treatment of various diseases and as a dietary
supplement. However, ALA exhibits a short half-life
and low bioavailability owing to its poor aqueous
solubility and gastric instability; additionally, its in
vitro stability is substantially limited. Lipids are
crucial for maintaining physiological functions such
as energy storage, membrane structure, and cell
signaling. Studies have shown how metabolism
regulates immune cell function and that cellular
metabolism is a key regulator of immune function
(Wientjens et al., 2026). Lipid metabolism, which
involves the synthesis and breakdown of lipids,
plays a vital role in cellular homeostasis, and
research has highlighted its association with various
pathological conditions. In recent years, research has
emphasized lipids as key regulators of cellular
function, particularly in immune cells. Lipid
metabolism is known to influence immune
responses, cell phenotypes, metabolic pathways, and
cytokine levels (Li et al., 2026).

Consequently, various formulation strategies
are being developed by researchers to enhance the
bioavailability and improve the stability of ALA.
Among these approaches, polymeric hybrid
nanoparticles represent innovative  core-shell
nanocarrier systems in which a polymeric core is
enveloped by a lipid bilayer. By merging the distinct
advantages of liposomes and  polymeric
nanoparticles, these liposome-based nanostructures

and nanocomposites offer critical merits, such as

controllable  particle  size, facile surface
modification, high encapsulation efficiency,
biocompatibility, controlled drug release, and

enhanced in vitro/in vivo stability. Nevertheless, the
type and ratio of the lipids and polymers utilized, the
fabrication method, and the corresponding process
parameters (e.g., presence of crosslinkers, surfactant
concentration, temperature, stirring speed, and
active ingredient payload) can significantly
influence the core physicochemical properties of
these nanocarriers, including particle size,
polydispersity  index, zeta potential, and
encapsulation efficiency (Salehi et al., 2021; Ye et
al., 2021; Skibska et al., 2022; Coban et al., 2025).
To this end, the present study focuses on the biogenic
synthesis of this novel core-shell/bimetallic
nanocomposite, where its crystalline architecture,
morphological features, surface chemistry, and
structural stability were comprehensively elucidated
through advanced spectroscopic characterization
techniques.

MATERIALS AND METHODS

Iron (III) chloride hexahydrate (FeCls;-6H,0),
iron (II) chloride tetrahydrate (FeCl,-4H»0), 3-
chloro-1,2-epoxypropane (epichlorohydrin),
ammonium hydroxide (NH4OH), sodium hydroxide
(NaOH), chitosan, and o-Lipoic acid [5-(1,2-
dithiolan-3-yl)pentanoic acid] used in this study
were commercially available in analytical purity
from Sigma-Aldrich and Merck.

Fe;04 synthesis: The synthesis of magnetic
(FesO4) nanoparticles was achieved by modifying
the co-precipitation method described in the
literature. Typically, 4.0 g of FeCl3;-6H.O was
dissolved in 125 mL of distilled water, then 4-5 drops
of concentrated HCl were added to avoid hydrolysis,
and the mixture was continuously stirred at 800 rpm
and 80°C in a magnetic stirrer (in a N2 atmosphere).
After approximately 25 minutes of stirring, a clear
solution with a yellow tint was obtained. Then, 2.7 g
of FeCl,-4H,0 was added to this yellow solution and
stirring continued for another 90 minutes. In
addition, 5 mL of spinach (Spinacia oleracea) extract
was added, and the mixture was stirred for another
30 minutes. After 45 minutes, 30 mL of 30%
NH4O0H solution was added to the reaction mixture,
and stirring continued under these conditions for
another 30 minutes. After stirring for 30 minutes, the
reaction was stopped, and the precipitate was
collected from the medium using a magnet and then
washed 5 times with deionized (DI) water. After
washing, the resulting product was dried under
vacuum (Yadav et al, 2023; Cuana et al., 2022;
Yusefi et al., 2021).
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Fe;04/chitosan synthesis: 0.25 g of the
prepared FesOs nanoparticles was dispersed in 50
mL of DI water in an ultrasonic bath at 50°C.
Another solution was prepared by adding 250 mg of
chitosan to 100 mL of acetic acid, and this solution
was stirred continuously at 60°C. In addition, 250 pl
of acetic acid was added to the chitosan solution and
then stirred in an ultrasonic bath at 50°C for 30
minutes. In the next step, the chitosan solution was
added dropwise to the FesO4 nanoparticle solution,
which was kept at 40°C for stirring. Then, 250 pl of
crosslinking agent epichlorohydrin (3-chloro-1,2-
epoxypropane) was added to the mixture and stirring
continued for 2 hours at 50°C. The prepared
nanocomposite was then washed five times with
successive distilled water. Finally, nanocomposites
were collected and dried under vacuum to obtain
chitosan-coated magnetic nanoparticles
(chitosan@Fe304) (Tomke and Rathod, 2020;
Istiqgomah et al., 2024).

Synthesis of Fe;O./chitosan/lipoic acid (LA):
500 mg of the prepared Fe;Os/chitosan nanoparticles
were dispersed in 100 mL of deionized water in an
ultrasonic bath at room temperature for 1 hour. After
1 hour, 100 mg of lipoic acid dissolved in 50 mL of
ethanol was added to the solution. This solution was
stirred in a shaker at 37°C in a nitrogen gas
atmosphere for 24 hours to allow it to react. Then, the
resulting product was removed from the environment
using a magnet. To remove unreacted substances, the
Fe304/chitosan/LA nanoparticles were washed 10
times with distilled water, and the resulting product
was dried in a lyophilizer (Zhou et al., 2016; Abd
Razak et al., 2018).

RESULTS AND DISCUSSION

UV-Vis study of Fe;O4/chitosan/LA synthesis

To determine the wavelength of formation of
the synthesized Fe;Os/chitosan/LA nanoparticles,
specific ~ samples  were taken using a
spectrophotometer, and the formation of the
nanoparticles and their maximum absorbance values
were determined (Fig. 1).

This spectrum shows that Fe30,4/chitosan/lipoic
acid nanoparticles exhibit high absorbance in the UV
region, and the small absorbance shoulder around
335 nm supports the presence of
Fe3O,4/chitosan/lipoic acid. Low absorbance in the
visible region may provide an advantage in terms of
optical transparency in applications such as
biomedical or drug delivery.
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Fig. 1. Formation and maximum absorbance value of
Fe3;0,4/Chitosan/LA NPs in UV-Vis spectroscopy.

XRD study of Fe3;O4/chitosan/LA synthesis

The crystal sizes of Fe;Od/chitosan/LA
nanoparticles were calculated using the Debye-
Scherrer equation based on X-ray diffraction (XRD)
data. This method is a reliable technique widely used
to determine the average crystal size of
nanoparticles. The obtained average crystal size of
19.42 nm indicates that these nanoparticles are small
and have a nanometric structure (Fig. 2). This
suggests that the material has properties that can
provide advantages in various biomedical and
industrial applications.

Scanning Electron Microscopy-Energy
Dispersive  X-ray Spectroscopy (SEM-EDX)
analysis was performed to determine the
morphological and elemental composition of the
Fe;04/chitosan/L A nanoparticle. Examination of the
EDX spectrum clearly revealed characteristic peaks
belonging to the added Fe element. Furthermore, the
presence of C, S, and O elements in the spectrum
supports the presence of chitosan and lipoic acid in
the nanocomposite structure. According to the
elemental analysis results, approximately 64% Fe
element was detected in the nanocomposite
structure, indicating that iron oxide cores are the
dominant component within the nanocomposite
(Fig. 3).

Scanning Electron Microscopy (SEM) analysis
was performed to evaluate the morphological
properties, particle size, surface topography, and
distribution characteristics of Fe3;Os/chitosan/LA
nanoparticles (Fig. 4). SEM images revealed that
under specific magnification and operating
conditions, the nanoparticles generally have a
spherical morphology and exhibit a nearly
homogeneous distribution.
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Fig. 2. XRD diagram of Fe;O4/chitosan/LA nanoparticle.
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FTIR spectrum data analysis

Fourier Transform Infrared (FT-IR)
spectroscopy was used to confirm the formation of
Fes;O4/chitosan/ALA nanoparticle. This technique
was used to examine changes in the functional
groups in the structure and to evaluate the presence
of chemical bonding between the components. As
seen in Figure 5, it was observed that the
characteristic functional groups in the lipoic acid
structure showed shifting or, in some cases,
completely disappeared in the Fe;04/ALA
composite. These spectral changes indicate that
lipoic acid is chemically bonded to the magnetite
surface and that the targeted Fe;Os/chitosan/ALA
nanoparticle structure was successfully synthesized.

CONCLUSION

In this study, a hybrid liposomal carrier system
(Fe;0s@a-LA/Chitosan) containing a-lipoic acid-
chitosan complexes attached to a magnetic iron
oxide (Fe304) core was synthesized and its structural
properties were elucidated. Extensive
characterization studies confirmed the successful
achievement of the targeted nanostructure using
various analytical techniques. Accordingly, the
average crystal size, calculated using the Debye-
Scherrer equation from XRD analysis data, was
determined to be 19.42 nm, proving the nanometric-
scale crystal structure of the material. SEM
morphology studies revealed that the nanoparticles
have a spherical geometry and exhibit a nearly
homogeneous distribution without showing a
significant agglomeration tendency. EDX analysis,
which determined the elemental composition of the
structure, detected the presence of 64% Fe element
as well as C, O, and S, supporting the integration of
chitosan and lipoic acid components into the matrix.
Finally, the shifts observed in the bands belonging to
characteristic functional groups and the extinction of
some specific peaks in the FT-IR spectra
demonstrated that lipoic acid successfully bound to
the FesOs surface and that strong structural
interactions occurred. This overall assessment
clearly shows that the synthesized
Fe;04/chitosan/L A nanocomposite was successfully
produced with the targeted architecture, purity, and
composition. Although the particle morphology was
verified by SEM and XRD, the absence of dynamic
light scattering (DLS) and zeta potential
measurements is acknowledged as a limitation of
this study, and these liquid-state analyses will be
prioritized in future work.
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Soil salinization poses a serious threat to agriculture, as it causes soil degradation, negatively impacts
crops, and reduces productivity. For Kazakhstan, the development of pasture livestock farming plays
a key role in the country's economy, providing the population with essential food products. Soil
salinization significantly reduces the forage value of pastures, as it leads to the displacement of
valuable forage grasses by salt-tolerant weeds. A promising solution to this problem is the use of
rhizobacteria, which promote grass growth in saline soils, thereby increasing the forage value of
pastures. The aim of this study was to select salt-tolerant bacteria, study their ability to stimulate
pasture grass growth under conditions of high salt stress, and create an effective association based on
them to support growth in saline soils. Phosphate-solubilizing and nitrogen-fixing bacteria were
isolated from saline pasture soils in the South-East of Kazakhstan, their salt tolerance was studied, and
the most resistant strains were selected. It was shown that the bacteria actively fix atmospheric
nitrogen and dissolve phosphates under salt stress. The ability of the bacteria to produce secondary
metabolites (phytohormone and ACC deaminase), which relieve salt stress and promote plant growth,
was established. Active bacterial strains were selected, and an effective association was created.
Application of the association more than tripled the yield of green mass, which is an effective method
for increasing grass productivity in saline pastures. Based on the bacterial association, it is planned to
develop a biofertilizer for saline soils.

Keywords: Nnitrogen-fixing bacteria, phosphate-solubilizing bacteria, salt tolerance, nitrogenase,
phosphate solubilization, growth stimulation, salt stress, pasture grasses, productivity

INTRODUCTION

The development of modern agriculture
requires increased food production. Intensive
agricultural technologies based on chemical

production pollute the environment, reduce soil
fertility, and negatively impact the quality of the
final product (Nuruzzaman et al., 2025). Therefore, it
is necessary to develop alternative methods for
increasing crop yields. Soil salinization is currently a
serious agricultural problem and is caused by several
factors. One is climate change, which causes an
increase in overall air temperature and leads to
increased water evaporation from the soil, thereby
increasing its salinity (Tarolli et al., 2024). Another
problem is the shortage of fresh water and the use of
saline water for irrigation. Currently, the extent of
soil salinization continues to increase, and the FAO
estimates that salinization will cause a 50% loss of
arable land worldwide by 2050 (FAO, 2025).
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In Kazakhstan, pasture livestock farming is a
main industry, accounting for over 45% of total
agricultural output (Esengalieva et al., 2024).
Pasture monitoring in 2023 showed that 82% of
pastures were in poor condition due to soil
degradation and salinization (Eldala.kz report,
2024). In this regard, restoring pastures is a
pressing issue. Several solutions exist, including
breeding salt-tolerant crops and creating genetically
modified salt-tolerant crops. However, traditional
breeding is time-consuming and has a relatively
low success rate, and the development of
genetically modified salt-tolerant crops has not
yielded any significant results (Afzal et al., 2023).
The most promising approach is the use of salt-
tolerant rhizobacteria, which promote plant growth
in saline soils. These bacteria are live cultures of
PGPR (Plant Growth Promoting Rhizobacteria),
which possess valuable properties: they do not
pollute the environment, are safe for humans and
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animals, and are non-phytotoxic and non-mutagenic
(Zhang et al., 2024; Yang et al, 2024).
Furthermore, they are natural components, as they
are isolated from natural substrates (soil, plant
roots, leaves, stems, etc.) (Liang et al., 2025). In
agriculture, complex multifunctional
biopreparations based on bacterial associations are
used. The strains that comprise these associations
can fix nitrogen, synthesize vitamins and
phytohormones, convert unavailable phosphorus
into a plant-available form, and colonize plant roots
(Pathak et al., 2026). Rhizobacteria strains can also
exhibit antagonistic activity against plant pathogens
and synthesize antibiotics, siderophores, pigments,
and other metabolites (Al Raish et al., 2025). The
use of rhizobacteria is environmentally safe, does
not pollute the environment, and does not disrupt
the ecological balance of the agrocenosis. In this
regard, the most promising approach is the use of
salt-tolerant rhizobacteria that promote plant
growth (PGPR) and produce metabolites that
reduce salt stress and promote plant development in
saline soils. Due to its wide range of applications,
efficiency and environmental friendliness, this
method is the most relevant for reducing soil
salinity (Jabborova et al., 2025). However, the main
mechanisms for maintaining plant growth on saline
soils are nitrogen fixation and increasing the
availability of soil phosphates. The aim of this
study was to select salt-tolerant bacteria, study their
ability to stimulate pasture grass growth under
conditions of high salt stress, and create an
effective association based on them to support
growth in saline soils. The use of salt-tolerant
rhizobacteria associations can be considered the
best alternative for environmentally friendly and
sustainable agriculture.

RESEARCH METHODOLOGY

The objects of the study were nitrogen-fixing
and phosphate-solubilizing bacteria isolated from
the rhizosphere soil of pasture grasses in the South-
East of Kazakhstan, in the Almaty region.

Timothy grass (Phleum pratense L.), meadow
fescue (Festuca pratensis L.), and perennial
ryegrass (Lolium perenne L.) were used as pasture
grasses. These plants are salt-tolerant, adapted to
the soil and climatic conditions of Kazakhstan, and
form the basis of pasture grasses in the South-East
of the Republic.

Phosphate-solubilizing bacteria were isolated
on NBRIP medium (National Botanical Research
Institute's Phosphate growth medium) (De Zutter et
al. 2022). Salt stress was created by adding 10%
NaCl to the medium. To isolate bacteria, 10 g of
soil was diluted with 90 ml of tap water and stirred

on a shaker at 180 rpm for 1 hour. The water was
sterilized in an autoclave at 120°C for 30 minutes.
Then, 1 ml from the stock suspension was used to
prepare serial dilutions in eight test tubes, each
containing 9 ml of sterile distilled water.
Inoculation of microorganisms was carried out by
transferring 0.1 ml from dilutions 10, 1073, 10,
107 and 10® onto Petri dishes containing NBRIP
agar medium. The inoculum volume was 1 ml of
soil suspension. Each dilution was plated in
triplicate. The dishes were incubated at 28°C until
clear halo zones appeared around the bacterial
colonies.

Free-living nitrogen-fixing bacteria were
isolated from saline soil. Nitrogen-free Ashby agar
(Shi et al., 2023) was used for bacterial isolation.
Salt stress was created by adding 10% NacCl to the
medium. Petri dishes were inoculated with
microorganisms at dilutions of 103, 10, 10, and
108, Nitrogen-fixing bacteria were selected from
large-diameter colonies. This selection was based
on the assumption that bacteria capable of forming
large colonies on nitrogen-free medium are
characterized by increased nitrogen fixation
activity.

Salt tolerance of phosphate-solubilizing
bacteria was determined in a liquid medium
containing NBRIP, while nitrogen-fixing bacteria
were tested in Ashby's medium supplemented with
100, 250, and 500 mM NaCl. Bacteria were grown
for 3-5 days at 28°C and 180 rpm. Bacterial growth
was determined using a spectrophotometer (PD-
303, Apel, Japan) at 540 nm. Bacterial growth was
assessed using a scale where [-] - denotes the
absence of growth, [+] - denotes the presence of
growth, and [several +] - denotes the intensity of
growth. The study was conducted in triplicate.

To study phosphate-solubilizing activity,
bacteria were grown in liquid NBRIP medium at
28°C and 180 rpm for three days. Petri dishes were
filled with NBRIP agar. After the agar solidified,
wells were punched and 0.1 ml of the bacterial
suspension at a concentration of 10> CFU/ml was
added. The dishes were placed in an incubator at
28°C and incubated wuntil clear halo zones
(transparent zones of tricalcium phosphate
dissolution) appeared around the wells. The presence
of a clear halo around the bacterial colonies indicates
the strain's ability to dissolve mineral phosphates.
The phosphate-solubilizing activity of the bacteria
was quantified by the diameter of the halo zones and
expressed in mm. Wells containing bacteria-free
medium served as a negative control. The study was
performed in triplicate.

The nitrogenase activity of bacteria was
determined by the acetylene method (ARA).
Bacteria were grown in Ashby’s medium under
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aeration to a concentration of 10® cells/ml. The
suspension of bacteria was placed in 10 ml vessels;
acetylene was introduced to a concentration of 10%
(by volume). After incubation of bacteria for 1.5 h
in an acetylene atmosphere, gas samples were taken
with a 1 ml syringe from the vessel and the
ethylene content was detected on an Agilent
Technology 7890B (USA) gas chromatograph with
a flame ionization detector (Montes-Luz et al.,
2023).

To study the biocompatibility of nitrogen-
fixing and phosphate-solubilizing bacteria, the
perpendicular streak method was used (Hossain,
2024). To determine the ability of bacteria to produce
the phytohormone Indole-3-Acetic Acid (IAA), the
method described by B.G. Guardado-Fierros
(Guardado-Fierros et al., 2024) was used. Bacteria
were grown in LB medium supplemented with
tryptophan at 28°C and 180 rpm for 5 days. The
medium was then centrifuged at 10000 rpm for 10
min. Then, 2 ml of the supernatant was mixed with 4
ml of Salkowski's reagent. The solution was incubated
in the dark for 30 min at 40°C. The IAA content was
measured using an Apel PD-303 spectrophotometer
(Japan) at a wavelength of 530 nm.

To determine the amount of ACC deaminase
(1-Amino Cyclopropane-1-Carboxylate), the strains
were cultured with Tryptic Soy Broth (TSB culture
medium) (Sigma-Aldrich, Germany) at 28°C and
180 rpm. After 24 hours of growth, the bacteria
were centrifuged at 10,000 x g for 5 min and then
suspended in 5 ml of Dworkin and Foster medium
containing 5 pmol L' ACC as the sole nitrogen
source and incubated for 24 hours at 28°C. The
ACC deaminase activity of bacteria was determined
spectrophotometrically (Apel PD-303, Japan) at
540 nm and compared with a standard curve
constructed using a-ketobutyrate solution (Sigma-
Aldrich, Germany) (Kumari et al., 2025). The
amount of a-ketobutyrate produced (mmol mg!
protein h') was used as a measure of ACC
deaminase activity.

To study the effect of bacteria and association
on PGP-activity, nitrogen-fixing and phosphate-
solubilizing bacteria were grown separately in
flasks: phosphate-solubilizing bacteria on NBRIP
medium and nitrogen-fixing bacteria on Ashby’s
medium at 28°C and 180 rpm for 3-5 days. Then
the bacterial suspensions were mixed in a 1:1 ratio.
Timothy grass (Phleum pratense L.), meadow
fescue (Festuca pratensis L.) and perennial
ryegrass (Lolium perenne L.) were used as pasture
grasses, which were mixed in equal proportion. The
seeds were inoculated with bacteria or association
(concentration 10® cells/ml) for two hours at 23°C,
at the rate of 5 ml per 10 g of seeds. Then, 10 seeds
were sown in vessels (500 ml) with sterilized
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vermiculite. A negative control was seeds treated
with sterile water. Knop's solution was used as a
nutrient solution for the seedlings (Le et al., 2025).
The biometric characteristics of the plants were
measured after 30 days. The experiments were
carried out in a climatic growth chamber (Memmert
HPP 750 Constant Climate Chamber, Germany)
under the following regime: daylight hours - 14 h,
temperature 25°C, illumination: cold white light -
6500 K, warm light 2700 K; night mode - 9 hours;
temperature 20°C, humidity - 65%. Experiments
were conducted in 3 replicates.

All the recorded data underwent statistical
analysis using the software package STATISTICA
10.0, var. 6 (Borovikov, 2016). Tables and figures
show the mean values (M) and standard errors of
means (=SEM).

RESULTS AND DISCUSSION

Nitrogen-fixing and phosphate-solubilizing
bacteria were isolated from the rhizosphere of
pasture grasses growing on highly saline pasture
soils in the Almaty region (South-East of
Kazakhstan). The salt content in the aqueous extract
of the soils ranged from 3.62% to 5.18%, pH was
8.7-9.2. Based on the HCOjs ion content, the soils are
highly alkaline. Such soils cause alkaline toxicity in
plants, which negatively impacts their development.
Nitrogen-fixing bacteria were isolated on nitrogen-
free Ashby's medium, phosphate-mobilizing bacteria
on NBRIP medium. A total of 57 free-living
nitrogen-fixing and 46 phosphate-mobilizing
bacteria were isolated. A primary screening of
bacteria was conducted, and 19 nitrogen-fixing and
25 phosphate-mobilizing bacteria characterized by
salt tolerance were selected.

To select salt-tolerant strains, their growth
activity under high salt stress was studied. Bacteria
were grown in elective media with varying NaCl
concentrations: 100, 250, and 500 mM. Cultivation
was carried out at 28°C on a shaker at 180 rpm for
three days. Table 1 presents growth activity data for
17 strains of phosphate-solubilizing and nitrogen-
fixing bacteria at varying NaCl concentrations in
the medium.

Table 1 shows that not all bacterial strains
isolated from highly saline soils exhibited high salt
tolerance. Almost all strains grew at 100 mmol/L
NaCl, while 17 strains grew at 250 mmol/L NacCl,
with some strains showing very little growth. At 500
mmol/L NaCl, growth was observed only in five
nitrogen-fixing strains (Az3/9, Az3/29, Azp6/2,
Az22/1, Az24) and six phosphate-mobilizing strains
(F7A, FC11, FC24, FT4, FY3, FY3/8). These strains
were selected as the most salt-tolerant.
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Table 1. Effect of salinity on bacterial growth.

Strains NaCl concentration, mM

100 | 250 500

Nitrogen-fixing bacteria
Az3/9 +++ + +
Az3/23 +H+ + -
Az3/29 A+ +++ ++
Azp6/2 ++++ +H+ ++
Az22/1 - +++ ++
Az23/4 +++ ++ -
Az24 ++ ++ +
Az43/2 ++ ++ _
Phosphate-solubilizing bacteria

F7A - +++ +++
FC11 - ++ +
FC24 -+ ++ +
FM9/5 -+ + -
FM12 4+ + -
FT4 - +++ ++
FY3 - +++ +++
FY3/8 - ++ +
FY7/2 4+ + -

Note: Qualitative assessment: [-] - indicates the absence of growth; [+] - indicates the presence of growth; additional [+] - indicates

the growth intensity exhibited by the strains.

Table 2. Biomass and nitrogenase activity of nitrogen-fixing bacterial strains.

Duration of cultivation
Strains . . : daysl\litrogenase activity, . . : daysNitrogenase activity,
Biomass®, g/l umol C:Hy/ml/h Biomass*, g/l pmol C;Hy/ml/h
Control 0 0 0 0
Az3/9 1.02+0.01 1.16+0.01 1.96+0.01 3.56+0.01
Az3/29 1.62+0.01 2.41+0.01 2,75+0,2 4,94+0,01
Azp6/2 1.81+0.02 2.55+0.02 2,81£0,1 5,27+0,03
Az22/1 1.73£0.01 2.32+0.02 2,71£0,1 4,71£0,01
Az24 1.12+0.01 2.17+0.01 2.25+0.01 3.87+0.02
Note: * - absolutely dry biomass of bacteria, p <0.05,n=3
Table 3. Phosphate-solubilizing activity of bacterial strains.
Strains Cell titer, CFU/ml Halo zone diameter, mm pH
Control 0 0 6.8+0.01
F7A 3.3x108 33.940.2 4.5£0.01
FC11 3.1x108 28.5+0.1 5.0+0.01
FC24 2.8x108 33.7+0.1 4.1£0.02
FT4 3.6x108 35.340.2 4.7£0.01
FY3 3.4x108 34.5+0.1 4.4+0.01
FY3/8 2.9x108 28.3+0.2 4.840.01
Note: p <0.05;n=3
One of the main indicators of PGPR for use in It was found that the strains actively

agriculture on saline soils is their ability to fix
atmospheric nitrogen and mobilize soil phosphates
that are inaccessible to plants. In this regard, the
nitrogenase activity and biomass accumulation
capacity of selected nitrogen-fixing bacteria were
studied under saline conditions. Biomass
accumulation on nitrogen-free media is an indirect
indicator of bacterial nitrogen fixation activity. To
create salt stress, 500 mM NaCl was added to
Ashby's  medium. These experiments were
conducted dynamically, and results were obtained
after 3 and 5 days of cultivation. The data obtained
are presented in Table 2.

accumulated biomass and fixed nitrogen under
saline conditions. Three strains had the highest
nitrogenase activity, with biomass accumulation
reaching 2.71-2.81 g/L (Table 2). Therefore, these
three strains (Az3/29, Azp6/2, Az22/1) were
selected as the most effective, as they were
characterized by high nitrogenase activity and
biomass accumulation when grown in nitrogen-free
medium under high salinity conditions.

To select strains active in phosphate
solubilization under high salt stress, selected
bacterial strains were studied. To create salt stress,
500 mM NaCl phosphate was added to the culture
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medium. Table 3 presents data for seven strains
with higher phosphate solubilization activity when
grown on NBRIP medium.

The data in Table 3 showed that the bacteria
have a high capacity to solubilize phosphates under
salt stress. Of the seven bacteria, three strains, F7A,
FT4, FY3 demonstrated high phosphate solubility.
The halo zone diameter for these strains ranged
from 33.8 to 34.3 mm. These strains (F7A, FT4,
FY3) were selected as the most effective. Strain
FT4 demonstrated the highest phosphate solubility.

The main indicator for the use of bacteria in
saline soils is their ability to synthesize metabolites
that support plant growth and enhance plant
adaptation to stress factors such as flooding,
drought, and salinity. These metabolites include
phytohormones and the enzyme ACC deaminase.
The most common phytohormone is indole-3-acetic
acid (IAA), which influences root formation, root
and shoot growth, and plays a key role in plant
adaptation to salt stress. Another metabolite that is
crucial during plant stress is ACC deaminase.
Under stress, plants produce ethylene, which
inhibits root growth and phytohormone transport,
accelerates tissue aging, causes defoliation, and

delays fruit ripening. Rhizobacteria that produce
ACC deaminase reduce ecthylene levels in plants,
which promotes the formation of longer roots and
significantly increases resistance to stress factors.
In this regard, the ability of the studied strains of
bacteria to produce the enzyme ACC-deaminase
and indole-3-acetic acid (IAA) under salt stress was
studied. To create salt stress, 500 mM NaCl
phosphate was added to the culture medium. The
obtained data are presented in Table 4.

Table 4 shows that the studied rhizobacteria
produce indole-3-acetic acid and the enzyme ACC-
deaminase. It was found that nitrogen-fixing
bacteria demonstrated a higher ability to synthesize
these metabolites compared to phosphate-
solubilizing bacteria. However, biomass
accumulation was slightly higher in the phosphate-
solubilizing bacterial strains. The results indicate
that, through metabolite synthesis, these strains can
reduce salinity stress and stimulate plant growth.

A biocompatibility study of the strains showed
that all the studied strains were compatible and did not
inhibit each other's growth. Based on these strains, 10
associations were created, containing strains of
phosphate-mobilizing and nitrogen-fixing bacteria.

Table 4. Indole-3-acetic acid (IAA) production and ACC deaminase activity by bacterial strains.

Strains Biomass*, g/ a-keﬁ)igt;::t?iﬁzie;)r (l)ltlgiln - IAA, pg ml!
Az3/29 2,75+0.2 0.54 £0.01 44.25+1.1
Azp6/2 2,81+0.1 0.56 £0.02 48.45+1.1
Az22/1 2,71+0.1 0.52 £0.02 46.17+1.6
F7A 3.04+0.2 0.43 £0.01 43.42+1.2
FT4 3.1240.1 0.47 £0.01 38.37+1.1
FY3 3.01+0.1 0.45 £0.01 43.25+1.1

Note: * - absolutely dry biomass of bacteria; p <0.0l;n=3
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Fig. The effect of inoculation on the dry mass of stems, roots, and green mass productivity of pasture grasses
on highly saline soils. Control without bacterial inoculation.
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The effect of phosphate-solubilizing and
nitrogen-fixing bacteria on pasture grass growth
was studied. A mixture of timothy grass, meadow
fescue, and perennial ryegrass seeds in a 1:1:1 ratio
was used as pasture grass seeds. Experiments were
conducted in vessels with highly saline soil with a
salinity content of 3.62% in the aqueous extract and
a pH of 8.9. Figure 1 presents data from the three
associations that demonstrated the greatest
stimulating effect on the growth and yield of
pasture grass green mass.

The results showed that pre-sowing
inoculation of grass seeds with the associations
stimulated their growth, as evidenced by
morphometric parameters (Fig. 1). Moreover, the
dry weight of plant stems increased by an average
of 1.8-2.2 times, root dry weight by 2.5-3.3 times,
and green mass yield by 2.7-3.5 times compared to
the control. Seed treatment also increased root
length by 3.0-3.2 times, indicating grass adaptation
to soil salinity. Based on the results of the study, an
effective association Nel8 was selected, which
increased the green mass yield of pasture grasses by
3.5 times.

Thus, the effect of associations of salt-tolerant
bacteria on the growth and development of pasture
grasses was studied. An effective association Nel§,
consisting of salt-tolerant strains of phosphate-
mobilizing (FT4) and nitrogen-fixing (Azp6/2)
bacteria, was selected. It can be concluded that the
use of associations stimulates the growth and
alleviates salinity stress of pasture grasses.

CONCLUSION

The wuse of microbial associations in
agriculture is an alternative to chemical fertilizers,
as they are natural soil or rhizosphere agents and
have no negative impact on the ecosystem.
Currently, preference is given to using microbial
associations that include several microbial species
that perform beneficial functions for plants. Most
often, associations include bacteria that fix
nitrogen, mobilize phosphorus and potassium,
stimulate plant growth, and suppress the
development of phytopathogenic microorganisms.
The use of such associations will reduce the toxic
load on soil and plants. In our study, we obtained
the following results:

—Nitrogen-fixing and phosphorus-solubilizing
bacteria were isolated from saline pasture
soils in the South-East of Kazakhstan, and
salt-tolerant strains capable of growing under
high salt stress (500 mM NaCl) were
selected.

—The ability of the strains to fix atmospheric
nitrogen and mobilize phosphates under high
salinity was studied, and the most active
strains were selected.

—The selected salt-tolerant bacterial strains
were found to produce secondary
metabolites: the phytohormone indole-3-
acetic acid (JAA) and the enzyme ACC
deaminase, which relieve salt stress and
stimulate plant growth.

—Ten associations consisting of salt-tolerant
strains of  phosphate-solubilizing  and
nitrogen-fixing bacteria were created using
the active strains.

—Pre-sowing seed inoculation with
associations stimulates the growth of pasture
grasses: stem dry weight more than doubled,
root weight increased by 2.5-3.3 times, and
green mass yield increased by 3.5 times.
Seed treatment was shown to increase root
length by 3.0-3.2 times, indicating plant
adaptation to soil salinity. Based on the
research results, association Nel8 was
selected as the most effective.

Thus, an association of salt-tolerant bacteria
has been created that improves nitrogen and
phosphorus nutrition of plants, reduces salt stress,
and positively impacts the growth and yield of
pasture grasses on saline soils. Based on
association, it is planned to develop a biofertilizer
to support crop growth on saline soils.
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The challenge of significantly increasing food demand while reducing greenhouse gas emissions
represents a two-pronged challenge for sorghum production, but the relationship between agronomic
intensity and carbon efficiency remains unresolved. The absence of integrated multi-season analyses
limits the development of climate-smart management strategies. In this research paper, the researcher
examined the impact of graded input levels on grain yield, biomass production, and the carbon footprint
of sorghum under semi-arid conditions. A randomized complete block experiment was conducted across
two consecutive growing seasons using low-, medium-, and high-input regimes, and fertilizer
consumption, mechanization, and agrochemical inputs were measured. The absolute and yield-scaled
carbon footprints were calculated using life cycle assessment, and linear mixed-effects models were
employed to study treatment effects across seasons. Intensification increased grain yield (3.12 to 5.44 t
ha™) and above-ground biomass (7.73 to 13.63 t ha™) significantly (p < 0.001), whereas absolute carbon
emissions increased from 891 to 1645 kg CO,-eq ha™. The carbon footprint scaled by yield remained
relatively constant at 286-303 kg CO,-eq ha™, indicating a structural relationship between biomass
formation and emissions. These results indicate that intensification shifts the production curve along a
predictable yield-emission trajectory without altering carbon efficiency, offering practical conclusions
for sustainable intensification practices in semi-arid cereal production.

Keywords: Sorghum, carbon footprint, yield-scaled emissions, agronomic intensification, life cycle
assessment, biomass production, sustainable agriculture

INTRODUCTION

Sorghum (Sorghum bicolor L.) is a widely
cultivated cereal with significant agronomic and
economic importance, especially in semi-arid and
drought-prone regions, where its ability to withstand
water shortages and extreme temperatures makes it
an important food security crop (Hadebe et al., 2017;
Hossain et al., 2022). As global agricultural
production faces the dual challenges of increasing
food demand and mitigating climate change,
measuring the environmental impacts of crop
production has become a central research priority
(Toromade et al., 2024; Farooq et al., 2022). In this
context, the carbon footprint, defined as the total
greenhouse gas (GHG) emissions generated during
crop production and expressed in CO,-equivalents
per unit area or yield, serves as an essential indicator
linking agronomic management practices with
climate impacts (Linquist et al., 2012).

The intensity of inputs, including synthetic
fertilizers, mechanization, and chemical weed
management techniques, has a direct impact on
biomass accumulation, nitrogen transformations,
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fuel consumption, and the production of upstream
agrochemicals, which are critical factors in
agronomic management (Nath et al., 2024; Monteiro
& Santos, 2022; Idris et al., 2026). Yield, in turn,
affects the yield-scaled carbon footprint, which
quantifies emissions per tonne of grain harvested and
combines productivity and environmental efficiency
into a single performance measure (Jagadesh et al.,
2024). The literature has shown that high input
intensity tends to boost yield and overall biomass but
may simultaneously increase per-hectare GHG
emissions, creating a multifaceted trade-off between
productivity and environmental impact (Harrison et
al., 2021; Henry et al., 2018; Hajiyeva, 2025).

Most research focuses only on total emissions
or crop yields. Scientists rarely combine these
factors into a single model. This makes it difficult to
understand the real relationship between
productivity and carbon efficiency (Shi et al., 2013).
Moreover, inter-annual variability, which can
strongly influence both yield and emissions, is rarely
represented across multiple seasons in field-level
research. These limitations affect the capacity to
develop evidence-based strategies for climate-
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sensitive intensification of sorghum and other cereal
systems (Wakjira et al., 2025; Panicker, 2025).

Although yield—carbon dynamics in cereals
such as maize and wheat have been investigated,
several gaps remain concerning sorghum. First, there
is limited knowledge regarding the simultaneous
quantification of absolute and yield-scaled carbon
footprints at different levels of agronomic input
intensity. This restricts the understanding of the
effectiveness of intensive production systems.
Second, previous studies are often based on single-
season observations (Li et al., 2024). Such
approaches limit the strength of inferences regarding
whether observed patterns are maintained under
climatic variability, particularly in the absence of
hierarchical experimental designs (Johnston et al.,
2021; Moore & MacDonald, 2024). Third, the
mechanistic basis of the possible decoupling of per-
hectare emissions and yield-based carbon footprints,
resulting from biomass accumulation, nitrogen
interactions, and  mechanization, remains
insufficiently investigated in sorghum.

Therefore, important questions remain: How do
agronomic input intensities influence the structural
relationship among yield, biomass, and absolute
GHG emissions? Does an increase in input intensity
impair or maintain yield-scaled carbon efficiency,
and does this relationship vary across growing
seasons? Answers to these questions are necessary to
inform climate-smart strategies for sorghum
production in which yield maximization is not
accompanied by increased unit-based emissions.

The objective of this study is to rigorously
quantify the relationship between sorghum
productivity and carbon footprint under contrasting
levels of agronomic input intensity across two
successive growing seasons. We hypothesize that
increasing intensification will augment grain yield
and absolute emissions, yet may not substantially
alter the yield-scaled carbon footprint because of the
coupled scaling relationship between biomass
production and emissions.

In order to confirm this hypothesis, we
designed a randomized complete block field
experiment with three levels of input intensity: low,
medium, and high, while keeping the cultivar,
sowing date, row spacing, and target plant
population constant. Detailed field-level data on
fertilizer and agrochemical application,
mechanization, labour, and fuel consumption were
used to perform a transparent life-cycle assessment
of carbon emissions, including direct, indirect, and
upstream  contributions  expressed in  CO,-
equivalents per hectare and per tonne of grain. Grain
yield, above-ground biomass, and harvest index
were measured to help explain the mechanistic basis
of productivity—emissions interactions.

The three crucial innovations of this paper are:

1. Systematic quantification of absolute and
yield-scaled carbon footprints across graded input
intensities,  indicating  trade-offs  between
productivity and emissions efficiency.

2. A combination of multi-season field data to
measure inter-annual variability, enabling more
robust inferences regarding the stability of yield—
carbon relationships.

3. A biomechanistic linkage among biomass
growth, harvest index, and carbon emissions,
allowing the identification of structural limitations
affecting the efficiency of intensified sorghum
production.

Unlike previous studies that focus solely on
yield response or per-hectare emissions, this work
explicitly describes the structural linkage between
productivity and emissions, providing a framework
within which climate-smart management in sorghum
and other cereal systems can be evaluated.

The remainder of the paper is organized as
follows: Section 2 outlines the experimental design,
agronomic treatments, and carbon footprint
calculation methods. Section 3 presents the results
for grain yield, biomass, absolute emissions, and
yield-scaled emissions across two growing seasons.
Section 4 discusses the implications for climate-
smart agronomy, the mechanistic interpretation of
yield—carbon coupling, and potential mitigation
strategies. Finally, Section 5 summarizes the
conclusions and future research directions.

MATERIALS AND METHODS

Study design and experimental site

The experiment was a multifactor field study
designed to quantify the magnitude of yield—carbon
footprint trade-offs in sorghum under varying levels
of agronomic input intensity. A randomized
complete block design was implemented across two
successive growing seasons to specifically evaluate
inter-annual variability. Each treatment was
replicated three times per season.

Experimental plots were established on a semi-
arid research farm characterized by homogeneous
topography and loamy soil representative of regional
sorghum production systems. To characterize
baseline soil conditions (0—30 cm depth), soil
texture, pH, organic carbon, total nitrogen, and
available phosphorus were measured using
standardized laboratory procedures to ensure
comparability among plots.

Agronomic treatments and
definition

Agronomic input intensity was defined a priori
as a categorical management factor with three levels:

input intensity
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low, medium, and high. These levels differed
systematically in fertilizer application rate, degree of
mechanization, and weed control strategy, while
cultivar, sowing date, row spacing, and target plant
population remained constant. This approach
enabled the isolation of management-related
differences in productivity and emissions.

All field operations were recorded in real time,
including machinery type, fuel consumption,
fertilizer formulation, application timing, and labour
inputs, thereby ensuring transparent carbon
accounting.

Measuring yield and supporting agronomic data

Grain yield was determined at physiological
maturity by harvesting the net plot area while
excluding border rows. Grain moisture content was
standardized to 12% prior to yield calculation, and
results were expressed as tonnes per hectare (t/ha).

Subsamples were collected to determine above-
ground biomass and harvest index in order to support
the interpretation of yield responses under different
input regimes. Daily weather data were obtained
from an on-site automated meteorological station
and were used descriptively to contextualize
seasonal differences rather than as covariates in
statistical analyses.

Quantification of carbon footprint

A cradle-to-farm-gate life cycle assessment
framework was used to estimate the carbon
footprint. Emission sources included upstream
production of fertilizers and agrochemicals, direct
and indirect field emissions associated with nitrogen
application, and on-farm energy consumption
resulting from mechanized operations.

Emission factors were primarily derived from
the IPCC Tier 1 methodology and supplemented
with regionally specific coefficients where available.
Total greenhouse gas emissions were expressed as
carbon dioxide equivalents (kg COz-eq ha™),
allowing the aggregation of emissions from multiple
sources into a single metric.

Formula & quantitative protocol
The total carbon footprint (CF) of each plot was
given as: )
"CFijk=">_"m=1"*"n": "Am,ijk x EFm"
Where Am,ijk is the activity data of input m
with input intensity i, year j, and block k, and EFm
is the resultant emission factor (kg CO,-eq unit™).
Yield-scaled carbon footprint (YCF) was
determined as:

YCFijk=" "CFijk" / "Yijk
Yijk refers to the yield of grain (t ha™). Every

amount was converted to SI units, and the equations
were put in an editable form to comply with journal
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reproducibility criteria.

The life cycle analysis in this paper assumed a
cradle-to-farm-gate method, which included
upstream  manufacturing of fertilizers and
agrochemicals, on-farm energy consumption, and
both direct and indirect N,O emissions during
fertilization. The change in soil carbon stock was not
categorized as part of the LCA boundary because of
the limited time scale of the experiment and the
inherent uncertainty during measurement of small
annual changes in soil organic carbon under field
conditions (Sevenster et al., 2020).

Statistical analysis and model specification

Linear mixed-effects models were applied to
analyse the data in order to reflect the hierarchical
structure of the experiment and prevent inflation of
Type 1 error. Agronomic input intensity was
considered a fixed effect, whereas year and block
were considered random effects within year. The
following was the base model of the responses of
yield and carbon footprint:

Yijk=p + Ii + uj + bk(j) + &ijk

Equation 1, where u denotes the general mean,
Ii denotes the fixed effect of input intensity, uj
denotes the random effect of year, bk(j) denotes the
random effect of block within year, and €ijk denotes
the error term. Experimental and analytical
procedures are summarized in Table 1.

Table 1: Overview of experimental design and
methodology for sorghum yield—carbon footprint study

Component |Key Details

Design Randomized complete block, 3 replicates, 2
consecutive seasons
Site & Soil [Semi-arid farm; loamy soil; baseline

characterization: texture, pH, organic C, total
N, available P
Input Low, Medium, High; varied fertilizer,

Intensity mechanization, weed control; cultivar, sowing,
row spacing, plant population constant

Yield & Grain harvested at physiological maturity

Biomass (12% moisture); aboveground biomass and
harvest index measured

Carbon Cradle-to-farm-gate LCA including upstream

Footprint inputs, N emissions, on-farm energy; reported
as kg COz-eq ha™ and t™*

Analysis Linear mixed-effects models (input fixed;

year/block random); Tukey HSD for pairwise
comparison; residual diagnostics for normality
Data Standardized sampling, instrument calibration,
Integrity independent cross-checks; analyses performed
in R (v4.3.0, Ime4 & emmeans)

Hypothesis tests on model assumptions of
normality and homoscedasticity were performed
using residual diagnostics. Where fixed effects were
found to be important, pairwise analysis of treatment
means was applied using the honestly significant
difference (HSD) test at 0.05, in line with the
editorial expectations of an agronomic field study. R
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(4.3.0) was used to perform all analyses using the
Ime4 and emmeans packages.

Data quality control

The procedure of this study included
instrument calibration, standardized sampling
protocols, and cross-checking of data entry. None of
the data points were eliminated except when
measurement errors were clearly recorded. All
statistical outputs were confirmed as internally
consistent and then reported.

Ethics and compliance statement

The study did not involve human subjects or
animals and therefore did not require the
intervention of an ethics committee. Field testing
and environmental evaluation were conducted in line
with internationally recognized agronomic research
criteria. As illustrated in Fig. 1, the data were not
generated or statistically modeled using any artificial
intelligence tools; all calculations were performed
using traditional statistical software and equations.

SORGHUM YIELD— CARBON FOOTFRINT TRADE-OFFS

MULTI-FACTOR FIELD EXPERIMENT METHODOLOGY

DATA COLLECTION &
QUANTIFICATION

E} RANDOMIZED 9
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Fig. 1. Methodological framework for sorghum yield—
carbon footprint assessment.

Combined decision process to assess the eco-
efficiency of sorghum. The empirical basis of cradle-
to-gate carbon accounting was based on a two-year
RCBD trial with three management intensities: low,
medium, and high. The data were collected through
real-time field logging using standardized yield
measures. Linear mixed-effects modelling was used
to obtain yield-scaled carbon footprints (YCF),
which measure the trade-offs between productivity
and greenhouse gas emissions, and to isolate
management signals from environmental variation.

RESULTS AND DISCUSSION

Effects of agronomic input intensity on grain
yield and biomass production

The increase in above-ground biomass and
grain yield occurred systematically with increasing
agronomic input intensity during both growing
seasons (Fig. 2; Table 2). At low input intensity, the
mean grain yield was 3.12 t ha™, whereas at medium
and high input intensities, it was 4.51 tha™ and 5.44
tha™, respectively. Similarly, above-ground biomass
ranged from 7.7340.71 t ha™ (low), to 11.00+0.87 t
ha™ (medium), and 13.63+0.51 t ha™ (high).

The grain yield was significantly affected by
input intensity (F(2,12)=102.30, P < 0.001) in the
mixed-effects analysis (Table 4a). The effects of year
(F(1,12)=0.03, p=0.88) and input intensity x year
(F(2,12)=1.15, p=0.35) were not significant,
suggesting that the treatment effects remained
consistent across years. The fixed-effects estimates
(Table 3a) showed that grain yield was lower by 2.44
t ha™' at low input intensity (z=—13.63, p < 0.001)
and 1.18 t ha™ at medium input intensity (z=—6.58,
p <0.001) relative to high input. The year effect was
minimal and non-significant (—0.23+0.18 t ha™;
z=—1.27, p=0.20), and no interaction terms were
significant (p > 0.05). All input intensities were
significantly different from each other (Table 5), as
determined by Tukey’s HSD pairwise comparison.

High input yielded 2.31 t ha™ more than low
input (95% CI: —2.72 to —1.90, p < 0.001) and 0.93 t
ha™ more than medium input (95% CI: —1.34 to
—0.52, p <0.001), while medium input exceeded low
inputby 1.38 tha™ (95% CI: 0.97 to 1.79, p <0.001),
defining a strictly monotonic productivity gradient
with increasing management intensity.

There was no significant difference in the
harvest index between treatments or years (Fig. 2;
Table 2), with mean values remaining very close,
ranging from 0.40 to 0.41 (p=0.148). Thus, the
variation in grain yield was a result of variation in
total biomass production rather than differential
partitioning of assimilates, consistent with well-
known sorghum physiology (Bhattacharya, 2022).

This positive relationship between
management intensity and grain yield and above-
ground biomass is similar to findings from previous
studies on sorghum and other C, cereals (Mullet,
2017), in which fertilizer inputs and mechanization
influence canopy development and radiation
interception (Olson et al., 2012; Punia et al., 2020).
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(a) Grain Yield by Input Intensity and Year

(b) Aboveground Biomass by Input Intensity and Year
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(c) Harvest Index by Input Intensity and Year
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Fig. 2. Grain yield, above-ground biomass, and harvest index measured at two levels of input (low and medium)
and two consecutive years (consecutive) plotted on a bar graph.

The overall robustness of treatment responses
within the current climatic envelope is suggested by
the absence of significant year and interaction
effects, supporting the findings of Bareille and
Chakir (2024). While this may imply that the high-
input treatment was not close to the local agronomic
optimum, yield increases were nearly linear across
the range of input intensities tested, rather than
exhibiting the diminishing marginal yield returns
commonly observed under high nitrogen application
(Reich et al., 2022).

Effects of agronomic input intensity on absolute
carbon footprint

The higher the agronomic input intensity, the
higher the absolute greenhouse gas emissions per
hectare (Fig. 3; Table 2). The mean carbon footprints
were 891.02486.41 kg COj-eq ha™ (low),
1296.58+117.23 kg COz-eq ha™ (medium), and
1644.834£69.13 kg CO,-eq ha™ (high). The effect of
input intensity on the carbon footprint was
significant (Table 4b; F(2,12)=109.51, p < 0.001).
The year effect (F(1,12)=2.26, p=0.16) and the
interaction between input intensity and year
(F(2,12)=1.20, p=0.33) were not significant,
indicating that the emission response to management

32

intensity did not vary by season.

The mixed-effects model (Table 3b) estimated
emission reductions of 742.934+59.98 kg CO,-eq
ha™ (z=—12.39, p < 0.001) and 410.57+59.98 kg
COz-eq ha™ (z=—6.84, p < 0.001) at low and
medium intensities, respectively, relative to high
intensity. The year effect was neither significant nor
large (28.33£59.98 kg CO,-eq ha™; z=0.47,
p=0.64), and no interaction terms approached
significance (p > 0.14).

As illustrated in Figure 3, these results indicate
a close linear relationship between absolute
emissions per unit land area and agronomic
intensification, similar to the relationship observed
for crop productivity. The linear trends between
carbon footprint and input intensity can be explained
by fertilizer-driven intensification, as observed in
maize and wheat systems, where most emissions are
associated with upstream input production (Fu et al.,
2024; Han et al., 2024; Lin et al., 2025; Zhou et al.,
2025). Unlike mechanized or irrigation-based
systems, where the emissions budget may be more
independent, the current fertilizer-based system
generates proportional responses in both yield and
emissions (Yang et al., 2023).
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Fig. 3. Two growing seasons (Year 1 and Year 2) were calculated for each agronomic input
intensity for the carbon footprint per hectare (kg CO,-eq ha™).

Interannual climatic variability did not
significantly affect this structural relationship, as
evidenced by the small and non-significant year
effect. This finding is consistent with observations
reported for other semi-arid cereal systems (Zhang
et al., 2023).

Yield-scaled
efficiency

Although grain yield and absolute emissions
differed significantly at the statistical level between
treatments, the yield-scaled carbon footprint (kg
CO,-eq t! grain) was not significantly different
among the input intensity treatments (Fig. 4; Tables
2 and 6). Mean values were 285.724+30.77 (low),
288.87+33.25 (medium), and 303.05£19.42 kg CO,-
eq t™! (high). Tukey HSD tests (Table 6) confirmed
no significant contrasts: high vs. low=—17.33 kg
COz-eq t™ (95% CI: —60.00 to 25.34, p=0.56); high
vs. medium=—14.18 kg CO,-eq t™ (95% CI: —56.85
to 28.49, p=0.67); low vs. medium=3.15 kg CO,-eq
tt (95% CI: —39.52 to 45.82, p=0.98).
Intensification resulted in a considerable increase in
production and overall per-hectare emissions while
maintaining the carbon efficiency of grain
production on a yield-scaled basis.

As suggested by the findings of Adlan et al.
(2025), this finding suggests that production
intensification can move along a land-based
emissions curve without altering the carbon intensity
per unit product. This is in contrast to research that
has shown reduced emission intensity under
intensification (Costa et al., 2025; Infante &
Aguilera, 2024), where significant yield
improvements were made with relatively minor
increases in inputs. The difference in the present case
is probably because both yields and emissions were
motivated by the same input, with a relatively small
technological gradient. The moderate correlation

carbon footprint and carbon

between the yield-scaled carbon footprint and
absolute emissions (1=0.44) also suggests that the
input structure limits efficiency measures (Fig.4).
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Fig. 4. Relationships between grain yield and yield-scaled
carbon footprints, stratified by the level of inputs and the
year of the growing season.

Relationships between yield, biomass, and carbon
footprint

The absolute carbon footprint of the three input
intensity treatments was positively correlated with
grain yield for all years (Fig. 5), as low input
intensity systems were in the low-yield/low-
emission zone, medium input intensity systems were
in the middle, and high input intensity systems were
in the high-yield/high-emission zone. The Pearson
correlation matrix (Fig. 6) quantifies this structure.
Grain yield was strongly correlated with
aboveground biomass (r=0.97) and carbon
footprint/ha (r=0.93), and strongly correlated with
aboveground biomass (r=0.92) for carbon footprint,
indicating that higher-emitting systems had higher
biomass production.

The yield-scaled carbon footprint was only
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weakly related to grain yield (r=0.10) and
moderately associated with the absolute carbon
footprint (r=0.44), and had weak negative
relationships with other variables. The harvest index
showed only weak negative relationships with other
variables, and the yield-scaled carbon footprint was
only weakly associated with grain yield (r=0.10) and
moderately associated with absolute emissions
(r=0.44). The decoupling of the treatment effect on
the absolute emission level from the lack of
treatment effect on the yield-scaled level of
emissions is explained by this correlation structure:
intensification increased both yield and emission
levels proportionally and did not significantly
change the ratio of the two.

Yield vs Carbon Footprint
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Fig. 5. Grain yield with observations colored by the level
of absolute carbon intensity per hectare.

Causal architecture is reached when increases in
yield are nearly perfectly correlated with increases in
biomass (r=0.97) and biomass with carbon footprint
(r=0.92), suggesting the existence of a single main axis
of intensification, where more inputs are correlated
with increased dry matter production and increased N-
derived GHG emissions. Efficiency is achieved by
using different (qualitatively) inputs and/or different
ways of transforming nitrogen (Wang et al., 2025),
noting that there is no efficiency gain in using more or
less of the same input.

Model diagnostics and assumption checking

The linear mixed-effects models are presented
with diagnostic plots in Figures 7, 8. The residual
histogram was symmetric and unimodal, centered at
zero, and the Q-Q plot indicated that the quantiles
were close to the theoretical ones, with slight
deviations at the tails. The patterns support the
assumptions of normality and homoscedasticity and
validate that the statistical inferences on yield and
carbon footprint are valid.
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Fig. 6. All treatments and growing seasons were used to
correlate key agronomic and environmental variables
using a Pearson correlation heatmap.

Combined treatment effects and system-level
interpretation

In both seasons, agronomic input intensity
consistently and significantly improved grain yield,
above-ground biomass, and absolute carbon
footprint, but had no significant impact on harvest
index or yield-scaled carbon footprint (Fig. 6). The
interannual variation within treatments was small
compared to treatment effects, as were the year and
treatment year interaction terms in all mixed-effects
models. Together, these results indicate that the
intensification of sorghum production follows a
regular yield-emission curve that does not
compromise the C efficiency g kg-1 gr. This resolves
an ongoing ambiguity in the intensification
discussion and pinpoints the technology leverage
point for emissions reductions (Singh, 2025; Biswas
et al., 2022; Raseduzzaman et al., 2024; Pretty &
Bharucha, 2014), which is the nature of inputs and
not their intensity. In terms of land use, more grain
per hectare at a known emission cost results in a
higher input intensity. However, from a product
perspective, intensification alone is insufficient to
enhance carbon efficiency. This distinction is
relevant to life cycle assessment methodology and
mitigation policy (Schutzbach et al., 2025;
McDonald et al., 2025): mitigation measures should
focus on actions that will reduce the structural
coupling between nitrogen throughput and biomass
production (Tab.4a., 4b., Tab.5, Tab.6), such as
using enhanced efficiency fertilizers, partial
biological inhibition of N mineralization, or partial
replacement of synthetic N.
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Table 2. Descriptive statistics by input intensity (p-values from mixed-effects models).

Variable Mean SD Min Max p
A. High Input Intensity

Grain Yield (tha™) 5.44 0.26 5.12 5.79 <0.001
Above-ground Biomass (t ha™) 13.63 0.51 13.09 14.51 <0.001
Harvest Index 0.40 0.02 0.36 0.43 0.148
Carbon Footprint (kg CO,-eq ha™) 1644.83 69.13 1512.90 1719.10 <0.001
Yield-Scaled C.F. (kg COz-eq t™) 303.05 19.42 270.00 324.80 0.468
B. Medium Input Intensity

Grain Yield (tha™) 4.51 0.35 4.22 5.19 <0.001
Above-ground Biomass (tha™) 11.00 0.87 10.04 12.43 <0.001
Harvest Index 0.41 0.01 0.39 0.42 0.148
Carbon Footprint (kg CO,-eq ha™) 1296.58 117.23 1077.80 1416.70 <0.001
Yield-Scaled C.F. (kg COz-eq t™) 288.87 33.25 236.30 325.70 0.468
C. Low Input Intensity

Grain Yield (tha™) 3.12 0.19 2.95 3.41 <0.001
Above-ground Biomass (t ha™) 7.73 0.71 7.16 8.86 <0.001
Harvest Index 0.41 0.02 0.38 0.43 0.148
Carbon Footprint (kg CO,-eq ha™) 891.02 86.41 807.50 1035.30 <0.001
Yield-Scaled C.F. (kg COp-eq t™) 285.72 30.77 246.70 339.40 0.468
Table 3a. Mixed-effects model estimates of grain yield (t ha™).

Term Coefficient SE z p

Intercept 5.55 0.16 34.12 <0.001

Input Intensity [Low] —2.44 0.18 —13.63 <0.001

Input Intensity [Medium] —1.18 0.18 —6.58 <0.001

Year [Year 2] —0.23 0.18 -1.27 0.20

Low x Year 2 0.25 0.25 0.99 0.32
Medium X Year 2 0.49 0.25 1.95 0.05

Group Variance 0.65 0.90 0.73 0.47
SE=standard error. Reference category: High input intensity, Year I.

Table 3b. Mixed-effects model estimates of carbon footprint (kg CO,-eq ha™).

Term Coefficient SE z p
Intercept 1630.67 50.98 31.98 <0.001
Input Intensity [Low] —742.93 59.98 —12.39 <0.001
Input Intensity [Medium] —410.57 59.98 —6.84 <0.001
Year [Year 2] 28.33 59.98 0.47 0.64
Low x Year 2 —21.77 84.83 —0.26 0.80
Medium X Year 2 124.63 84.83 1.47 0.14
Group Variance 0.44 0.67 0.66 0.51
SE=standard error. Reference category: High input intensity, Year 1.

Table 4a. Analysis of variance of grain yield.

Source SS df F p
Input Intensity 16.24 2 102.30 <0.001
Year 0.00 1 0.03 0.88
Input Intensity x Year 0.18 2 1.15 0.35
Residual 0.95 12 — —
SS=sum of squares.

Table 4b. Analysis of variance of carbon footprint.

Source SS df F p
Input Intensity 1,708,003.90 2 109.51 <0.001
Year 17,646.94 1 2.26 0.16
Input Intensity X Year 18,720.11 2 1.20 0.33
Residual 93,578.02 12 — —

SS=sum of squares.
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Table 5. Tukey HSD pairwise comparisons of grain yield (t ha™).

Group 1 Group 2 Mean Diff. p-adj 95% CI Reject Hy
High Low —2.31 <0.001 —2.72 to —1.90 Yes
High Medium -0.93 <0.001 —1.34 to —0.52 Yes
Low Medium 1.38 <0.001 0.97 to 1.79 Yes
Table 6. Tukey HSD pairwise comparisons of yield-scaled carbon footprint (kg CO,-eq t™).

Group 1 Group 2 Mean Diff. p-adj 95% CI Reject Hy

High Low —-17.33 0.56 —60.00 to 25.34 No
High Medium —14.18 0.67 —56.85 to 28.49 No
Low Medium 3.15 0.98 —39.52 t0 45.82 No

This study also highlights the need to report
both area- and yield-scaled metrics because neither
of these alone can adequately capture the
performance of the system (Zong et al., 2025). Thus,
this approach shows the importance of using mixed-
effects modelling in combination with life-cycle
analysis to unravel these relationships (Singh, 2025).

CONCLUSION

This experiment provides a quantitatively
significant description of the agronomic yield-
carbon footprint trade-off in sorghum at varying
agronomic input intensities by showing that
agronomic intensification increased grain yield by
3.12 to 5.44 t ha from 3.12 to 1.64 Mg CO,-eq ha,
respectively. Findings of this research imply that
productivity and emission increase proportionally,
hence maintaining yield-scaled carbon footprint
among management regimes and explaining a
structural relationship between biomass production
and emissions. With the background of climate-
smart agronomy, the findings can be used to
construct a framework to differentiate between land-
based efficiency and system-level mitigation.
Although the study creates a strong seasonal
consistency, its weakness lies in a two-year study
and a one-site area. Responses at multiple locations
should be experimented on in the future, and soil
carbon dynamics and other nitrogen strategies
should be incorporated. On the whole, the analysis
shows that the reduction of emissions in sorghum
systems will not rely as much on the intensity of
inputs as it will depend on technological and
biochemical points of leverage in intensified
production systems.
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Olive oil, a cornerstone of the Mediterranean diet, is renowned for its high content of phenolic
compounds and its protective effects on human health. However, variations in production methods
and raw material quality can significantly influence its chemical composition and biological activity.
Kara yag, a traditionally produced, unrefined olive oil unique to Northern Cyprus, is obtained through
ancient artisanal extraction techniques and is rich in bioactive phenolics. This study aimed to
investigate and compare the effects of Kara yag and extra virgin olive oil (EVOOQO) on proliferation,
viability, and apoptosis in HCT-116 human colon cancer cells. Samples of Kara yag and EVOO were
obtained from local producers in Northern Cyprus. Their physicochemical parameters, including free
acidity, peroxide value, moisture content, and water activity, were analyzed in accordance with the
Turkish Food Codex standards. Total phenolic content was determined using the Folin—Ciocalteu
method, and antioxidant capacity was assessed spectrophotometrically. The high peroxide value
(121.35 meq/kg) of Kara yag is very high, which means that it was heavily oxidized throughout its
conventional manufacturing process, and that heat treatment enhanced the chemical breakdown.
Ochratoxin A (2.6 pg/kg) and aflatoxin B1 (0.8 pg/kg) were found in low levels of Kara yag and
therefore, the study is one of the first in the literature to analyze the toxin profile of the Kara yag. The
sensory analysis revealed that EVOO had distinct positive flavor qualities, but Kara yag did not have
them and high concentration of defects. HCT-116 cells were treated with different concentrations (1:1,
1:2, and 1:4) of each oil for 24, 48, and 72 hours. Cell viability was assessed by MTT assay, while
morphological and apoptotic changes were evaluated by microscopy and immunocytochemical
staining for Ki-67, Caspase-3, and c-Myc. Kara yag exhibited significantly higher total phenolic
content (278.95 mg GAE/kg) and antioxidant activity compared to EVOO. Treatment with Kara yag
led to a marked reduction in cell viability and proliferation in a time- and dose-dependent manner.
Enhanced apoptotic activity, characterized by increased caspase-3 expression and decreased Bcl-2
levels, was observed following Kara yag exposure. Both oils showed comparable c-Myc staining
patterns. The findings suggest that Kara yag, due to its superior phenolic composition and antioxidant
potential, exerts stronger cytotoxic and pro-apoptotic effects on HCT-116 colon cancer cells than extra
virgin olive oil. These results highlight the potential of traditionally produced Kara yag as a natural
source of bioactive compounds with promising chemopreventive and therapeutic properties against
colon cancer. Further studies are warranted to elucidate the underlying molecular mechanisms and
confirm its safety and efficacy in vivo.

Keywords: Kara yag; extra virgin olive oil, hct-116 colon cancer cell, ochratoxin A, aflatoxin Bl

INTRODUCTION europaea, guanchica, cerasiformis, maroccana,
laperrinei, and cuspidata. Three of these subspecies

The species Olea europaea, belonging to the are found naturally in Europe and are found in parts
genus Olea, comprises six known subspecies: of southwestern Atlantic Europe as well as the
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Mediterranean basin, which includes Spain, Italy,
Tirkiye, Greece, Portugal, France, Cyprus,
Slovenia, and Malta (Adun and Guler, 2025).
Olives contain phenolic compounds that appear to
have important health benefits because of their
antioxidant nature, low-density lipoprotein (LDL)
oxidative protection, and the possibility of
inhibiting oxidative damage. Olive oil, recognized
as a cornerstone of the Mediterranean diet, is
distinguished by its rich composition of phenolic
compounds and well-documented health-promoting
properties. These phenols, flavonoids and phenolic
acids play important roles in sensory properties and
health effects of olive oil. It has been reported that
the low prevalence of colorectal cancer in the
Mediterranean basin is due to the antioxidant
properties of hydroxytyrosol, tyrosol, oleuropein
and their derivatives, especially found in olive oil.
Oleuropein, one of the major secoiridoids in olive
and olive oil, is a very powerful antioxidant and a
natural defense against pests (Serra et al., 2021;
Giiler et al., 2024; Uzundumlu & Ates, 2025).
Factors such as production technique, raw material
quality, and processing conditions can substantially
influence the chemical composition and biological
activity of olive oil. The meta-analysis of more than
800,000 participants revealed that 25 g of olive oil
consumed daily reduced the risks of cardiovascular
disease by 16%, risks of type 2 diabetes by 22%,
and the rate of mortality in general by 11%
(Martinez-Gonzalez et al., 2022). During Ancient
times, olive oil was the main ingredient of
cosmetics and medicine. Hippocrates termed it as
the great healer and Homer made a famous saying
that it was liquid gold. It is also important to note
that Galen also focused on its medicinal use, and
olive oil was considered an expensive luxury
product in ancient Greece (Adun and Guler, 2025).
According to the ARIMA model, world olive
production is expected to reach 23.38 million tons
in the 2023-2027 period; this increase indicates that
the importance of olive oil in both nutrition and
health will increase further in the future
(Uzundumlu & Ates, 2025).

Extra virgin olive oil (EVOO) is a juice of an
olive that is produced using healthy fruits at the
optimal point of their maturity and correctly
processed. It reproduces the sensory characteristics
of the aroma and flavor of the fruit from which it
comes, while also preserving all the nutritional
elements characteristic of these oils (Uceda et al.
2017).

Olive production in Cyprus can be traced back
several thousand years, its origin can be traced to
the Early Bronze Age. The presence of olive trees
dating back 1,000 years, particularly in the
Guzelyurt—Kalkanli area, is strong evidence of this
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agricultural tradition (Karanfiloglu et al., 2025). It
is predominantly of the Ada Yerlisi variety, which
is local to Cyprus and is what is more commonly
referred to as the Local Olive. This is also a local
variety that is mostly utilized in producing Kara
yag (Karanfiloglu et al., 2025). Kara yag is a type
of olive oil produced using traditional methods,
particularly in Cyprus. It is fermented, boiled, and
dried; therefore, its production process is
completely different compared to EVOO. During
the production process, Ada Yerlisi are carefully
harvested and cleaned of any foreign material such
as leaves and branches. The olives are then boiled
for approximately one hour until softened and then
allowed to dry. However, this boiling process
causes a certain loss of the naturally occurring
phenolic compounds in the olives. Its most notable
characteristics are its dark color and strong musty
aroma. It also oxidizes more easily and has a
shorter shelf life compared to EVOO. In Cyprus,
Kara yag is referred to as ‘“mavrolado”
(Mavpordoo). “Mavro” is black in the Greek
language and “lado” is oil. Thus, “mavrolado” is
translated literally as Kara yag. The local people
considered it to be a cure of longevity in ancient
times and especially utilized it to cure gallbladder
and stomach problems (MR Olive Oil, 2025). The
Paphos and Karpaz regions are the traditional areas
of Kara yag production. However, due to its
bitterness and production technique, it is considered
a low-quality product and is gradually disappearing,
as it no longer appeals to modern taste preferences.
Its bottling has been prohibited by law since 1983
(Kibris Postasi, 2018). The methods utilized during
the production of olive oil are determinants of the
chemical composition and the toxicological profile
of the oil. The processing of the oil can be made to
oxidatively degrade more rapidly by the heat
applied and can also result in more polar
compounds and heat-treated byproducts (Uckun
and Var, 2014; Var and Uckun, 2021). Therefore, it
is essential to know how traditional heat treatment
methods change the biological characteristics of oil
to gain food safety as well as knowledge about its
functional properties.

The literature review emphasizes that most of
the existing literature is on EVOO and has no
mechanistic or cellular research on heat-treated or
fermented oils (Martinez-Gonzalez et al., 2022;
Saad and Kmail, 2025). Therefore, scientific
investigation of the biological effects of Kara yag
is important both for the identification of a
traditional product and for determining the possible
effects of the production process on health.
Therefore, the present study provides the first
experimental data concerning the biological activity
of traditionally manufactured Kara yag.
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In the present study, the effects of Kara yag, a
traditionally produced unrefined olive oil and extra
virgin olive oil at varying concentrations were
investigated on cell viability, proliferation, and
apoptosis in HCT-116 human colon cancer cells.

MATERIALS AND METHODS

Sample Collection and Preparation

Kara yag was produced from freshly harvested
olives supplied by the Ministry of Agriculture and
Natural Resources, originating from the Girne
Region of Northern Cyprus. The EVOO sample
was obtained from a certified local producer. All
samples were stored in dark glass bottles at 4°C
until analysis to minimize oxidative degradation.

Physicochemical Analysis

Free fatty acidity and peroxide value
determinations were carried out according to the
Turkish Food Codex Regulation on the Methods of
Analysis for Olive Oil and Olive-Pomace QOil
(No:2023/20)  (COI/T.20/Doc.  No34  and
COI/T.20/Doc. No 35).

Total Phenolic Content

Total phenolic content (TPC) analysis was
carried out according to the method described by
Gutfinger (1981) and Hrncirik and Fritsche (2004).
Results were expressed as milligrams of caffeic
acid equivalents per kilogram of oil (mg CAE/kg).
0.5 ml of olive oil and 0.5 ml of methanol were
added to a 2 ml Eppendorf reaction tube. The tubes
were shaken for 1 minute and centrifuged for 7
minutes at 15,000 rpm in a "Hettich" brand
microcentrifuge. The upper methanolic phases were

transferred to another tube, combined, and
analyzed.
Aflatoxin Analysis

Aflatoxin analysis was carried out according to
the method described by AOAC 991.31 (2002). Ten
grams of oil sample was transferred into a
centrifuge tube and extracted with 10 mL of
methanol-water (80:20, v/v). The mixture was
vortexed at high speed for 2 minutes and
centrifuged at 6000 rpm for 20 minutes at +4 °C.
After centrifugation, 1 mL of the upper layer was
diluted with 9 mL of ultrapure water and vortexed
for 20 seconds. The resulting 10 mL solution was
loaded onto the immunoaffinity column (IAC) at a
flow rate of 1 mL/min. The column was washed
twice with 10 mL of water to remove non-specific
impurities. Aflatoxin retained on the column was
eluted with 1 mL of methanol followed by 1 mL of
ultrapure water, and the combined eluate (2 mL)
was collected in a vial. The final extract was
vortexed for 30 seconds, filtered through a 0.45 um
Teflon membrane, and injected into the HPLC-FLD
system.

HPLC-FLD conditions are as follows:
Column: C18 Mobile Phase: Ultrapure Water:
Acetonitrile: Methanol (600:200:300/v:v:v) (120
mg KBr and 350 pL 4 Molar Nitric Acid per liter of
solution) Flow Rate: 1 mL/min Injection Volume:
100 pL Excitation wavelength: 360 nm Emission
wavelength: 430 nm Column temperature: 25°C
Derivatization Device: Coring Cell.

Ochratoxin Analysis (OTA)

OTA was carried out according to the method
described by Tekin (2023). 50 ml oil sample was
extracted using 100 mL of methanol-water (80:20,
v/v) and homogenized for two minutes in order to
perform an ochratoxin analysis. After filtering the
extract using a coarse filter (Whatman No. 4), 2 mL
of the filtrate was diluted with 40 mL of PBS and
vortexed. After passing the diluted extract through
the immunoaffinity column at a rate of two
milliliters per minute, it was cleaned with distilled
water and allowed to air dry. One milliliter of
methanol-acetic acid (98:2) and one milliliter of
ultrapure water were used to elute OTA. The eluate
was injected into the HPLC-FLD system after being
vortexed and filtered through a 0.45 pum Teflon
membrane (Table 1).

Table 1. HPLC Conditions.

Parameter Value

Column C18 ODS-3 Column (5 pm, 250 x
4.5 mm)

Flow Rate 1 mL/min

Temperature 30°C

Excitation 333 nm

Wavelength

Emission 477 nm

Wavelength

Mobile Phase Acetonitrile : Water : Acetic Acid
(48:51:1)

Injection Volume |100 puL

Moisture and Volatile Matter and Water
Activity (aw)

Moisture and volatile matter were measured
using a Shimadzu Moc-63u instrument, and water
activity (aw) was measured using a Novasina
LabStart-aw instrument. Water activity (aw)
analyses were performed following the AOAC
Official Method 993.20 (2002) protocol.
Measurements were carried out under controlled
laboratory conditions (25 + 1°C, 60% relative
humidity).

Sensory Analysis

In the sensory analyses, forms based on the
I0C method COI/T.20/Doc. No. 15/Rev. 10 were
used.

Cell Culture and Treatment Protocol

The human colorectal carcinoma cell line
(HCT-116) was used in this study and was obtained
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from the Cell Culture Stock of the DESAM
Research Institute, Near East University (Nicosia,
TRNC). Cells were maintained in 75 cm? culture
flasks containing Dulbecco’s Modified Eagle
Medium (DMEM, Capricorn-HPA) supplemented
with 10% fetal bovine serum (FBS; Biological
Industries, 04-127-1A), 2 mM L-glutamine
(Biological Industries, 03-020-1B), and 1%
penicillin—streptomycin (Biological Industries, 03-
031-1B). Cultures were incubated at 37°C in a
humidified atmosphere containing 95% air and 5%
CO,, under sterile conditions.

Cell Viability and MTT analysis

Cells were routinely monitored under an
inverted light microscope to assess viability,
proliferation, and possible microbial contamination.
The Trypan Blue exclusion assay was used to
evaluate cell viability. For this purpose, 50 pL of
the cell suspension was mixed with an equal
volume of Trypan Blue solution, and the mixture
was loaded onto a Neubauer hemocytometer. Cell
counting was performed under a light microscope
in four 4x4 grid fields. Cells that excluded the dye
and appeared bright were considered viable, while
blue-stained cells were regarded as non-viable. The
total number of viable cells per milliliter was
calculated as the mean viable cell count multiplied
by 20,000.

Cytotoxicity was assessed using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. HCT-116 cells were seeded in 96-
well plates at a density of 3 x 10° cells per well and
allowed to adhere for 24 hours before treatment.
HCT-116 cells were treated with varying ratios of
Kara yag and EVOO at 1:1, 1:2, and 1:4 for 24, 48,
and 72 hours. Kara yag and EVOO-untreated cells
were prepared as the control group.

At the end of each incubation period (24, 48,
and 72 hours), MTT reagent was added to each well
and incubated for an additional 2 hours. The optical
density (OD) was then measured at 570 nm using a
microplate reader (Thermo Scientific, Multiskan
FC, Finland). Cell viability was calculated as a
percentage of the control group.

Immunocytochemistry Analysis in HCT-116
Cells

Indirect immunoperoxidase staining was
performed according to the previously described
method (Ozduran et al., 2022) and the distribution
of Ki-67, indicating proliferation, Caspase-3,
indicating apoptosis from cell death pathways and
proton-oncogene protein C-myc triggering cell
growth and division were evaluated in HCT-116
cells. Both cell types were seeded and cultured until
they reached approximately 70% confluency. Cells
were then fixed with 4% paraformaldehyde
(158127-25G; Sigma-Aldrich) in phosphate-
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buffered saline (PBS) at 4°C for 30 minutes.
Following fixation, cells were washed three times
with PBS. Permeabilization was performed using
0.1% Triton X-100 (AppliChem, A4977-0100) in
PBS for 15 minutes on ice. After washing with
PBS, endogenous peroxidase activity was quenched
using 3% hydrogen peroxide (H,O,; Merck,
K31355100303) for 10 minutes and washed again
with PBS. Non-specific binding was blocked using
a commercial blocking solution (HRP, 859043;
Thermo Fisher) for 1 hour at room temperature.
Without washing, cells were incubated overnight at
4°C with primary antibodies against anti-caspase-3
(BT-AP01199; BT LAB), anti-Ki-67 (RB-081-A1;
NeoMarkers) and anti-c-myc (9402, Cell Signaling
Technology). The next day, cells were washed with
PBS and incubated with a biotinylated secondary
antibody (HRP, 859043; Thermo Fisher) for 30
minutes and subsequently washed again three times
with PBS. Afterward, 100 pL of streptavidin-
peroxidase complex was added to the cells and
incubated for 30 minutes. Cells were then rinsed
again with PBS. To enhance immunolabeling,
diaminobenzidine (DAB) (D7304; Sigma-Aldrich)
was applied for 3 minutes. Counterstaining was
performed using Mayer’s hematoxylin (09-168-1;
DDK, Italia) and washed with distilled water for 3
minutes. Finally, the cells were mounted using
mounting medium (Merck Millipore, 107961).
Stained samples were examined using a light
microscope (Olympus BX40). The intensity of
caspase-3, Ki-67 and c-myc staining was quantified
using the H-SCORE method, as described in
Equation 2.
H-SCORE=}; n (i+1)

where i is the intensity of dyeing with a value of 1,
2, or 3 (mild, moderate, or strong, respectively) and
n is the percentage of cells stained with each
intensity, varying between 0% and 100%.

Statistical Analysis
All experiments were performed in triplicate
for each experimental group to ensure

reproducibility and statistical validity. Quantitative
data were expressed as mean =+ standard deviation
(SD). Statistical differences among groups were
analyzed using one-way analysis of variance
(ANOVA) at a 95% confidence interval (p <0.05).
Tukey’s post-hoc test was applied to determine
pairwise comparisons between experimental
groups. Graphical representations of cytotoxicity
data were generated using GraphPad Prism version
5.10.0. Additionally, a two-way ANOVA followed
by the Bonferroni post-hoc test was conducted to
assess the significance of interactions between
treatment duration and concentration. Statistical
significance was set at p <0.05 for all analyses.
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RESULTS AND DISCUSSION

The free acidity, peroxide value, moisture,
volatile matter, and water activity of Kara yag and
extra virgin olive oil are given in Table 1. One of
the most crucial factors in assessing the quality and
geographic features of an olive oil is its peroxide
and acidity levels. This study found that EVOO had
lower free acidity, peroxide values moisture and
volatile matter than Kara yag. One indicator of the
level of oxidation is the peroxide value. The
maximum permissible limit is 20 meq/kg (meq
active oxygen/kg oil), but Kara yag's peroxide
value was found to be 121.35 meq active oxygen/kg
oil (FAO, 2024). This suggests that there has been
substantial oxidation of the Kara yag made by
traditional processing. According to Uckun and Var
(2014), although heat treatments do not entirely
remove toxins, they hasten the oxidative
degradation rate by elevating the peroxide value in
oils. It is believed that these oxidative byproducts
due to heat are the factors that result in the high
cytotoxicity of Kara yag.

The total phenol content in Kara yag was
determined to be 28.5 mg CAE/kg (Table 2).
Phenolic compounds such as hydroxytyrosol,
oleocanthal and oleacein contained in EVOO have
been shown to have mechanisms that reduce
proliferation, suppress COX-2 and ERKI1/2
pathways and increase apoptosis in colon cancer
cells (Serra et al., 2021). The effects of EVOO on
these are also linked mainly to the presence of
phenols, antioxidants, and anti-inflammatory
effects. The cellular mechanisms, by which this
occurs, however, have not been completely
illuminated. Therefore, in our study, EVOO was
evaluated against traditional Kara yag in terms of
biological effects. According to Amaral et al.
(2022), bagasse that is generated during the
production of olive oil has 98-99.5% of total
phenolic compounds, whereas only about 2 percent
is extracted into the oil phase. This leads one to
assume that the biological effects of the Kara yag,
which are altered due to a modification in the
composition of the phenols, might be determined
by the heat treatment and fermentation processes to
a larger extent. Among ochratoxins, only
ochratoxin A has a toxic effect in humans, while
aflatoxins, produced by Aspergillus species and
found in foods, are the most potent carcinogenic
mycotoxins (Gil-Serna et al., 2018; Versilovskis &
Mikhook™elsone, 2006).

Toxin analyses revealed contamination levels
of ochratoxin A (2.6 pg/kg) and aflatoxin B1 (0.8
ug/kg). Although large meta-analyses have linked
olive o0il consumption to chronic diseases,
contamination of the products by mycotoxins has

not been conducted (Martinez-Gonzalez et al.,
2022). It is reported that aflatoxins are degraded
only in the range of 237-306 °C, and heat-resistant
toxic and semi-toxic compounds can survive in the
oil matrix (Var & Ugkun, 2021). The low
concentration of OTA and AFBI observed in Kara
yag in this research also indicates the risk to food
safety of conventional production processes. The
fact that Kara yag has never been studied in
literature before increases the scientific importance
of the findings and shows that the health effects of
such traditional products should be investigated in
depth. Var and Uckun (2021) demonstrated that
various oil mining techniques have a significant
impact on aflatoxin migration, and the toxic
transfer rises especially in heat-based press
procedures. This observation corroborates the idea
that the old high-heat operations cause chemical
degradation of the oil and can enhance the rate of
heat-induced degradation product formation,
therefore  justifying the extreme chemical
transformation seen in Kara yag. Additionally, the
solubility of aflatoxins in polar solvents is high, and
this could be related to the presence of polar
constituents in oils subjected to heating. Polar
fraction is enhanced during oil processing that
influences the transfer of toxins. This agrees with
our results that when the temperature is high during
Kara yag production, the polar constituents of the
oil significantly differentiate its chemical structure
from EVOO.

Diraman et al. (2009) demonstrated that Kara
yag samples have significant structural changes that
can be attributed to high heat exposure during
processing, meaning that the observed high heat-
induced changes in structure could be the cause of
the specific biological profile of the samples on
comparison with EVOO. Furthermore, PCA
analysis of the Kara yag has also been reported to
have differentiated it with other countries as it has
high POO and low content of gadoleic acid. Such a
distinct TAG profile suggests the idea that there is a
structural difference in the composition of Kara yag
and that heat treatment can also influence its
chemical composition. Var and Uckun (2021)
demonstrated that various oil mining techniques
have a significant impact on aflatoxin migration,
and the toxic transfer rises especially in heat-based
press procedures. This observation corroborates the
idea that the old high heat operations cause
chemical degradation of the oil and can enhance the
rate of heat-induced degradation product formation,

therefore  justifying the extreme chemical
transformation seen in Kara yag.
Heat treatments have been extensively

demonstrated in the literature to have significant
effects on the chemical integrity of oils. It has been
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reported that aflatoxins and other toxic metabolites
remain stable up to 270°C, and therefore, heat
treatment does not eliminate these compounds; on
the contrary, it can lead to the formation of new
toxic byproducts through increased peroxide
production and oxidative degradation (Uckun and
Var, 2014). These findings support the notion that
the boiling and drying stages used in Kara yag
production can alter biological activity by causing
thermal changes in the oil matrix.

For sensory analysis, the evaluation form
shown in Fig. 1 was administered to a panel of
seven individuals. According to the sensory
analysis results, fruitiness (green) was perceived as
a positive trait in EVOO at a rate of 8/10, bitterness
at 6.4/10, and pungency at 7.7/10; while these traits
were not detected in Kara Yag. In Kara Yag, a
negative trait was perceived as a defect at a rate of
7.5/10.

Cell culture analysis results

Following 24 hours of incubation, treatment
with Kara yag and EVOO at a 1:1 ratio induced
noticeable cytotoxic effects in HCT-116 cells.
However, at the 1:4 ratio, a marked reduction in
cytotoxicity was observed in the Kara yag-treated
group, whereas no cytotoxic effect was detected in
cells treated with EVOO (Fig. 2)

After 48 hours of incubation, both Kara yag
and EVOO treatments at a 1:1 ratio exhibited
pronounced cytotoxic effects in HCT-116 cells.
However, at the 1:4 ratio, Kara yag demonstrated
notably lower cytotoxicity compared to EVOO at
the same concentration, indicating a concentration-
dependent reduction in toxicity specific to Kara yag

(Fig. 3). It has been stated that polyphenols
contained in olive oil increase the cytotoxicity of
chemotherapy drugs (Anwar et al., 2025). This
could be explained by the fact that the high
cytotoxicity of Kara yag was also accompanied by
a similar increase in the cellular sensitivity of
polyphenolic compounds under heat treatment.
Saad and Kmail (2025) state that the activity of the
polyphenols found in olives is very sensitive to
processing and temperature, which may cause a
shift in their antioxidant—prooxidant activity and
bioactivity. Accordingly, the extreme heat exposure
in the production of Kara yag could produce
structurally altered phenolics that have enhanced
cytotoxic and reduced stable dose-dependent
effects.

Following 72 hours of incubation, Kara yag
treatment at the 1:1 ratio induced higher
cytotoxicity in HCT-116 cells compared to EVOO.
In contrast, the 1:4 Kara yag treatment exhibited
lower cytotoxicity relative to EVOO at the same
ratio. (Fig. 4). The antioxidant to pro-oxidant effect
relationship through concentration, as reported by
Saad and Kmail (2025), accounts for the finding
that Kara yag has high cytotoxicity under high
concentration and significantly lower cytotoxicity
at low concentration.

Protective effects were particularly found in
the category of cold-pressed EVOO in the meta-
analysis  (Martinez-Gonzalez et al.,, 2022).
Nevertheless, the Kara yag production method,
which requires high temperatures and thermal
treatment, might result in the production of various
oxidative products and this might be the cause of
the pro-cytotoxic action on the cancer cells.

Table 2. Physicochemical, Toxin, and Sensory Properties of Olive Oil Samples.

EVOO Kara Yag
Free Acidity (% as oleic acid) 0.79 +£0.08 1.97 £0.32
Peroxide Value (meq active oxygen/kg oil) 9.94+1.45 121.35+17.53
Moisture & Volatile Matter (%) 0.15+£0.07 0.35 £0.06
Water Activity (aw) 0.33+0.00 0.46+0.00
Total Phenolics (mg caffeic acid equivalent|60.09+1.20 28.52+0.00

(CAE)/kg oil)

Toxin Analyses (ng/kg) -

Ochratoxin A: 2.60; Aflatoxin B1: 0.80

Sensory Analyses

Median of Defects: —
Positive Attributes:

Median of Defects: 7.5
Positive Attributes:

Fruitiness (green): 8.0 Fruitiness : —
Bitterness: 6.4 Bitterness: —
Pungency: 7.7 Pungency: —
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COL/ 20/Doc. Nol5/Rev. 10

AGROVET LABORATORY

PROFILE SHEET FOR VIRGIN OLIVE OIL

INTENSITY OF PERCEPTION OF DEFECTS

e
S T T W

Fusty/muddy sediment

Musty/humid/earthy

Winey/vinegary
acid/sour

Frostbitten olives
(wet wood)

Rancid

Other negative
attributes:

Metallic [ | Dryhay [ | Grubby [ | Rough [ ]
Descriptor: Brine [ | Heated or burnt O Vegetable water [

Esparto [ | Cucumber [ ] Greasy [ ]

INTENSITY OF PERCEPTION OF POSITIVE ATTRIBUTES

Fruity
Green[ | Ripe [ |
Bitter
Pungent
Name of taster: Taster code:
Sample code: Signature:
Date:
Comments:

Fig. 1. Sensory Analysis Form (COL/.20/Doc. Nol5/Rev. 10).

KARAYAG EVOO
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Fig. 2. A 1:1 treatment ratio resulted in a significant decrease in cell viability (p <0.05), while cytotoxicity
markedly declined at the 1:4 ratio in the Kara yag group and was completely absent in the EVOO-treated cells.

47



Ozge Ozden et al.

KARA YAG
80
70 L
2 60
'é 50
£ 40
o 30
S 20 IE
10
) |
100 50 25 12,5
48h

EVOO
90
80
2 70 —
S 60
g 50
=]
e 40
;g 30
20
10
0
100 50 25 12,5
48h

Fig. 3. Cytotoxic effects of Kara yag and EVOO on HCT-116 cells following 48 hours of incubation. Both oils
exhibited marked cytotoxicity at the 1:1 treatment ratio; however, Kara yag demonstrated significantly reduced
toxicity at the 1:4 ratio compared to EVOO, which showed no detectable cytotoxicity at the same concentration

(p <0.05).
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Fig. 4. Comparative cytotoxic effects of Kara yag and EVOO on HCT-116 cells after 72 hours of incubation. At
the 1:1 ratio, Kara yag demonstrated greater cytotoxicity than EVOO, whereas at the 1:4 ratio, the cytotoxic
potential of Kara yag was reduced and remained lower than that observed for EVOO (p <0.05).

Immunocytochemistry analysis results

Following the 48-hour incubation, the
treatment ratios exhibiting the most pronounced
cytotoxic effects (1:1) and the lowest cytotoxicity
(1:4) for both oils were further evaluated using
immunocytochemistry to visualize the subcellular
localization of proteins associated with cell
viability and death. Immunocytochemical analyses
targeted Ki-67, a proliferation marker; caspase-3, a
key executioner protein in the apoptotic pathway;
and c¢-Myc, a proto-oncogene involved in
promoting cell growth and division.

In the Kara yag 1:1 treatment group, Ki-67
immunoreactivity was weakly positive (Fig. 5A),
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caspase-3 immunoreactivity was negative (Fig. 5B),
and c-Myc immunoreactivity was moderately
positive (Fig. 5C). These findings indicate that the
Kara yag 1:1 treatment reduced cellular
proliferation, as reflected by the diminished Ki-67
staining, while failing to activate apoptosis, given
the absence of caspase-3 staining. Moreover, the
moderate ¢c-Myc immunoreactivity suggested that
proliferative signaling pathways related to cell
growth and division may have remained partially
active despite the observed cytotoxicity.

Following the 1:1 treatment with EVOO, both
Ki-67 (Fig. 6A) and caspase-3 (Fig. 6B)
immunoreactivities were strongly positive. The
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marked immunolabelling of Ki-67 and caspase-3
observed after the 1:1 EVOO treatment suggests, in
agreement with the MTT results, that EVOO may
simultaneously promote cellular proliferation while
also triggering apoptotic cell death in HCT-116
cells. The low but mild apoptotic cellular response
accompanied by low cytotoxic response that is
observed in our study is congruent with the
oxidative-inflammatory controlling functions of the
phenolic compounds in EVOO (Martinez-Gonzalez
et al., 2022).

Following the 1:4 Kara yag treatment, Ki-67
immunoreactivity was absent (Fig. 7A), while
caspase-3 (Fig. 7B) and c-Myc (Fig. 70C)
immunoreactivities were moderately positive. The
lack of Ki-67 staining indicates a marked
suppression of proliferative activity in HCT-116
cells, whereas the moderate expression of caspase-3
suggests the activation of apoptotic cell death
pathways. Concurrently, the moderate c-Myc
immunoreactivity implies that cellular growth and
division-related mechanisms  were partially
maintained despite the overall reduction in

According to Memmola et al. (2022) and
Tarun et al. (2025) oleic acid in EVOO can induce
apoptosis through the early downregulation of
COX-2 and suppression of Bcl-2 expression. The
mechanisms mentioned might be the reason that the
apoptotic tendency was observed in EVOO-treated
HCT-116 cells in our research. Its long-term
clinical safety profile is also in keeping with the
absence of high-dose cytotoxicity of EVOO.
Proliferation and increase in apoptosis of colon
cancer cells have been reported to be inhibited and
induced by EVOO-specific phenolic compounds,
including olecanthal, oleacein, and oleuropsenin
(Anwar et al.,2025). These processes are in line
with the moderate apoptotic effect of EVOO at low
concentrations in our study. In contrast, the heat
exposure in the traditional production of Kara yag
is quite extensive, and it is possible that it changes
or degrades heat-sensitive phenolics; the structural
changes could be the reason why the cytotoxicity
profile has a concentration effect, being the highest
at high concentrations and decreasing at lower
dilutions.

proliferation.
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Fig. 5. Immunocytochemical staining of HCT-116 cells treated with Kara yag at a 1:1 ratio
for 48 hours, showing Ki-67 (A), caspase-3 (B), and c-Myc (C) expression, along with the

negative control (D). Magnifications x400.
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Fig. 6. Immunocytochemical staining of HCT-116 cells treated with EVOO at a 1:1 ratio for 48
hours, showing Ki-67 (A), caspase-3 (B), and c-Myc (C) expression, along with the negative
control (D). Magnifications x400.
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Fig. 7. Immunocytochemical staining of HCT-116 cells treated with Kara yag at a 1:4 ratio for
48 hours, showing Ki-67 (A), caspase-3 (B), and c-Myc (C) expression, along with the negative
control (D). Magnifications x400.
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Fig. 8. Immunocytochemical staining of HCT-116 cells treated with EVOO at a 1:4 ratio for 48
hours, showing Ki-67 (A), caspase-3 (B), and c-Myc (C) expression, along with the negative
control (D). Magnifications x400.

Following the 1:4 treatment with EVOO, Ki-
67 immunoreactivity was moderately positive in
some cells (Fig. 8A), while caspase-3
immunoreactivity was strongly positive across the
cell population (Fig. 8B). In addition, c-Myc
immunoreactivity ~ was  diffusely = moderate
throughout the cells (Fig. 8C). These findings
indicate that, after the 1:4 EVOO treatment, cellular
proliferation persisted in a subset of cells, whereas
apoptotic cell death was prominently induced in
most HCT-116 cells. The EVOO polyphenols were
also found to inhibit the molecular pathways that
are vital in cancer development, including integrin
2, COX-2, and FAS, in colon cancer cells (Serra et
al., 2021). The mechanisms are congruent with the
low proliferation inhibition exhibited by EVOO at
low concentrations in our study. In the study
conducted by Serra et al. (2021), it was shown that
the anti-inflammatory, antioxidant and microbiota-
regulating effects of EVOO play a critical role in
reducing the risk of colorectal cancer; these
mechanisms are compatible with the limited
apoptotic effect of EVOO with low cytotoxicity in
our study.

The effects of varying concentrations of Kara
yag and EVOO on the proliferation and death of
HCT-116 colorectal cancer cells were evaluated.
Neither concentration of Kara yag promoted
cellular proliferation; however, apoptosis was

observed predominantly at the 1:4 dilution,
indicating a concentration-dependent response. In
contrast, EVOO exhibited the highest cytotoxic
effect at both dilutions after 48 hours of exposure.
Notably, the 1:4 EVOO treatment led to a modest
reduction in proliferation compared to the 1:1 ratio,
while apoptotic cell death was primarily induced at
the 1:4 dilution. These findings suggest that EVOO
at a 1:4 ratio may exert a more pronounced pro-
apoptotic effect on HCT-116 cells. Although Kara
yag at 1:4 also enhanced cell death compared to its
1:1 treatment, the concurrent expression of the
proto-oncogene c-Myc implies that its overall
cytotoxic efficacy on HCT-116 cells was lower
than that of EVOO. Phenolic compounds have been
discovered to prevent the production of ATP by
interfering with the membrane permeability, which
is fatal to both bacteria and cancer cell types
(Amaral et al., 2022). This process is in line with
the high cytotoxicity of Kara yag in the HCT-116
cells.

CONCLUSIONS

The analyzed Kara yag was identified as "raw
olive oil" according to the Turkish Food Codex.
Compared to EVOO, additional food safety
assessments are required not only for its chemical and
sensory qualities but also for its mycotoxin content.
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The physicochemical results were further confirmed
by sensory assessment, which showed that EVOO had
high positive characteristics (fruitiness, bitterness, and
pungency) and no negative ones (Kara yag), with a
high score in defects (as expected due to its high
oxidation and low quality). The concentrations of
OTA and AFBI in the Kara yag point to the fact that
the traditional production methods are potentially
dangerous to food safety and that there is a need to
further investigate this product in terms of
toxicological analysis.

This study demonstrated that traditionally
produced Kara yag and EVOO from Northern
Cyprus exert distinct biological effects on the HCT-
116 human colorectal cancer cell line. Kara yag
exhibited pronounced cytotoxicity and suppressed
proliferation at higher concentrations, whereas at
lower concentrations it induced only limited
apoptotic activity. In contrast, EVOO, particularly
at a 1:4 ratio, activated apoptotic pathways without
markedly reducing proliferative activity, suggesting
its potential as a functional food component or
complementary anticancer agent.

Overall, the findings indicate that the
biological effects of olive oils are strongly
influenced by production method, phenolic
composition, and treatment concentration. These
results contribute to a deeper understanding of the
bioactivity of traditionally produced olive oils and
provide a valuable scientific basis for future in vivo

investigations.
Consequently, it should be considered that
these chemical alterations, because of heat

treatment, can be used to tune the biological effects
to some degree, and any future research on the
health impact of traditional types of olive oil ought
to include the thermal conditions associated with
the production process as a variable.
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Given the widespread popularity of common juniper in folk and traditional medicine, as well as in
landscape design, this study aimed to investigate the phytochemical composition of Juniperus
communis L. growing within the territory of the Burabay State National Nature Park in Northern
Kazakhstan to determine its pharmacological potential, and to conduct a comparative study of the
biochemical components of Juniperus communis L. and Juniperus sabina L. collected from the study
areas Khizi, Altiagaj and Shabran, in Azerbaijan. The distribution and geobotanical characteristics of
Juniperus communis L., growing in the Burabay State National Nature Park in northern Kazakhstan,
were studied. The phytochemical composition of alcoholic extracts of common juniper included 54
components belonging to 15 classes of organic compounds: Ester, Carboxylic acid, Hydrocarbon,
Lactone, Pyranone, Diketone, Ketone, Oxime, Phenol, Alcohol, Epoxide, Ether, Aldehyde,
Disaccharide, and Anhydrosugar. Essential oils of 3 juniper species were obtained and their yield
percentage was calculated. The yield of essential oil for Juniperus communis L. — 1.4% and and
Juniperus sabina — 1.2%. The highest yield of essential oil was recorded in the type of multi-fruited
juniper. The article presents the results of the analysis of the essential oil of Juniperus communis L. by
gas chromatography and the composition of the essential oil. Chromatographic analysis revealed that
thiujone (35.21%) and alpha-terpinene (19.78%) components had higher concentrations, while
camphor (0.33%) and estragole (0.16%) components had the lowest concentrations. Turkish scientists
have scientifically proven that the biochemical composition of juniper species growing in natural
conditions depends on environmental conditions and soil characteristics, especially their richness in
potassium (5.02-6.81%), and their macro and micro element composition.

Keywords: Juniperus communis L., biochemical components, component composition chromatogram

INTRODUCTION

Among the many species of medicinal plants,
representatives of the genus Juniperus L. have been
known since prehistoric times. Ancient healers used
remedies prepared from parts of the juniper plant for
treating wounds and drying ulcers (Karomatov,
Davlatova, 2018), as well as for shortness of breath,
asthma, ascites, and hemorrhoids. The berry-like
cones of the plant were used for cleansing the
stomach and liver, while crushed leaves were applied
in the treatment of meningitis (Novikov et al., 2013).

Residents of Central Asian countries hold
juniper in high esteem. They use juniper berries as
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food ingredients, making fruit drinks and compotes,
and marinating meats (Asgary et al., 2014).

In Kazakhstan, the peoples of Central Asia
hold juniper in particularly high esteem. They use
juniper berries as food ingredients, prepare fruit
drinks and compotes from them, and use them in
meat marination. In Kazakhstan, juniper species
grow in the mountainous regions of the Trans-Ili
Alatau, Kungey Alatau, and Terskey Alatau
(Northern and Southern Kazakhstan), where they
form juniper woodlands. They are also distributed
in the Altai Mountains (Eastern Kazakhstan) and
the Tarbagatai Mountains (Southeastern
Kazakhstan). Juniper phytocoenoses occur in
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granite rock crevices, on exposed granite cliffs,
along rocky slopes, and under the canopy of pine
forests in the Karkaraly and Degelen mountain
ranges, as well as in the Bektauata Mountains. This
information is based on long-term floristic studies
of the Kazakh Uplands (Kupriyanov, 2020).

Thickets of common juniper grow within
specially protected natural territories of the
republic. In particular, they are widespread in the
West Altai, Markakol, and Naurzum Nature
Reserves, as well as in the Burabay, Ereimentau,
Bayanaul, and Katon-Karagay State National
Nature Parks, among others (Specially protected
natural areas).

Due to their adaptability to soil and climatic
conditions, junipers are highly decorative and
promising for landscape design. Therefore, they are
widely used in the landscaping of parks and public
gardens in urbanized areas.

The biochemical composition of juniper
species may vary depending on ecological
conditions and soil properties. For instance, Giilser,
C1g and Tirkoglu (2012). reported that the fruits of
Juniperus excelsa Bieb. growing naturally in Van,
Turkiye, were particularly rich in potassium (5.02—
6.81%) and their macro- and micronutrient contents
were closely related to the soil characteristics of the
growing environment. Beyond mineral nutrients,
juniper plants also contain significant amounts of
primary metabolites such as sugars. Tiirkoglu, Balta
and Cig (2008) reported that fresh leaves and
berries of Juniperus excelsa from Turkey contained
fructose (44.0-70.2 mg/100g), glucose (22.0-26.0
mg/100g) and sucrose (10.0-25.0 mg/100g), with
higher sugar levels observed in north-facing slopes
compared to south-facing ones.

Given the widespread popularity of common
juniper in folk and traditional medicine, as well as
in landscape design, this study aimed to investigate
the phytochemical composition of Juniperus
communis L. growing within the territory of the
Burabay State National Nature Park in Northern
Kazakhstan to determine its pharmacological
potential, and to conduct a comparative study of the
biochemical components of Juniperus communis L.
and Juniperus sabina L. collected from the study
areas Khizi, Altiagaj and Shabran, in Azerbaijan.

MATERIALS AND METHODS

Juniperus communis L., known as a valuable
medicinal and ornamental plant, was selected as the
object of the study. Samples of Juniperus
communis L. shoots were collected from sites in the
Borovoe Forestry (Compartment 1) in the foothills
of Mount Kokshe. According to the administrative
division, this territory belongs to the regions of

Northern Kazakhstan with a sharply continental
climate of the temperate zone. The average annual
air temperature is +3.2°C, and annual precipitation
amounts to 320 mm. Due to the location of the
natural park far from all oceans, the region is
characterized by extremely cold winters and
moderately hot, dry to semi-dry summers.

The ecological and phytocoenotic structure of J.
communis L. associations was studied according to
the floristic zoning of Kazakhstan (Flora of
Kazakhstan, 1956). To investigate the phytocoenotic
characteristics of J. communis L. associations,
traditional field geobotanical methods based on the
ecological-physiognomic approach described by
Bykov (1970) were applied. The structure of the
associations was studied according to the methods of
T.A.Rabotnov (1964). Plant communities belonging
to the same ecobiomorph and ecologically similar
species groups were combined into ecological-
physiognomic types according to the dominant
principle. Plant nomenclature follows WCSP
(wcesp.science.kew.org).

Within the territory of the Burabay State
National Nature Park, three sampling plots were
established during expeditionary work conducted in
August - September 2020. Sampling was carried
out early in the morning, avoiding the hottest period
of the day, to ensure the representativeness of the
results reflecting the condition of all plants and the
study site. Shoots were cut using clean, dry
secateurs from four directions (north, south, east,
and west) and placed into clean paper bags. The
total sample weight ranged from 500 to 550 g. In
the laboratory, the juniper shoot samples were
spread out and dried at room temperature. For
phytochemical analysis, mixed shoot samples were
prepared to obtain an average sample.

Analytical studies of the phytochemical
composition of common juniper were carried out in
the Laboratory of Physicochemical Methods of
Analysis at Al-Farabi Kazakh National University.
Alcoholic extracts of the shoots were used for
phytochemical analysis. The analysis was
performed by gas  chromatography—mass
spectrometry using an Agilent 7890A/5975C
system. A sample volume of 1.0 pL was injected
with a split ratio of 10:1 using a DB-35MS
chromatographic column (Agilent, USA), 30 m x
0.25 mm, film thickness 0.25 pm. The column
temperature program ranged from 50°C (held for 1
min) with a heating rate of 10°C/min up to 270°C
(held for 15 min). The injector temperature was
250°C, and ion monitoring was carried out within
the m/z 34-750 range. The phytochemical analysis
method is well known and widely applied in
laboratory practice in accordance with (Fatima et
al., 2025; Gerling et al., 2016).
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The structure and dynamics of forest
phytocenoses of the North-Eastern part of the
Greater Caucasus (Azerbaijani territory), and the
impact of climate change on the development of
species belonging to the genus Juniperus L. were
scientifically investigated. Scientific research has
been conducted in the Khizi, Altiagach, and
Shabran research areas on the study of forest
ecosystems, protection of biodiversity, sustainable
forest management, and assessment of the impact
of climate change.

Three juniper species belonging to the genus
Juniperus L. were also used as research objects:
Juniperus communis L. and Juniperus sabina L.
These species are widespread in Azerbaijan within
the lower and middle mountain belts and are
sometimes found on rocky slopes up to the
subalpine zone. They are economically valuable
medicinal plants used in the production of essential
oils and vitamins.

RESULTS AND DISCUSSION

Common juniper is characterized by uneven
and fragmented distribution within the territory of
the Burabay State National Nature Park. Juniperus
communis L. mainly grows under the canopy of
pine and pine-birch forests on podzolic soils along
the slopes of Mount Kokshetau (Sinyukha). In the
understory among pine, birch, and poplar trees,
together with various shrubs such as rosehip,
rowan, hawthorn, currant, cherry, and bird cherry,
junipers are also present.

Aspen occurs as an admixture in pine-birch
forests. In some depressions, pure aspen stands may
occur. Towards the foothills, vegetation cover
changes into communities dominated by semi-shrubs
and herbaceous species. Overall, 754 plant species
have been recorded within the territory of the
Burabay State National Nature Park. Among them,
20 species are classified as rare and endangered
plants listed in the Red Book of the Republic of
Kazakhstan, and 79 species are considered relict
plants. According to family representation, the flora
is distributed as follows: Asteraceae (12.1%),
Poaceae (6.8%), Rosaceae (6.2%), Cyperaceae
(6.1%), Scrophulariaceae (3%), Lamiaceae (2.8%),
Callitrichaceae (2.7%), Apiaceae (2.4%), and others.

In the experimental plots, generative
individuals predominate in the cenopopulations of
common juniper (up to 63%), while the proportion
of juvenile individuals averages up to 9%, virginile
individuals up to 17%, and senescent plants up to
11%. Healthy individuals (within 51-67%) were
identified in each cenopopulation at every sampling
site, although isolated weakened individuals were
also observed.
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Due to the special status of the region as a
specially protected natural territory and its
proximity to the national capital, a high level of fire
safety and biological (phytopathological) security is
maintained within the territory of the Burabay State
National Nature Park. The flora and fauna of the
park are under long-term monitoring, and many
types of anthropogenic impact are strictly
controlled. Therefore, the condition of the local
flora, including common juniper, can be assessed as
satisfactory.

It is well known that the pharmacological
potential of plants directly depends on their
biochemical composition. In this regard, the
phytochemical composition of Juniperus communis
L. was determined.

The results of the laboratory analysis of the
phytochemical composition of Juniperus communis
L. showed that 54 components were identified in
the alcoholic extract of common juniper (Table).

All 54 components isolated from the alcoholic
extracts of juniper belonged to 15 classes of organic
compounds: esters, carboxylic acids, hydrocarbons,
lactones, pyranones, diketones, ketones, oximes,
phenols, alcohols, epoxides, ethers, aldehydes,
disaccharides, and anhydrosugars. Taviano et al.
(2013) compared the phenolic profiles of Juniperus
oxycedrus subsp. oxycedrus and J. oxycedrus subsp.
macrocarpa berries from Turkey. The total
phenolic content was approximately threefold
higher in J. oxycedrus subsp. macrocarpa (17.89
mg GAE/g extract) compared to subsp. oxycedrus
(5.14 mg GAE/g extract). HPLC-DAD-ESI-MS
analysis revealed similar flavonoid fingerprints but
quantitative differences (12.644 pg/g vs. 4,632
ng/g). Notably, three phenolic acids were detected
exclusively in subsp. macrocarpa (5,765 ug/g
extract), with protocatechuic acid being the most
abundant. In terms of antioxidant activity, subsp.
macrocarpa showed stronger activity in DPPH and
TBA tests, while subsp. oxycedrus exhibited higher
reducing power and metal chelating activity. Both
extracts displayed antimicrobial efficacy only
against Gram-positive bacteria and showed no
toxicity against Artemia salina.

In the phytochemical composition of the
common juniper extract, 25 out of 54 substances
were present at concentrations exceeding 1%.
Among them, 21 substances were found within the
range of 1-5%, while four substances exceeded 5%.
The highest concentrations were observed for
components such as Germacrene D isomer (7.57%),
Humulene (7.97%), p-Caryophyllene (10.54%), and
v-Elemene (19.28%).

Miceli et al. (Miceli et al., 2009) investigated
the flavonoid profiles and biological activities of
Juniperus communis var. communis and var.
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saxatilis berries from Turkey. Total polyphenol
content was threefold higher in var. communis
(59.17 mg GAE/g extract) than in var. saxatilis
(17.64 mg GAE/g extract). HPLC-DAD-ESI-MS
analysis revealed that flavonoid and biflavonoid

content was significantly higher in var. communis
(25.947 ug/g and 4.346 pug/g, respectively)
compared to var. saxatilis (5.387 pg/g and 1.944
ug/g, respectively).

Table. Phytochemical Components of Juniperus communis L. extract.

Ne Name of substance RT, min Content of | Class of organic
components compounds

1 3-Methyl-3-buten-1-yl 3-methylbutanoate 10.83 0.28 Ester

2 Ethyl glycolate 11.85 0.28 Ester

3 Acetic acid 12.63 0.84 Carboxylic acid

4 Methyl pyruvate 1291 2.29 Ester

5 Elixene (Isomer I) 13.42 0.40 Hydrocarbon

6 2-Hydroxy-y-butyrolactone 15.17 0.68 Lactone

7 (S)-(-)-Methyl citronellate 15.47 0.45 Ester

8 B-Ylangene 15.58 1.54 Hydrocarbon

9 Bornyl acetate 15.77 1.07 Ester

10 [Valencene 16.03 3.57 Hydrocarbon

11  [B-Caryophyllene 16.13 10.54 Hydrocarbon

12 |Elixene (Isomer II) 16.75 0.50 Hydrocarbon

13 |y-Elemene 17.16 19.28 Hydrocarbon

14 |2,3-Dihydro-3,5-dihydroxy-6-methyl-(4H)-pyran-4-one (DDMP) 17.33 1.06 Pyranone

15 [Methylenecyclopropanecarboxylic acid 17.58 0.27 Carboxylic acid

16 |B-Copaene 17.64 0.43 Hydrocarbon

17  |Humulene 17.79 7.97 Hydrocarbon

18  |y-Muurolene 18.24 1.23 Hydrocarbon

19 |Terpinyl acetate 18.46 4.35 Ester

20 |Germacrene D isomer 18.71 7.57 Hydrocarbon

21  |B-Selinene 18.90 0.54 Hydrocarbon

22 |o-Selinene 19.02 0.51 Hydrocarbon

23  |Elixene (Isomer IIT) 19.23 0.43 Hydrocarbon

24  |5-Cadinene 19.79 1.75 Hydrocarbon

25 |1,2-Cyclopentanedione 19.96 0.42 Diketone

26 |2-Methyl-2-(3-methyl-2-oxobutyl)-1-cyclohexanone 20.12 0.60 Ketone

27  |Methoxy phenyl oxime 20.13 0.58 Oxime

28  |p-Vinylguaiacol 20.74 0.58 Phenol

29  |Myrtenyl acetate 21.53 0.67 Ester

30 |Epishyobunol 23.57 1.17 Alcohol

31  |4-epi-Cubebol 23.79 0.40 Alcohol

32 |Caryophyllene oxide 25.33 0.72 Epoxide

33 |Humulene epoxide II 25.64 0.44 Epoxide

34 |1-Hydroxy-1,7-dimethyl-4-isopropyl-2,7-cyclodecadiene 25.92 2.26 Alcohol

35 |Elemol 26.54 1.22 Alcohol

36 |trans-Longipinocarveol 26.84 0.52 Alcohol

37 |Manoyl oxide 31.26 0.48 Ether

38  |Palmitic acid 31.73 1.42 Carboxylic acid

39 |Spathulenol 31.75 1.62 Alcohol

40 |7R,8R-8-Hydroxy-4-isopropylidene-7-methylbicyclo [5.3.1] undec-1-ene 33.16 0.49 Alcohol

41  |3-Isopropyl-6,7-dimethyltricyclo [4.4.0.0(2,8)] decane-9,10-diol 33.56 0.54 Alcohol

42 |5-Hydroxymethylfurfural 33.80 2.62 Aldehyde

43 |Phytol 34.06 0.80 Alcohol

44 |Myristic acid 37.10 0.42 Carboxylic acid

45  |Biformene 38.04 0.28 Hydrocarbon

46  |Retinol 38.49 0.99 Alcohol

47 |1-Docosene 39.23 1.79 Hydrocarbon

48  |13B-Methyl-13-vinylpodocarp-7-en-3-one 40.02 1.78 Ketone

49  |Tetratetracontane 40.50 0.39 Hydrocarbon

50 |Behenyl alcohol 41.98 1.23 Alcohol

51 |Sclareol 4248 2.28 Alcohol

52  |Tetratetracontane 44.28 1.15 Hydrocarbon

53 |Sucrose 47.26 3.31 Disaccharide

54  |Levoglucosan 49.42 1.00 Anhydrosugar
Total 100.00
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Sixteen flavonoids were separated in var.
communis, with hypolaetin-7-pentoside  and
quercetin-hexoside as the main compounds, while
eight flavonoids were identified in var. saxatilis.
Notably, gossypetin-hexoside-pentoside and
gossypetin-hexoside were identified for the first
time in J. communis berries. In antioxidant assays,
var. communis was more active than var. saxatilis
in DPPH (ICsq: 0.63 vs. 1.84 mg/mL) and TBA
(ICso: 4.44 vs. 120.07 pg/mL) tests, whereas var.
saxatilis exhibited higher Fe?** chelating ability.
Both extracts showed antimicrobial activity
exclusively against Gram-positive bacteria.

The use of decoctions, extracts, ointments, and
essential oils derived from Juniperus species in
medicinal practice directly depends on their
phytochemical composition. Some authors have
demonstrated that Juniperus excelsa extracts
exhibit antidiarrheal effects due to the presence of
anthraquinones, flavonoids, saponins, sterols,
terpenes, and tannins (Zhao et al., 2013). Aqueous
and alcoholic extracts of juniper leaves and fruits
are known to possess anticholinesterase and
antioxidant activities (Jegal et al., 2017).

The scientific literature contains information
indicating that certain components of juniper, such
as o-pinene, apigenin, sabinene, [-sitosterol,
campesterol, limonene, amentoflavone, and
cupressuflavone, possess antiarthritic properties.
The authors of studies (Jegal et al., 2016; Adams
et al., 2010) found that juniper fruit extracts exhibit
antityrosinase activity and are promising for the
treatment of skin pigmentation disorders due to the
presence of hypolaetin 7-O-B-xylopyranoside.

Several studies have demonstrated that the
phytochemical composition of juniper depends on
environmental growth conditions and that the
biologically active substances of juniper are
characterized by geographic variability (Butkiene et
al., 2009; Koenig et al., 2004).

In a study conducted on J. excelsa leaves from
Tiirkiye, the essential oil obtained by hydro-
distillation was analyzed by GC-MS, revealing 27
compounds. The main components were identified
as a-pinene (40.59%), oa-cedrol (18.15%), PB-
myrcene (4.53%), and limonene (3.84%),
accounting for 91.54% of the total essential oil
composition. The oil exhibited weak antibacterial
activity against both Gram-positive and Gram-
negative bacterial strains, as well as low but
valuable antioxidant activity as determined by
TEAC/ABTS" radical scavenging assay (Eryigit et
al., 2023).

Thus, Juniperus communis L., growing under
the conditions of Northern  Kazakhstan,
demonstrates considerable potential due to its rich
phytochemical composition for applications in the
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pharmacological, food, and perfume industries, as
well as in landscape design.

A comparative study of the biochemical
components of Juniperus communis L. growing in
Northern Kazakhstan (Aleshina et al.,, 2004;
Tkachev, 2008) and the species Juniperus
communis L. and Juniperus sabina L. collected
from the study areas Khizi, Altiagaj and Shabran in
Azerbaijan, was conducted.

Elsherif et al. (2024) analyzed the
phytochemical composition and elemental content
of Juniperus phoenicea L. The ethanol extract
contained  higher  concentrations of  most
phytochemicals compared to the aqueous extract,
with total phenols at 49.36 mg/g, total flavonoids at
20.61 mg/g, and total antioxidant activity at 34.82
mg/g. Elemental analysis revealed that calcium was
the most abundant macroelement (26,860 mg/kg),
followed by sodium (1,705.4 mg/kg) and
magnesium (944.4 mg/kg). Among microelements,
iron (315.4 mg/kg) was predominant, followed by
copper (55.52 mg/kg) and zinc (35.66 mg/kg).

Corresponding amounts of biomass (plant
leaves) were collected from Juniperus communis L.
and Juniperus sabina. Essential oils were obtained
using the pharmacopoeial method (Aleshina and
Velichko, 2004; OFS.1.5.3.0010.15).

A total of 160 g of each sample was measured,
water was added to a 1000 mL flask using a
Ginsberg apparatus, and the mixture was boiled for
the period specified in the regulations. To calculate
the amount of essential oil obtained as a volume—
weight percentage (X) of the absolutely dry raw
material, the following formula was used:

v * 100
Y=
m

V - is the volume of oil obtained, in milliliters;
m - is the weight of the raw material used, in grams.

The component composition of the isolated
essential oils was analyzed by gas chromatography
using a CRYSTAL-2000M gas chromatograph
(Russia) (Salman et al., 2015). The analysis was
completed in 22 min 48 s.

Essential oils obtained by any method or
technology retain their quality even during long-
term storage (for years) and remain both safe and
effective. ~ The replacement of  imported
pharmaceuticals with locally produced herbal
remedies, as well as the increasing use of essential
oil-bearing plants in various economic sectors,
requires a comprehensive study of this group of
plants. For this purpose, essential oils of three
juniper species sourced from the Khizi, Altiagach,
and Shabran regions of Azerbaijan are being
studied.
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Fig. Component composition (chromatogram) of the essential oil isolated from Juniperus communis L.

The essential oil yields were 1.4% for
Juniperus communis L. and 1.2% for Juniperus
sabina. The highest essential oil yield was recorded
for Juniperus polycarpos. The obtained essential
oils had a greenish-yellow color and a characteristic
pleasant aroma.

The article presents the results of gas
chromatographic analysis of the essential oil of

Juniperus communis L. and its chemical
composition.
Chromatographic  analysis revealed that

thujone (35.21%) and o-terpinene (19.78%) were
the major components, while camphor (0.33%) and
estragole (0.16%) were present in the lowest
concentrations (Aleshina, Velichko, 2004).

Let's take a look at the analysis of the
component composition of the essential oil isolated
from the studied Juniperus communis species. In
the component composition of the essential oil, 14
peaks were identified, while 7 peaks could not be
identified (Fig.). This was due to the lack of
sufficient witness substances in the chromatograph.
The results of the calculation of the identification of
peaks are given in the table (Adams et al., 2010).

CONCLUSION

The distribution and geobotanical
characteristics of Juniperus communis L. growing
in the Burabay State National Nature Park in
Northern Kazakhstan and the essential oils of some
Juniperus L. species from the flora of Azerbaijan
were studied.

The phytochemical composition of alcoholic
extracts of common juniper included 54
components belonging to 15 classes of organic
compounds: esters, carboxylic acids, hydrocarbons,
lactones, pyranones, diketones, ketones, oximes,
phenols, alcohols, epoxides, ethers, aldehydes,
disaccharides, and anhydrosugars.

The yield of essential oil for Jumiperus
communis L. — 1.4%; and for Juniperus sabina —
1.2%. The highest yield of essential oil was
recorded in the type of multi-fruited juniper.
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The continuous emergence of SARS-CoV-2 variants of concern has highlighted important limitations
of first-generation COVID-19 vaccines developed against the ancestral Wuhan spike protein. Although
these vaccines provided strong protection against severe disease and mortality, the accumulation of
mutations in the spike protein, particularly within the receptor-binding domain (RBD), progressively
reduced their ability to prevent infection and facilitated immune escape. In contrast, vaccine
approaches that combine multiple complementary viral antigens have shown greater potential to
maintain broad protective immunity despite ongoing viral evolution and immune escape. In this
article, we discuss the scientific basis of a plant-produced recombinant COVID-19 cocktail vaccine
that demonstrated sustained immunogenicity and cross-variant effectiveness despite being designed
from the ancestral Wuhan SARS-CoV-2 sequence. Based on our experimental studies, we propose that
this broad protective potential results from the integration of three key design elements: (i) targeting
conserved and functionally constrained epitopes within the RBD, (ii) combining RBD and
nucleocapsid (N) proteins in a multi-antigen vaccine formulation, and (iii) applying glycoengineering
strategies to optimize antigen structure and immune recognition, thereby broadening the immune
response and reducing susceptibility to viral immune escape. We further discuss the advantages of
plant molecular farming, particularly transient expression in Nicotiana benthamiana, as a rapid,
scalable, and cost-effective platform for recombinant vaccine production. Our studies demonstrated
that plant-produced glycosylated and deglycosylated RBD antigens retain functional receptor-binding
activity and induce strong neutralizing antibody responses. Moreover, when combined with the N
protein, these antigens maintained effectiveness against highly divergent SARS-CoV-2 variants,
including Omicron. Importantly, the principles underlying this vaccine design may extend beyond
COVID-19. The strategic combination of conserved and immunologically complementary antigens
provides a rational framework for the development of broadly protective vaccines against future
pandemic threats and other rapidly evolving emerging pathogens. In particular, our findings suggest
that integrating conserved and immunologically complementary antigens may represent a universal
vaccine design strategy to combat future pandemics caused by rapidly evolving pathogens.

Keywords: SARS-CoV-2, COVID-19 vaccine, receptor-binding domain, glycoengineering, nucleocapsid
protein, plant molecular farming, Nicotiana benthamiana, cross-variant immunity, Omicron, vaccine design

INTRODUCTION

The COVID-19 pandemic, caused by SARS-
CoV-2, emerged from Wuhan, China, in late 2019
and rapidly became the most significant global
public health crisis of the 21st century. The
pandemic resulted in more than 7.1 million deaths
worldwide and imposed an unprecedented burden
on healthcare systems, economies, and societies
across the globe.

The rapid global spread of SARS-CoV-2
prompted unprecedented efforts in vaccine
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development, resulting in the authorization and
deployment of multiple first-generation vaccines
within less than one year after the initial outbreak.
Most of these vaccines, including Pfizer-BioNTech
COVID-19 Vaccine (Polack et al., 2020), Moderna
COVID-19 Vaccine (Baden et al., 2021), Oxford-
AstraZeneca COVID-19 Vaccine (Ramasamy et al.,
2020), Sputnik V COVID-19 Vaccine (Logunov et
al.,, 2020), and plant-based Medicago Covifenz
COVID-19 VPL-vaccine (Benvenuto et al., 2023),
were designed based on the full-length spike (S)
glycoprotein sequence of SARS-CoV-2 derived from
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the original Wuhan-Hu-1 isolate (NCBI Reference
Sequence: NC 045512.2). These first-generation
vaccine platforms demonstrated remarkable efficacy
in preventing severe disease, hospitalization, and
mortality during the early stages of the pandemic
(Barda et al., 2021; Dagan et al., 2021; Roest et al.,
2021; Bouillon et al., 2022).

However, the continued evolution of SARS-
CoV-2 has resulted in the emergence of multiple
variants of concern (VOCs), including the Alpha,
Delta, and especially Omicron (He et al., 2021)
variants, the latter being characterized by extensive
mutations ~ within the spike  glycoprotein,
particularly in the receptor-binding domain (RBD)
(Harvey et al., 2021; Cao et al., 2022). These
mutations substantially altered viral antigenicity,
enhanced transmissibility, and facilitated immune
escape from neutralizing antibodies induced by
prior infection or vaccination (Harvey et al., 2021;
Cao et al.,, 2022). Consequently, the protective
efficacy of first-generation vaccines against
infection declined considerably, although protection
against severe disease remained relatively
preserved (Cao et al., 2022).

The widespread reliance on the full-length spike
protein, without sufficient emphasis on conserved
and functionally constrained epitopes, may have
limited the breadth and durability of cross-variant
immunity. Immunodominant yet highly mutable
regions within the receptor-binding motif (RBM) can
preferentially attract antibody responses; however,
amino acid substitutions within these regions may
readily facilitate viral immune escape. In contrast,
structurally constrained regions involved in receptor
engagement, membrane fusion, and spike
conformational stability are less tolerant to mutation
and therefore represent more durable vaccine targets
(Yuan et al., 2020; Walls et al., 2020).

Subunit  vaccine strategies based on
recombinant RBD antigens have emerged as a
promising  alternative to  full-length  spike
formulations. Recombinant RBD proteins preserve
critical neutralizing epitopes while reducing
exposure to highly variable or non-protective
regions of the spike protein. Experimental studies
have demonstrated that RBD of the SARS-CoV-2
spike protein is one of the most promising targets
for structure-based antigen design (Liu et al., 2020).

An important enabling technology for the
development of such next-generation vaccines is the
use of plant-based expression systems. Plant
molecular farming, particularly transient expression
in Nicotiana benthamiana, has emerged as a highly
promising platform for the rapid and scalable
production of recombinant biopharmaceuticals
(Rybicki et al., 2010; Klimyuk et al., 2014; Kfenek
et al., 2015; Mamedov et al., 2020; Yuksel et al.,

2025; Gun & Mamedov, 2022; Thuenemann et al.,
2013). This system has been successfully utilized for
the production of vaccine antigens, monoclonal
antibodies, diagnostic proteins, and industrial
enzymes for both human and veterinary applications
(Mamedov et al.,, 2016; Mamedov et al., 2017;
Mamedov et al., 2021a; Mamedov et al., 2021b;
Mamedov et al., 2021c; Mammadova et al., 2022;
Mamedov et al., 2023a; Mamedov et al., 2023b).
Plant-based systems offer several important
advantages, including low production costs, absence
of contamination with human pathogens, rapid
scalability, and compatibility with glycoengineering
strategies that enable customized post-translational
modifications (Gun & Mamedov, 2022).

In previous studies, our research group
demonstrated that plant-produced glycosylated and
in vivo deglycosylated RBD antigens retain
functional receptor-binding activity and induce
strong neutralizing antibody responses in
experimental animal models (Mamedov et al.,
2021a; Mamedov et al., 2021b). Furthermore,
cocktail formulations combining RBD and
nucleocapsid (N) proteins exhibited enhanced
immunogenic breadth and maintained effectiveness
against emerging variants, including highly mutated
lineages, such as Omicron (Mamedov et al., 2021b;
Mamedov et al., 2023a). Notably, these studies
represented the first and only report that a rationally
designed vaccine based on the original Wuhan
sequence could have significant protective potential

against  antigenically  distinct SARS-CoV-2
variants, including Omicron (Mamedov et al.,
2023a). These findings provide experimental
evidence that antigen engineering, glycan

modulation, and multiantigen formulations can
significantly enhance vaccine efficacy against the
virus. (Mamedov et al., 2021b; Mamedov et al.,
2023a; Mamedov et al., 2023b).

Despite these advances, a fundamental
question remains regarding how the COVID-19
vaccine platform, rationally designed and
developed by our research group, maintained broad
cross-variant effectiveness despite the rapid
antigenic  evolution of SARS-CoV-2. We
hypothesized  that  sustained  cross-variant
effectiveness depends on three interconnected
principles: (i) targeting conserved and functionally
constrained regions of the spike protein; (ii) rational
glycoengineering to optimize antigen exposure and
immune recognition; and (iii) incorporation of a
multi-antigen (“cocktail”) strategy to broaden the
immune repertoire and minimize immune escape
(Mamedov et al., 2021a; Mamedov et al., 2021b;
Mamedov et al., 2023a; Mamedov et al., 2023b).
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Here, we present a hypothesis-driven vaccine
design framework built upon these principles.
Although the primary antigen design is based on
the original Wuhan sequence, the strategy
intentionally focuses on structurally conserved
regions that remain immunologically relevant
across subsequent variants. By integrating
structural ~ biology, evolutionary  analysis,
glycoengineering, and immunological principles,
we propose that rationally designed plant-produced
recombinant antigens have the potential to provide
broad cross-variant protection, including Omicron
(Mamedov et al., 2023a; Mamedov et al., 2023b).

RATIONAL HYPOTHESIS FOR A CROSS-
VARIANT COVID-19 VACCINE TARGETING
CONSERVED VIRAL EPITOPES

The central hypothesis of this study was based
on three interconnected assumptions derived from
viral evolutionary constraints and functional
biology. First, we hypothesized that if the virus
remains viable and capable of replication, the N
protein must be highly conserved, since significant
mutations in this protein would likely disrupt
essential viral processes such as RNA packaging
and replication, thereby compromising viral
survival.

Second, it was hypothesized that if the virus is
capable of infecting human cells, the RBD must
retain functional integrity, meaning that key ACE2-
interacting residues are not substantially altered by
mutations, as such changes would reduce or abolish
viral infectivity. Therefore, the receptor-binding
interface is functionally constrained despite
ongoing antigenic variation.

Third, it was considered that spike protein
antigens expressed in heterologous systems are
subject to host-specific glycosylation, which can mask
antigenic epitopes and influence immune recognition.
This glycosylation effect was therefore treated as an
additional design constraint that must be accounted
for in antigen selection and presentation.

Based on these three hypotheses, a rational
multi-component (“cocktail”’) vaccine strategy was
invented and developed (Mammedov & Hasanova,
EP90295649A1; US30230165995A; Mamedov et
al., 2021b), combining a conserved internal antigen
(N protein) with a functionally constrained RBD of
the spike protein, while also incorporating
glycosylation-aware design considerations. This
integrated approach was intended to target multiple
levels of viral constraint simultaneously, thereby
increasing the likelihood of broad, cross-variant
immune protection.
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Multi-antigen cocktail vaccine design

To address mutations of SARS-CoV-2 and the
challenges of viral evolution and immune escape,
the idea of a multi-antigen (“cocktail”’)-based
vaccine was created (Mammedov & Hasanova,
EP90295649A1; US30230165995A; Mamedov et
al., 2021b; Mamedov et al., 2021b), and a COVID-
19 vaccine cocktail comprising N-protein and RBD
was developed. This formulation combines RBD
variants, including both glycosylated and
deglycosylated forms, with the highly conserved N
protein.

The rationale behind this design is to broaden
immune recognition by targeting multiple viral
antigens and epitopes, thereby reducing reliance on
a single antigen that may be susceptible to
mutation-driven immune evasion. In addition, the
inclusion of both structural and non-structural
antigenic components is intended to promote
complementary humoral and cellular immune
responses, potentially enhancing the breadth and
durability of protective immunity.

As we reported previously, plant-produced N
protein alone did not elicit detectable neutralizing
antibody responses in mice. However, we
hypothesized that its incorporation into a multi-
antigen vaccine formulation could provide
additional immunological benefits by stimulating
broader T-cell responses and contributing to more
durable protective immunity when combined with
RBD-based antigens (Mamedov et al., 2021b). This
combinatorial approach, therefore, represents a
promising strategy for improving vaccine resilience
against viral variation and emerging SARS-CoV-2
variants.

This formulation combines:

¢RBD variants (both glycosylated and

deglycosylated forms)

¢ The conserved N protein

Such a design aims to:

e Broaden immune coverage across multiple

viral epitopes

¢ Engage both humoral and cellular immune

responses

e Reduce dependence on any single antigen

susceptible to mutation

This combinatorial strategy is intended to
enhance the breadth and robustness of protective
immunity.

Our multivalent or cocktail-based antigen
strategy, involving the combined use of SARS-
CoV-2 structural proteins such as RBD and
nucleocapsid, has been widely supported in recent
plant-based vaccine studies and highlighted in
review literature (Maharjan and Choe, 202;
Venkataraman, 2022; Ruocco and Strasser, 2022) as
a promising approach for enhancing
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immunogenicity and variant coverage. The study
further highlighted a novel plant-based expression
strategy, reporting, according to the authors’ claim,
the first production of the N antigen both
individually and in combination with the RBD. In
contrast, most prior plant-based vaccine platforms
have largely focused on S1-, S-, or RBD-based
immunogens (Maharjan and Choe, 2021).

RBD as a rationally selected antigenic target

Among the structural proteins of SARS-CoV-
2, the spike (S) glycoprotein rapidly emerged as the
principal target for vaccine development due to its
central role in viral attachment and entry into host
cells via interaction with the angiotensin-converting
enzyme 2 (ACE2) receptor (Tai et al., 2020). More
specifically, the RBD of the S protein became one
of the most strategically important antigenic
regions because it contains the major neutralizing
epitopes responsible for blocking virus—receptor
interaction. The substantially stronger binding
affinity of the SARS-CoV-2 RBD to ACE2
compared with SARS-CoV provided a molecular
explanation for the enhanced infectivity and
transmissibility of SARS-CoV-2 and further
emphasized the importance of targeting this region
in vaccine design.

The RBD-based vaccine concept offered
several important advantages. First, the domain
contains multiple conformational epitopes that can
elicit highly potent neutralizing antibodies. Second,
focusing immune responses on the receptor-
interacting region reduced unnecessary antigenic
complexity while maximizing the generation of
functional antibodies directly associated with viral
neutralization. Third, despite the emergence of
multiple SARS-CoV-2 variants, critical structural
and functional constraints within the RBD limited
the extent of permissible mutations, allowing
several conserved neutralizing epitopes to remain
preserved across variants.

An additional critical consideration in rational
vaccine design was the preservation of native-like
protein folding and glycosylation. Both the SARS-
CoV-2 spike protein and the ACE2 receptor are
heavily glycosylated, and glycan structures located
near the interaction interface influence protein
conformation, receptor recognition, immune
accessibility, and viral entry efficiency (Lan et al.,
2020; Wang et al., 2018; Yan et al., 2020; Shajahan
et al., 2020; Mamedov et al., 2021b). Consequently,
the successful production of a properly folded and
functionally active recombinant RBD required an
expression system capable of supporting complex
post-translational ~ modifications and correct
disulfide bond formation (Mamedov et al., 2021a;
Gun & Mamedov, 2022).

In this context, the plant transient expression
platform based on Nicotiana benthamiana provided
several important advantages for rapid and scalable
vaccine antigen production (Yuksel et al., 2025;
Gun & Mamedov, 2022; Mamedov et al., 2020).
Notably, flexible approaches are required for the
successful production of recombinant proteins in
plants (Gun & Mamedov, 2022; Mamedov et al.,
2017; Mamedov et al.,, 2019a; Mamedov et al.,
2021b; Mamedov et al., 2021c). This expression
system has been successfully used for the
production of many difficult-to-express proteins,
such as Pfs48/45 of Plasmodium falciparum
(Mamedov et al., 2019b), G protein of rabies virus
(Mammadova et al., 2022) as vaccine candidates
for malaria transmission blocking vaccine and
rabies, respectively, as well as human furin and
Factor IX (Mamedov et al., 2019a).

However, efficient production of functional
RBD antigens required careful structural
optimization of the expressed protein. One of the
key factors contributing to successful expression
was the rational selection of the RBD amino acid
boundaries. The RBD construct encompassing
amino acids R319-S591 contained an even number
of cysteine residues, thereby enabling proper
disulfide bridge formation and stabilization of the
native protein conformation (Lan et al.,, 2020;
Mamedov et al., 2021a). In contrast, previously
reported constructs containing unpaired cysteine
residues  demonstrated  substantially  lower
expression yields and reduced protein stability
(Diego-Martin et al., 2020; Shin et al., 2021;
Siriwattananon et al., 2021; Rattanapisit et al.,
2020).

These findings highlighted an important
principle in rational vaccine antigen engineering:
successful antigen design depends not only on
antigen selection itself but also on preservation of
structural integrity, conformational stability, and
native-like biochemical properties. The ability to
produce highly soluble, properly folded, and
functionally active RBD antigens was a critical
factor in the immunogenicity and cross-variant
effectiveness of the vaccine concept (Mamedov et
al., 2021b; Mamedov et al., 2023a; Mamedov et al.,
2023b).

Nucleocapsid protein as a rationally selected
second target for cocktail-based vaccine
development

The rapid global spread of SARS-CoV-2 since
its emergence in Wuhan in 2019, together with the
continuous appearance of new variants of concern
such as Alpha, Beta, Gamma, and Delta, has
highlighted the limitations of single-antigen vaccine
strategies. Although multiple vaccine platforms,
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including mRNA-, DNA-, wviral vector, and
recombinant protein-based vaccines, have been
successfully developed and deployed, accumulating
evidence indicates a reduction in vaccine
effectiveness against emerging variants, particularly
those carrying multiple mutations within the spike
(S) protein RBD and N-terminal domain (NTD).
These mutations have been shown to directly affect
ACE2 binding affinity, viral transmissibility, and
immune escape mechanisms, thereby challenging
the durability of spike-focused immune responses.

Variants such as Delta (B.1.617.2) exemplify
the evolutionary plasticity of SARS-CoV-2,
harboring multiple mutations in the spike protein,
including key substitutions within the RBD (e.g.,
L452R and T478K), which have been associated
with reduced sensitivity to neutralizing antibodies.
Collectively, these observations underscore a
critical limitation of RBD-centered vaccine
strategies: while highly effective in inducing
neutralizing antibodies, they may be vulnerable to
antigenic drift driven by spike mutations.

In this context, the N protein emerges as a
rationally selected second antigenic target for next-
generation cocktail vaccine design. Unlike the spike
protein, the N protein is functionally constrained
and highly conserved across SARS-CoV-2 variants
and related coronaviruses, with significantly lower
mutation frequency over time (Gao et al., 2021;
Drosten et al., 2023; Wrapp et al., 2020; Holmes,
K.V.; Enjuanes, 2003; Rota et al., 2003; Grifoni et
al., 2020; Mamedov et al., 2020). Structurally, the
N protein plays an essential role in viral RNA
packaging and ribonucleoprotein assembly, and it is
abundantly expressed during infection, making it a
highly immunogenic antigen capable of inducing
robust humoral and cellular immune responses.

Importantly, immune responses against the N
protein are not primarily dependent on neutralizing
antibodies but are strongly associated with T-cell-
mediated immunity, which is generally more
conserved and less affected by viral mutations. This
provides an additional layer of immune protection
that complements RBD-induced neutralizing
antibody responses. Therefore, combining RBD and
N antigens in a single formulation introduces a
dual-mechanism vaccine strategy: (i) RBD-driven
neutralization of viral entry, and (ii)) N protein-
driven enhancement of broad cellular and long-term
immune memory.

Experimental evidence further supports this
rationale. Although N protein alone may not induce
strong neutralizing antibody responses, its inclusion
in an antigen cocktail with RBD significantly
enhances overall immunogenicity (Mamedov et al.,
2021b). In plant-based expression systems such as
Nicotiana benthamiana, co-expression of RBD and
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N proteins has demonstrated the feasibility of
producing a multivalent antigen formulation
capable of inducing high-titer antibody responses in
vivo. Notably, the antigen cocktail elicited stronger
humoral responses compared to individual antigens,
suggesting a synergistic immunological effect
(Mamedov et al., 2021b).

Taken together, these findings support the
concept that rational vaccine design against rapidly
evolving RNA viruses should extend beyond
single-target neutralization strategies. The N
protein, due to its evolutionary conservation, high
immunogenicity, and role in inducing cellular
immune responses, represents a strategically
important second antigen in cocktail-based vaccine
development. The combined N+RBD approach
therefore provides a broader and potentially more
durable protective immune profile, addressing both
viral entry inhibition and long-term immune
surveillance across SARS-CoV-2 variants.

Deglycosylation strategy: in vivo (cell-based)
post-expression deglycosylation

Glycosylation plays a pivotal role in shaping
antigen  structure, stability, and immune
recognition.  Glycan moieties can  shield
immunogenic epitopes from antibody recognition,
thereby modulating immune responses. To
overcome challenges associated with aberrant
glycosylation, an in vivo deglycosylation platform
technology has been developed for the efficient
production of recombinant proteins in native-like
deglycosylated forms in eukaryotic cells
(Mammedov, WO02012170678A1, EP2718444B1,
US11673926B2, CA2839932C, CN103906840B;
Mammedov, CN108463550A, US11041163B2,
RU2741347C2,  CA3005304C, 1L259301B2,
EP3374500A1, MX2018006001A; Mamedov et al.,
2012; Mamedov et al., 2017). This technology has
enabled the production of a broad range of
recombinant proteins in their native-like, non-
glycosylated forms (Mamedov et al., 2016;
Mamedov et al., 2019a; Mamedov et al., 2019b;
Mamedov et al., 2021a; Mamedov et al., 2021b;
Mamedov et al., 2021c; Mamedov et al., 2023a;
Mamedov et al., 2025). In particular, the Endo H-
mediated in vivo deglycosylation approach has
been successfully employed for the production of
non-glycosylated forms of several biologically and
medically important proteins, including the
protective antigen PA83 of Bacillus anthracis
(Mamedov et al., 2024), full-length Pfs48/45 of
Plasmodium falciparum (Mamedov et al., 2019a),
the rabies virus G protein (Mammadova et al.,
2022), and the SARS-CoV-2 RBD (Mamedov et
al., 2021a; Ruocco & Strasser, 2022). These studies
facilitated the development of vaccine candidates
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against anthrax, malaria, rabies, and several vaccine
candidates against COVID-19 (Mamedov et al.,
2021a, Mamedov et al., 2021b, Mamedov et al.,
2023a; Mamedov et al., 2023b; Royal et al., 2021;
Pillet et al., 2022; Shanmugaraj et al., 2020), as
well as a soluble human angiotensin-converting
enzyme 2 (ACE2) molecule as a potential
therapeutic agent against COVID-19 (Mamedov et
al., 2021¢; Mammedov, Patent Application, 2022).
Building upon these advances in
glycoengineering and in vivo deglycosylation
technologies, the vaccine design described in this
study incorporates a rational glycan-engineering
strategy to optimize antigen presentation. First,
glycoengineered receptor-binding variants may
enhance epitope accessibility and improve antibody
binding. In addition, targeted modification of
glycosylation patterns can optimize antigen
recognition and promote more effective immune

responses. This dual glycoengineering strategy
integrates complementary immunological
mechanisms within a single vaccine design

framework, with the potential to enhance both antigen
recognition and the breadth of protective immunity.

PLANT TRANSIENT EXPRESSION
SYSTEMS AS A COST-EFFECTIVE, SAFE,
RAPID, AND SCALABLE VACCINE
PRODUCTION

The plant transient expression platform based on
Nicotiana benthamiana provided several important
advantages for rapid, scalable, and cost-effective
vaccine antigen production (Yuksel et al., 2025; Gun
& Mamedov, 2022; Mamedov et al., 2020b). In
addition to its rapid production timeline, flexibility,
and low risk of contamination by human pathogens,
this platform has recently emerged as a highly
versatile expression technology for producing
structurally  complex and  difficult-to-express
recombinant proteins, including viral glycoproteins,
multimeric antigens, monoclonal antibodies, and
glycosylated therapeutic proteins. Furthermore,
advances in agroinfiltration strategies,
glycoengineering, deconstructed viral vectors, and
transient co-expression technologies have
significantly expanded the applicability of plant-based
systems for next-generation vaccine development and
rapid pandemic response platforms.

This expression system has been successfully
used for the production of many difficult-to-express
proteins, such as Pfs48/45 of Plasmodium
falciparum (Mamedov et al., 2019b), G protein of
rabies virus (Mammadova et al., 2022), Protective
Antigen from Bacillus anthracis (Mamedov et al.,
2016; Mamedov et al., 2017; Mamedov et al.,
2024) as vaccine candidates for malaria

transmission-blocking,  rabies, and  anthrax
vaccines, respectively, as well as recombinant
human furin and coagulation Factor IX (Mamedov
et al., 2019a). In addition, plant transient expression
systems have demonstrated considerable potential
for the rapid production of monoclonal antibodies
(Farrance et al., 2011; Shanmugaraj et al., 2020),
growth factors and virus-like particles (VLPs)
(Royal et al., 2021; Moon et al, 2022; Pillet et al.,
2022; O'Kennedy et al., 2023; Tottey et al., 2023),
immune complexes, and multicomponent vaccine
formulations  targeting  emerging infectious
diseases, thereby supporting their increasing
relevance for future Disease X preparedness and
outbreak-responsive biomanufacturing strategies.

FUTURE PERSPECTIVE: COCKTAIL
ANTIGEN DESIGN AS A PLATFORM
STRATEGY FOR EMERGING INFECTIOUS
DISEASES (DISEASE X PREPAREDNESS)

The rational combination of RBD and N
antigens represents more than a SARS-CoV-2-
specific vaccine approach; it introduces a platform-
based concept for next-generation vaccine design
against emerging infectious diseases, including
potential “Disease X scenarios. This dual-antigen
strategy integrates two complementary
immunological axes: (i) the RBD-driven neutralizing
antibody response targeting viral entry, and (ii) the
nucleocapsid-driven conserved T-cell response
supporting broad and durable immune memory.

From a systems vaccinology perspective, this
cocktail-based design addresses a fundamental
limitation of single-antigen vaccines, namely their
vulnerability to antigenic drift in rapidly evolving
RNA viruses. While spike-based immunogens are
highly effective in inducing neutralizing antibodies,
they remain susceptible to escape mutations. In
contrast, nucleocapsid-based immunity provides a
more evolutionarily constrained and conserved
target, thereby stabilizing vaccine efficacy across
divergent variants.

Importantly, the RBD+N combination should
be viewed as modular vaccine architecture rather
than a pathogen-specific formulation. Such an
approach aligns with the broader concept of
“preparedness vaccinology,” in which antigen
selection is guided not only by current circulating
strains but also by structural conservation,
functional  constraints, and immunological
redundancy across related viral families. In this
framework, cocktail antigen design may serve as a
flexible technological platform for rapid adaptation
against future emerging pathogens with pandemic
potential.

Thus, the

RBD and nucleocapsid-based
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cocktail strategy may represent a foundational step
toward next-generation rational vaccine platforms
designed for rapid response to emerging threats,
including potential “Disease X”.

CONCLUSION

The ongoing evolution of SARS-CoV-2 and
the continuous emergence of variants of concern
have clearly demonstrated the limitations of single-
antigen vaccine strategies. In particular, spike
antigen-focused approaches, while highly effective
in inducing neutralizing antibodies, remain
vulnerable to immune escape driven by mutations
within the RBD and adjacent antigenic regions.

In this article, we highlight a rational dual-
antigen vaccine design strategy combining the
spike protein RBD with the N protein of SARS-
CoV-2. The RBD induces potent neutralizing
antibody responses targeting viral entry, whereas
the N protein provides a highly conserved antigenic
target associated with robust T-cell-mediated
immunity and long-term immune memory.
Together, this cocktail approach generates a
complementary immune profile that supports both
viral neutralization and long-term immune
protection.

Notably, the COVID-19 vaccine platform
developed by our group (Mamedov et al., 2021a;
Mamedov et al.,, 2021b; Mamedov et al., 2023a;
Mamedov et al, 2023b) demonstrated broad
effectiveness against multiple SARS-CoV-2 variants
despite the virus's rapid antigenic evolution. We
demonstrated that plant-produced RBD and cocktail-
based vaccine candidates are highly effective against
SARS-CoV-2, independently of its emerging
variants (Mamedov et al., 2023). As we described
(Mamedov et al., 2023b), this was the first and only
report worldwide on a COVID-19 vaccine SARS-
CoV-2, effective against all emerging SARS-CoV-2
variants, including Delta and Omicron. The findings
presented here suggest that this broad protection can
be attributed to the synergistic combination of
variant-sensitive neutralizing targets within the RBD
and highly conserved immune targets within the N
protein, together with optimized antigen design and
presentation. This integrated strategy may help
explain the sustained cross-variant immune
responses observed with the vaccine platform.

Furthermore, plant-based transient expression
systems provide a flexible and scalable platform for
rapidly producing multivalent antigens, enabling
timely responses to emerging viral threats.
Collectively, these findings support developing
multi-antigen vaccine platforms as a promising
strategy to achieve broad, durable, and variant-
resilient protection against current and future
coronavirus threats.
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Overall, the RBD+N cocktail vaccine strategy
provides a rationale and framework for next-
generation vaccine design that may be extended to
other emerging infectious diseases and future
pandemic threats. By combining complementary
antigens, this platform provides a conceptual
framework for the rapid development of vaccines
against future emerging infectious diseases,
including a potential “Disease X”. Such an approach
may facilitate the selection of conserved and
immunologically  relevant  antigens, thereby
supporting the development of broadly protective
and adaptable next-generation vaccines.
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Currently, traditional herbal medicines are used as complementary agents in the management of viral
and inflammatory disorders. In the present study, the interactions of glycyrrhizin (ChemSpider ID:
14263) with ACE2 (PDB ID: 6L.ZG) and tyrosinase (PDB ID: 2ZMX) were investigated to evaluate its
potential relevance to ACE2-associated inflammatory pathways and pigmentation-related molecular
mechanisms. Docking simulations were performed using AutoDock Vina software. It was shown that
the ligand molecule binds to the active sites of the selected receptors and forms several key
intermolecular interactions. Glycyrrhizin exhibited binding affinity values of —7.4 and —7.1 kcal/mol
with 6LZG and 2ZMX protein targets, respectively. These findings suggest that glycyrrhizin may
serve as a promising molecular scaffold for further investigation of ACE2- and tyrosinase-associated
pathways. Based on the calculated results and SAR data analysis, pharmacophore models for
glycyrrhizin interaction with the specified receptors were proposed. Although the obtained docking
results indicate favorable ligand-receptor interactions, further molecular dynamics simulations and

experimental validation are required to confirm the biological relevance of these findings.

Keywords: Glycyrrhizin, ACE2, tyrosinase, molecular docking, pharmacophore model

INTRODUCTION

The identification of biological targets and
elucidation of molecular mechanisms underlying
drug activity are important for both fundamental
pharmacological research and the development of
novel therapeutic agents. Glycyrrhizin (glycyrrhizic
acid) is a glycosidic saponin extracted primarily
from the roots of Glycyrrhiza glabra (licorice),
traditionally used in various medical systems,
including Siddha medicine (Sharma et al., 2017).

Chemically, glycyrrhizin is a triterpenoid
saponin consisting of a hydrophilic moiety formed
by two glucuronic acid residues and a hydrophobic
glycyrrhetinic acid core. The molecular structure
and atomic numbering are presented in Fig. 1(a—c)
(El-Saber Batiha et al., 2020).

Glycyrrhizin ~ and its  aglycone  have
demonstrated antiviral-related biological activity
against several viruses, including HSV-1/2, EBV,
HCV, HIV-1, SARS-CoV, and influenza. Proposed
mechanisms include disruption of viral entry,
modulation of membrane fluidity, inhibition of viral

72

gene expression, and stimulation of host interferon
production. In addition to antiviral-related activity,
glycyrrhizin has attracted attention because of its
potential immunomodulatory effects associated
with the renin—angiotensin system (RAS) (Al
Dehlawi et al., 2023; Graebin 2017; Rasool et al.,
2025).

Recent studies have also reported interactions
of glycyrrhizic acid with SARS-CoV-2 main
protease (MP™), suggesting possible relevance of
this compound for further investigation of virus-
associated molecular pathways (Chen et al., 2024).

Moreover, ACE2 plays a critical protective
role in the renin—angiotensin system through
regulation of the ACE2/Ang-(1-7) axis, which is
associated with anti-inflammatory,
cardioprotective, and vasoprotective effects under
chronic pathological conditions (Patel et al., 2016).

In addition to enzyme inhibition, glycyrrhizic
acid may interfere with the early stages of viral
infection by affecting interactions between viral
surface proteins and host cell receptors, including
ACE2 (Li et al., 2021).

DOI: https://doi.org/10.62088/timbb/10.1.8
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Fig. 1. Molecular structure of glycyrrhizin (a) and its part - glycyrrhetic acid (b);
chemical structure and numbering scheme for glycyrrhizin (c).

Beyond antiviral-related activity, glycyrrhizic
acid also demonstrates immunomodulatory effects
through the regulation of interferon production and
inflammatory cytokines, thereby contributing to
host antiviral defense mechanisms (Zuo et al.,
2023). While CD4 remains the primary receptor for
HIV-1, systemic complications of chronic HIV
infection are associated with dysregulation of the
renin—angiotensin system (RAS), in which ACE2
may play a protective role (Murck., 2020). In the
context of chronic HIV infection, ACE2 was
investigated not as a direct viral entry receptor, but
as a component of the renin—angiotensin system
potentially  associated  with  inflammatory
dysregulation and systemic complications. Chronic
HIV infection is associated with persistent systemic
inflammation and RAS imbalance characterized by
elevated angiotensin II levels and reduced ACE2
expression (Buder et al., 2022). Previous molecular
docking  studies have demonstrated that
glycyrrhizin and structurally related compounds

exhibit favorable binding interactions with the
ACE?2 receptor, supporting their potential relevance
in investigations of virus-associated molecular
pathways (Ahmad et al., 2021).

In parallel, melanogenesis represents a
complex biological process regulated by oxidative
stress, inflammatory mediators, enzymatic activity,
and intracellular signaling pathways involved in
melanocyte function and pigmentation (Videira et
al., 2013). Because oxidative and inflammatory
mechanisms are also implicated in pigmentary
disorders such as vitiligo, the investigation of
glycyrrhizin interactions with melanogenesis-
related proteins may provide additional insights
into its potential cytoprotective and
immunomodulatory ~ properties. ~ Vitiligo s
associated with autoimmune and inflammatory
mechanisms, including oxidative stress and
immune dysregulation, which may be triggered or
exacerbated by viral infections (Schmidt et al.,
2022). Rather than emphasizing direct inhibition of
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tyrosinase activity, the present study explores
possible stabilizing interactions of glycyrrhizin with
tyrosinase-associated molecular structures under
oxidative stress conditions (Zeng et al., 2024).

The Siddha system of medicine includes
therapeutic approaches for dermatological disorders
such as Vitiligo (Venpulli) (Thas., 2008). Vitiligo is
a chronic depigmentation disorder characterized by
melanocyte destruction and loss of skin
pigmentation (Marchioro et al., 2022). Tyrosinase,

a copper-containing enzyme involved in
melanogenesis, catalyzes melanin biosynthesis
within melanocytes (Wang et al, 2025).

Glycyrrhiza glabra has also been investigated in
dermatological research because of its anti-
inflammatory and biologically active properties
(Liu et al., 2025).

In the present study, potential molecular
interactions of glycyrrhizin with ACE2 and
tyrosinase were investigated in the context of
inflammatory and pigmentation-associated
pathways.

COMPUTATIONAL METHODS

The successful development of new, life-
saving drugs is highly dependent on the
collaborative efforts of physicists, biologists,
biophysicists, biochemists, and synthetic chemists.
Molecular docking has become a particularly
valuable tool in this process, accelerating the
selection of molecules that can act as potential
drugs (Meng et al., 2022). By enabling the
prediction of a ligand's selective binding to a
specific target protein, one responsible for a
particular pathology, molecular docking can
effectively block its erroneous function (Megantara
et al., 2025).

Molecular docking is a widely used
computational approach in drug discovery that
predicts the interaction patterns and binding
affinities between a ligand and a target protein (Xu
et al., 2023). Molecular docking is a computational
molecular modeling method used to predict the
binding pose of a small ligand molecule within the
active site of a receptor (Agu et al., 2023). The core
objective of molecular docking is to identify the
most energetically favorable binding conformation
of an inhibitor molecule at the target protein's
active site, based on its intermolecular interactions.
Mathematically, this is equivalent to searching for
the global minimum on a complex, high-
dimensional energy landscape (Celik et al., 2023).

The method predicts the optimal orientation
and position of one molecule relative to another for
the formation of a stable complex. The docking
procedure is highly valuable during the initial
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stages of drug discovery and development,
representing one of the most crucial steps in the
process. It enables the generation of an ensemble of
ligand conformations that are optimally positioned
within the receptor's binding pocket, thereby
predicting the most favorable orientation of the
ligand and receptor for forming a stable complex
(Rai et al., 2021).

The ligand molecules are held within the
binding site through various non-covalent
intermolecular forces, such as electrostatic
(Coulombic), van der Waals, and hydrogen bonding
interactions. For instance, AutoDock utilizes a
semi-empirical scoring function to estimate the free
energy of atom-atom interactions. This function
incorporates terms corresponding to molecular-
mechanical interactions as well as empirical terms
that account for desolvation effects, including
interactions with water (Srivastava et al., 2022).

In this study, molecular docking was employed
to explore the interaction mechanisms of
glycyrrhizin - with two target proteins: ACE2
angiotensin-converting enzyme 2 (PDB ID: 6LZG)
and tyrosinase (PDB ID: 2ZMX), using AutoDock
Vina software (Trott et al., 2010). The 3D structure
of glycyrrhizin (ChemSpider ID: 14263) was
obtained from the ChemSpider database
(http://www.chemspider.com) (Keiko et al., 2009).
The crystal structures of ACE2 and tyrosinase were
retrieved from the RCSB Protein Data Bank
(http://www.rcsb.org) (Turner et al., 2022, Matoba et
al., 2008). Prior to docking, all water molecules and
native ligands were removed from the protein
structures. Polar hydrogen atoms were added, and
Kollman charges were assigned to the receptors. The
partial charges of the ligand were computed using
the Gasteiger method. Throughout the docking
process, the protein targets were treated as rigid,
while the ligand remained fully flexible to explore
conformational space. Rectangular grid box covering
the ligand-binding sites was of dimensions 40 x 40 x
40A for 6LZG and 50 x 50 x 50 A for 2ZMX. The
center of the gridbox was defined by the bound
inhibitor using the respective ligand - enzyme
biological assembly pdbl file. The binding energy
(affinity) of a ligand was calculated by the Vina
module. Visualization and analysis of receptor—
ligand interactions were conducted using PyMOL
and Discovery Studio 3.0 (De Lano, 2010), which
provided both 2D interaction maps and 3D structural
visualizations.

The predicted inhibition constants (K;) were
calculated according to the equation: Ki=Kp=exp
(AG/RT), where AG is the binding free energy of
glycyrrhizin; R-gas constant equal to 1.986
cal/(mol-K); T-absolute temperature in Kelvin (298
K).
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MOLECULAR DOCKING RESULTS AND
DISCUSSION

Docking simulations indicated that
glycyrrhizin binds at the active sites of both
angiotensin-converting enzyme 2 (ACE2, PDB ID:
6LZG) and tyrosinase (PDB ID: 2ZMX) target
proteins, forming key stabilizing interactions.

The predicted binding affinities (-7.4 and -7.1
kcal/mol) with these proteins indicate a favorable
thermodynamic interaction.

For large natural glycosides such as
glycyrrhizin, these scores represent a significant
molecular affinity threshold for identifying
bioactive hits in virtual screening (Chen et al.,
2025).

The binding affinities and binding modes
were determined. To understand the stability of the
minimized complexes, the important ligand-
receptor interactions were visualized and analyzed.
The molecular docking results and molecular
interactions are shown in Tables 1-6, Fig. 2 and 3.
The most important contacts are shown in dotted
lines. Let's look at both docking results separately.
There are the distances (in A) between functional
ligand groups and the interacting receptor residues
in the minimized complex, also indicated

Molecular docking of glycyrrhizin with 6LZG

It was found that the binding affinity (AG) for
the best binding pose between glycyrrhizin and
6LZG is -7.4 kcal/mol (Table 1). It has been
revealed that ten receptor residues contribute to the
stability and specificity of the receptor-ligand
complex through a combination of hydrogen
bonding and van der Waals interactions. The 3D (a)
and 2D (b) visualizations of the receptor-ligand
interactions are shown in Fig. 2.

It was found that several amino acid residues,
namely Glu35, GIn76 of A-chain, and GIn493,
Ser494 of B-chain, play a pivotal role in anchoring

glycyrrhizin within the binding site of the 6LZG
receptor. The detailed characteristics of the
intermolecular interactions between glycyrrhizin and
these receptor residues are presented in Table 2.

Table 1. Binding affinities between glycyrrhizin and
6LZG.

mode affinity distance from the best mode (&)
(kcal/mol) rmsd Lb. rmsd u.b.
1 -7.4 0.000 0.000
2 -6.4 2.288 3.544
3 -6.1 1.460 2.348
4 -5.7 3.028 5.708
5 -5.5 2.168 4.651
6 -5.2 2.369 3.593
7 -5.2 3.117 4.739
8 -5.1 5.130 8.978
9 -5.1 1.840 2.874

It was found that the hydrophilic moiety of
glycyrrhizin is centrally positioned within a
complex interaction network comprising both polar
and nonpolar contacts with the surrounding amino
acid residues. So, the H119 and O16 atoms of the
terminal glucuronic ring of glycyrrhizin engage in
two conventional hydrogen bonds with the O and
HN atoms of the amide plane of the B-chain
receptor residue Ser494 at distances of 2.48 A and
2.38 A, respectively. Moreover, the H118 atom of
this moiety of glycyrrhizin also takes part in the
conventional hydrogen bonding with the OE1 atom
of the A-chain receptor residue Glu35. This
interaction occurs at a distance of approximately
1.92 A, indicating a strong and specific hydrogen
bonding. Additionally, the O16 atom of the
terminal glucuronic acid also participates in a
carbon-hydrogen bonding with the HA atom of the
B- chain of receptor residue GIn493, at a distance
of 2.74A, suggesting a stabilizing, albeit weaker,
polar interaction.

Fig. 2.
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Fig. 2. The molecular docking results of glycyrrhizin to 6LZG: 3D visualization of the ligand-receptor interactions (a),
2D diagram of the receptor-ligand interactions (b).

Table 2. The attributes of the glycyrrhizin — 6LZG intermolecular interactions.

Contacts Types interactions Distances (A) ZDHA (degree) | ZHAY (degree)
Glycyrrhizin:H119 - B:SER494:0 Conventional HB 2.48 114.74 97.95
B:SER494:HN - : Glycyrrhizin:016 Conventional HB 2.38 142.76 104.63
Glycyrrhizin:H118 - A:GLU35:0E1 Conventional HB 1.92 167.84 168.95
B:GLN493:HA - : Glycyrrhizin:O16 Carbon HB 2.74 145.55 142.06
Glycyrrhizin:H105- A:GLN76:0E1 Conventional HB 2.65 133.47 101.84

Comment: The numbering of glycyrrhizin atoms is given following Fig. 1(c); HB — hydrogen bond, D — Donor, A — Acceptor, Y —
atom connected with Acceptor.
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Table 3. The parameters of the intramolecular interactions for the 6LZG active site residues.

Contacts Types interactions Distances (A) ZDHA (degree) | ZHAY (degree)
A:LEU39:HN - A:GLU35:0 Conventional HB 2.22 164.57 150.96
A:GLU35:HN - A:PHE32:0 Conventional HB 2.63 109.46 95.80
A:GLU35:HN - A:LYS31:0 Conventional HB 2.05 160.49 154.25

B:SER494:HA - B:-TYR451:0 Carbon HB 2.71 133.47 128.62
A:ALAS80:HN - A:GLN76:0 Conventional HB 2.06 147.15 136.54
A:GLN76:HN - A:PHE72:0 Conventional HB 1.97 158.11 145.77

B:GLN493:HE21 - A:HIS34:0 Conventional HB 2.90 119.80 90.54

B:GLN493:HN - B:-TYR453:0 Conventional HB 1.85 169.61 174.02

B:TYR453:HN - B:GLN493:0 Conventional HB 1.91 160.37 161.64

B:LEU452:HA - B:GLN493:0 CarbonHB 2.51 126.74 132.45

Comment: Amino acid residues that interact with glycyrrhizin are highlighted in bold; HB —Hydrogen Bond, D — Donor, A —

Acceptor, Y — atom connected with Acceptor.

Thus, these interactions further reinforce the
binding of the ligand's hydrophilic region within the
active site. Interestingly, the OE1 atom of the
GIn76 residue of A-chain forms a conventional
hydrogen bond with the H105 atom of the terminal
carboxyl group of the hydrophobic part of the
glycyrrhetinic acid of the ligand at a distance of
2.65 A. This indicates that polar interactions also
extend to the more hydrophobic region of the
ligand, contributing to the favorable binding
conformation. Beyond hydrogen bonding, the
orientation and positioning of glycyrrhizin within
the receptor’s binding pocket are further stabilized
by a network of van der Waals interactions. These
non-covalent interactions involve several residues
from A-chain, including Lys31, Phe28, Leu39,
Asp38, Phe72, and Leu79, as well as residues from
the B-chain, such as Tyr449, GIn493, Glu484, and
Tyr489. These contacts contribute to the overall
affinity and proper spatial arrangement of the
ligand within the binding pocket.

So, the abovementioned receptor residues are
important for binding with glycyrrhizin, and affect
the overall loop conformation and the favorable
binding conformation. Collectively, the
combination of hydrogen bonds and van der Waals
forces involving both hydrophilic and hydrophobic
regions of glycyrrhizin underscores the specificity
and strength of its binding to the 6LZG receptor,
offering insights into potential mechanisms of
biological activity and therapeutic targeting.

In addition to the considered intermolecular
interactions, a detailed assessment of the receptor’s
internal hydrogen bonding network revealed several
key intramolecular contacts that likely contribute to
maintaining the receptor’s structural integrity and
functional conformation. The detailed
characteristics of these intramolecular interactions
are presented in Table 3.

The structural configuration of the 6LZG
protein reveals a highly organized network of
intramolecular hydrogen bonds localized within its
active site, comprising both intra- and inter-chain
interactions. These non-covalent contacts contribute

significantly to the conformational stability, spatial
orientation of functional residues, and potentially,
to the protein's catalytic or binding activity.

A particularly strong conventional hydrogen
bond is formed between the amide hydrogen atom of
A:LEU39 and the backbone carbonyl oxygen atom of
A:GLU35, with a donor—acceptor distance of 2.22 A.
This interaction is likely critical for maintaining the
local B-strand or loop conformation in this region. The
residue A:GLU35 further acts as a hydrogen bond
donor through its amide hydrogen, engaging in two
additional conventional hydrogen bonds. One of these
is established with the carbonyl oxygen of A:PHE32,
spanning a distance of 2.63 A, which suggests a
moderately strong stabilizing interaction. The second
bond, with a shorter length of 2.05 A, is formed
between the amide hydrogen of A:GLU35 and the
carbonyl oxygen of A:LYS31, reflecting a stronger
hydrogen bond that may reinforce the secondary
structural motif in this segment.

Further along the sequence, A:ALA80 donates
its amide hydrogen to the carbonyl oxygen of
A:GLN76, forming a hydrogen bond at 2.06 A. This
interaction likely contributes to the maintenance of
local helical or loop geometry. Additionally,
A:GLN76, through its amide hydrogen, forms a
close-range hydrogen bond with the carbonyl oxygen
of A:PHE72, characterized by a particularly short
distance of 1.97 A. This strong bond suggests a
critical role in anchoring the residue conformation,
possibly within a turn or coil structure.

Cross-chain hydrogen bonds further enhance
the structural complexity and stability of the active
site. A conventional hydrogen bond is formed
between the side chain amide hydrogen (HE21) of
B:GLN493 and the backbone carbonyl oxygen of
A:HIS34, with a distance of 2.90 A. Though
relatively longer, this interaction could still
contribute to inter-domain communication or
positioning. Notably, B:GLN493 also participates
in a much shorter hydrogen bond (1.85 A) via its
backbone amide hydrogen, interacting with the
carbonyl oxygen of B:TYR453. A reciprocal bond
is observed in the opposite direction, wherein
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B:TYR453, via its amide hydrogen, donates a
hydrogen bond to the carbonyl oxygen of
B:GLN493, with a bond length of 1.91 A. This
bidirectional interaction likely plays a key role in
stabilizing the relative orientation of these two
residues, potentially mediating a functionally
relevant contact surface within the protein.

In addition to conventional hydrogen bonding,
the active site features weaker yet structurally
relevant carbon-hydrogen bonds, which arise from
interactions involving C-H donors. One such
interaction is observed between the alpha hydrogen
of B:SER494 and the carbonyl oxygen of
B:TYR451, with a bond distance of 2.71A. A
similar carbon-hydrogen bond is present between
the alpha hydrogen of B:LEU452 and the carbonyl
oxygen of B:GLN493, with a slightly shorter
distance of 2.51 A. Although weaker than their
conventional counterparts, these interactions may
contribute to fine-tuning residue packing and local
folding, especially in hydrophobic or partially
buried regions.

Our docking results suggest possible
interactions of glycyrrhizin with ACE2-associated
molecular pathways potentially relevant to
inflammatory regulation. Collectively, the intricate
network of intramolecular hydrogen bonds
observed within the 6LZG active site underscores
the delicate balance of interactions required to
maintain the protein's structural fidelity. Both
conventional and  carbon-hydrogen  bonds,
involving a range of donor and acceptor atoms
across backbone and side chain moieties, contribute
to the fine-tuning of local geometry and global
conformation. The presence of short, directional
hydrogen bonds suggests regions of significant
structural rigidity, while longer or weaker
interactions may provide the flexibility necessary
for dynamic functional roles. This hydrogen
bonding architecture not only stabilizes secondary
and tertiary structural elements but may also be
essential for aligning catalytically or functionally
important residues within the active site. Thus, the

observed pattern of interactions contributes to the
structural organization and conformational stability
of the 6LZG protein. The inhibition constants (Ki)
were estimated using the equation
Ki=Kd=exp(AG/RT). For a binding free energy of
—7.4 kcal/mol, this calculation yields a dissociation
constant of approximately

3.7x10-6 M, indicating a micromolar level of
binding affinity. This value reflects a micromolar
binding affinity, indicating a moderately strong
interaction between the ligand and the target.

Molecular docking of glycyrrhizin with 2ZMX

The docking results for the glycyrrhizin—
2ZMX complex revealed that the top-ranked
binding pose (mode 1) exhibited the most favorable
binding free energy of —7.1 kcal/mol, indicating a
favorable docking pose. In contrast, modes 2 and 3
showed reduced affinities of —5.6 and —4.4
kcal/mol, respectively, along with RMSD values
exceeding  3.0A, suggesting  considerable
conformational deviation from the reference pose.
These findings support the selection of mode 1 as
the most favorable predicted binding conformation,
as detailed in Table 4.

Table 4. Binding affinities between glycyrrhizin and
2ZMX.

mode affinity dist from best mode
(kcal/mol) rmsd Lb. rmsd u.b.

1 -7.1 0.000 0.000

2 -5.6 3.025 10.939

3 -4.4 3.049 10.780

Structural analysis has demonstrated that
multiple amino acid residues, including Asp99,
Ser146, Vall95, Ser142, Glul14, Argl40, Glyl13,
GInl16, and Pro102, contribute to the stabilization
of glycyrrhizin within the binding pocket of the
2ZMX receptor. These residues collectively
contribute to the affinity and specificity of the
receptor-ligand contacts through an intricate
network of non-covalent forces, predominantly
hydrogen bonding and van der Waals interactions.

LN116

Fig. 3.
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Fig. 3. The molecular docking results of glycyrrhizin into 2ZMX: 3D visualization of the ligand-receptor interactions
(a); 2D diagram of the ligand-receptor interactions (b).
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Table 5. The attributes of the glycyrrhizin — 2ZMX intermolecular interactions.

Contacts Types interactions Distances (&) ZDHA (degree) | ZHAY (degree)
A:SER142:HG - : Glycyrrhizin:012 Conventional HB 2.60 115.48 93.62
Glycyrrhizin: H118 - A:SER142:0 Conventional HB 2.52 128.81 128.89
Glycyrrhizin:H120 - B:ASP99:0D2 Conventional HB 2.79 128.23 141.49
B:PRO102:HD2 - : Glycyrrhizin:O5 Conventional HB 2.43 133.32 107.66
A:SER146:HN - : Glycyrrhizin:O15 Conventional HB 2.48 125.60 115.20
A:SER146:HG - : Glycyrrhizin:O13 Conventional HB 2.39 152.26 93.21
A:SER146:HB2 - : Glycyrrhizin:O15 Carbon-Hydrogen Bond 2.88 103.51 98.52
Glycyrrhizin:H110 - B:GLU114:0 Conventional HB 2.04 124.80 110.62
A:ARG140:HHI11 - : Glycyrrhizin:O7 Conventional HB 2.36 113.25 115.69
B:GLN116:HE22 - : Glycyrrhizin:O11 Conventional HB 2.01 149.21 140.65
A:GLY113:HA2 - : Glycyrrhizin:010 Carbon HB 1.86 120.96 111.76
Glycyrrhizin:H119 - A:VAL195:0 Conventional HB 2.50 94.05 138.86
B:ASP99:0D2 - : Glycyrrhizin:O15 Unfavorable N-N 3.40
A:ARG140:HHI12 - : Glycyrrhizin:H111 Unfavorable D-D 1.36

Comment: The numbering of glycyrrhizin atoms is given following Fig. 1(c); HB — hydrogen bond, N — negative, D — Donor, A —

Acceptor, Y-atom connected with Acceptor.

The 3D (a) and 2D (b) visualizations of the
receptor-ligand interactions are shown in Fig. 3.
Each of these contacts plays a distinct role in
maintaining  the  proper  orientation and
conformational stability of glycyrrhizin within the
active site. Notably, some of these residues are
located in the different chains of the receptor,
indicating a cooperative involvement of multiple
domains in ligand recognition

A comprehensive  overview of  these
intermolecular interactions, including bond types,
participating atoms, and interaction distances, is
summarized in Table 5. It has been revealed that O12
and H118 atoms of the terminal moiety of the
hydrophilic region of glycyrrhizin, specifically the
distal glucuronic acid residue, form two conventional
hydrogen bonds with HG and O atoms of Ser142 at
distances of 2.60 A and 2.52 A, respectively.
Additionally, H119 of the same glucuronic acid of
glycyrrhizin forms a conventional hydrogen bond
with the O atom of the amino acid residue Vall95, at
a distance of 2.5 A. Moreover, amino acid residue
Ser146 forms three hydrogen bonds with the oxygen
atoms of the hydrophilic acid of glycyrrhizin. So, HG
atom of this residue takes part in the hydrogen
bonding with O13 atom of the carbonyl group at a
distance of 2.39A, but its HN and HB2 atoms forms
both the conventional and carbon-hydrogen bonds
with O15 atom of the carboxyl group of the same
glucuronic acid at a distance of 2.39 A and 2.48 A,
respectively, although one of them is not visually
distinguishable in the 2D diagram due to overlapping
bonds. Notably, the hydrogen atom H120 of this
hydroxyl group also forms a hydrogen bond with the
oxygen atom of the side chain of the amino acid
residue Asp99, at a distance of 2.79A. In turn, Asp99
forms an Unfavorable Negative-Negative bond with
the oxygen atom of the same hydroxyl group at a
distance of 3.4A.
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Thus, the terminal glucuronic acid residue is
involved in seven conventional hydrogen bonds
with four amino acid residues, Serl142, Vall95,
Ser146, and Asp99, one unfavorable negative-
negative bond with Asp99. It is also important to
note that the first three amino acid residues Ser142,
Val195, and Ser146 of the A-chain of the receptor
are involved in hydrogen bonding interactions. In
contrast, Asp99 belongs to the B-chain of the
receptor.  This  distinction  highlights  the
involvement of both receptor chains in stabilizing
the interaction with glycyrrhizin.

The second glucuronic acid unit, which also
constitutes part of the hydrophilic region of
glycyrrhizin, forms a conventional hydrogen bond
characterized by a donor—acceptor distance of 2.04
A between the H110 atom of the ligand and the O
atom of receptor Glul14 (B-chain). This interaction
contributes to the stabilization of the ligand within
the binding site by establishing a specific and
directional polar contact, reinforcing the affinity
and precise positioning of glycyrrhizin through its
hydrophilic moiety.

Conventional hydrogen bonding is observed
between residue Argl40 (A-chain) and glycyrrhizin,
where the HH11 hydrogen atom of Argl40 donates a
hydrogen bond to the oxygen atom O7 of the ligand.
This interaction occurs at a distance of 2.36 A,
indicating a strong and directionally favorable bond
that contributes significantly to the stabilization and
specificity of the receptor—ligand complex. Such polar
interactions are crucial for maintaining the precise
orientation of glycyrrhizin within the binding pocket.

In contrast, an unfavorable donor—donor contact
is identified between the HH12 hydrogen atom of
Argl40 and the H111 hydrogen atom of glycyrrhizin
at a very close distance of 1.36 A. This interaction is
energetically disfavored due to repulsive electrostatic
forces between two positively polarized hydrogen
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atoms, which may induce local strain and necessitate
conformational adjustments to mitigate steric and
electronic clashes.

Together, these interactions involving Argl40
illustrate a nuanced balance within the binding
interface: while the conventional hydrogen bond
stabilizes ligand binding, the proximate donor—
donor contact may reflect dynamic flexibility or an
induced fit mechanism, essential for
accommodating the ligand and maintaining the
functional conformation of the receptor.

A conventional hydrogen bond is formed
between the side chain amide hydrogen (HE22) of
GInl16 (chain B) and the oxygen atom O11 of
glycyrrhizin. This interaction occurs at a distance of
2.01 A, indicative of a strong and highly directional
hydrogen bond. The precise alignment and short
donor—acceptor distance suggest that this polar
contact plays a significant role in stabilizing the
glycyrrhizin molecule within the receptor binding
site. By facilitating specific recognition through the
polar side chain of GInl16, this hydrogen bond
contributes to the overall affinity and specificity of
the ligand-receptor complex, supporting proper
ligand positioning and effective molecular
interaction.

In addition to this, a carbon-hydrogen bond is
observed between the a-hydrogen (HA2) of Gly113
(A-chain) and the oxygen atom O10 of glycyrrhizin,
with a remarkably short interaction distance of 1.86
A. Although carbon-hydrogen bonds are generally
weaker than conventional hydrogen bonds, the short
distance and favorable geometry here indicate a
significant stabilizing contribution. This interaction
likely enhances the local packing and contributes to
the fine-tuning of the ligand’s orientation within the
binding pocket, complementing the stronger polar
contacts and thus collectively strengthening the
receptor—ligand association.

Within the hydrophobic region of glycyrrhizin,
a single carbon-hydrogen bond has been identified
that connects the side-chain hydrogen atom HD2 of
Pro102 (B-chain) with the oxygen atom OS5 of the
carboxyl group in the glycyrrhetinic acid moiety.
This interaction occurs at a distance of 2.43 A,
reflecting a moderate yet meaningful non-
conventional hydrogen bond. Although weaker than
classical hydrogen bonds, this C-H:--O contact
plays an important role in stabilizing the
hydrophobic core of the ligand within the receptor’s
binding pocket. By bridging Prol02 with the
carboxyl group, this interaction likely contributes to
maintaining the precise spatial arrangement of the
ligand’s hydrophobic segment, thereby
complementing the network of stronger polar and
van der Waals interactions that underpin the overall
ligand—receptor affinity.

It was revealed that some residues of both
A- and B-chains of the receptor are not involved in
the receptor-ligand interactions, but they stabilize
the positions of certain active site residues. The
comprehensive  mapping of  intramolecular
interactions for the, as summarized in Table 6,
reveals a multifaceted network of non-covalent
contacts that collectively contribute to the stability,
specificity, and proper orientation of the 2ZMX
active site residues. These interactions include
classical hydrogen bonds, salt bridges, carbon-
hydrogen bonds, alkyl (hydrophobic) contacts, and
electrostatic attractions.

Conventional hydrogen bonds dominate the
interaction landscape, characterized by donor—
acceptor distances ranging primarily from 1.90 to
2.89 A and favorable donor-hydrogen—acceptor
(DHA) angles generally exceeding 130°, consistent
with strong and directional polar interactions. Key
examples include the hydrogen bond between the
atoms HN of SER142 and O of VAL197 at a
distance of 1.90 A with a DHA angle of 153.88°,
and the HN atoms of GLY145 in the A-chain
forming a hydrogen bond with the O atom of
SER142 in the same chain at 1.96 A, reinforcing
the structural integrity of the receptor’s binding
pocket. Similarly, VAL195 engages in multiple
conventional hydrogen bonds with backbone
oxygens of ASN191 and ARGI192 in chain A,
suggesting its pivotal role in stabilizing the ligand
environment via backbone-mediated interactions.

Electrostatic =~ forces  are  substantially
represented by salt bridges and attractive charge
interactions, notably between positively charged
residues such as Argl40 and Argl36 and negatively
charged glutamate residues, primarily Glul14. The
salt bridge between HH21 of ARG140 in A-chain
and OE2 of GLU114 in B-chain at 2.10 A
exemplifies a strong ionic bond with a near-ideal
interaction distance, critical for ligand anchoring.
Multiple salt bridges involving Argl40’s
guanidinium hydrogens and Glul14’s carboxylate
oxygens suggest a cooperative network of charged
interactions, enhancing ligand affinity through
electrostatic complementarity and spatial precision.

Carbon-hydrogen bonds, which typically
exhibit weaker electrostatic components compared to
classical hydrogen bonds, are nevertheless prevalent
and contribute significantly to ligand positioning.
For instance, interactions such as HA atoms of
ARG140 in A-chain with O atom of GLY113 at 2.15
A and HA1 atoms of GLY108 with O atom of
GLY113 in the same chain at 2.13A, with
corresponding favorable angular geometries, indicate
their role in stabilizing both polar and hydrophobic
regions of the ligand-receptor interface. These subtle
contacts likely aid in minimizing conformational
entropy and optimizing ligand fit within the
hydrophobic pockets.
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Table 6. The parameters of the intramolecular interactions for the 2ZMX active site residues.

Contacts Types interactions Distances (A) | /DHA (degree) | ZHAY (degree)
B:ASP99:HN - B:SER96:0 Conventional HB 2.89 151.60 108.77
A:SER142:HN - A:VAL197:0 Conventional HB 1.90 153.88 147.34
A:GLY145:HN - A:SER142:0 Conventional HB 1.96 152.18 138.30
A:VAL195:HN - A:ASN191:0 Conventional HB 2.15 156.45 149.37
A:VAL195:HN - A:ARG192:0 Conventional HB 2.65 111.93 90.94
A:GLY198:HN - A:VAL195:0 Conventional HB 2.74 112.39 94.07
A:VAL147 - A:VAL195 Alkyl 4.82
A:ARG140:NH1 - B:GLU114:0E1 Attractive Charge 4.57
A:ARG140:HH11 - B:GLU114:0E2 Salt Bridge;Attractive Charge 2.43
A:ARG140:NH2 - A:ASP134:0D1 Attractive Charge 4.12
A:ARG140:HH21 - B:GLU114:0E2 | Salt Bridge;Attractive Charge 2.10
A:ARG140:HN - A:GLN200:0E1 Conventional HB 1.89 165.83 133.33
A:GLN200:HN - A:ARG140:0 Conventional HB 2.78 135.39 126.82
A:GLY199:HA1 - A:ARG140:0 Carbon HB 2.13 168.37 97.39
A:ARGI140:HA - A:GLY113:0 Carbon HB 2.15 133.47 131.95
A:ARG140:HD2 - A:ASP112:0 Carbon HB 2.92 109.68 143.53
A:ARG140:HD1 - A:ASP112:0 Carbon HB 3.10 99.20 175.71
A:TYR138 - A:ARG140 Pi-Alkyl 5.16
A:GLY113:HN - A:ARG109:0 Conventional HB 2.14 128.79 149.86
A:GLY113:HA2 - A:ARG109:0 Carbon HB 2.62 107.11 150.27
A:GLY108:HAI - A:GLY113:0 Carbon HB 2.13 151.91 98.50
A:ARG140:HA - A:GLY113:0 Carbon HB 2.15 133.47 131.95
A:ARGI141:HN - A:GLY113:0 Conventional HB 2.06 154.03 152.50
B:GLU114:HN - B:ALA110:0 Conventional HB 1.97 149.44 143.43
B:GLU114:HN - B:ALA111:0 Conventional HB 2.51 112.53 91.61
B:LEU115:HA - B:GLU114:0El1 Carbon HB 3.05 121.27 134.36
A:ARG136:HH22 - B:GLU114:0E1 Salt Bridge; Attractive Charge 1.89
A:ARG140:NH1 - B:GLU114:0E1 Attractive Charge 4.57
A:ARG136:NHI - B:GLU114:0E2 Attractive Charge 4.65
A:ARG140:HH21 - B:GLU114:0E2 | Salt Bridge; Attractive Charge 2.10
A:ARG140:HH11 - B:GLU114:0E2 | Salt Bridge; Attractive Charge 2.43
B:GLN116:HN - B:ASP113:0 Conventional HB 2.85 137.51 97.07
B:GLN116:HN - B:VAL112:0 Conventional HB 2.51 146.33 151.79
A:ASP112:HA - B:GLN116:0E1 Carbon HB 2.67 132.92 114.87
B:ALA106 - B:PRO102 Alkyl 4.54

Comment: Amino acid residues that interact with glycyrrhizin are highlighted in bold; HB — Hydrogen Bond, D — Donor,

A — Acceptor, Y — atom connected with Acceptor.

Hydrophobic (alkyl) interactions also form an
integral part of the binding mechanism. The alkyl
contact between VAL147 and VALI195 in the A-
chain at 4.82 A exemplifies van der Waals forces
that promote ligand retention by reinforcing
hydrophobic  packing. Similarly, the alkyl
interaction between ALA106 and PRO102 in the B-
chain at 4.54 A stabilizes the receptor structure
surrounding the ligand-binding site, contributing to

overall conformational rigidity and ligand
accommodation.
Moreover, the data reveal a cooperative

involvement of residues from both receptor chains,
with hydrogen bonds and electrostatic interactions
crossing chain boundaries, thereby emphasizing the
multimeric nature of the receptor and the
distributed binding interface. This cross-chain
interaction network suggests a dynamic yet specific
ligand engagement that can accommodate subtle
conformational changes while preserving binding
specificity.
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The angular parameters (DHA and HAY
angles) recorded for these hydrogen bonds and
carbon-hydrogen bonds further corroborate the
strength and specificity of these interactions. Larger
DHA angles (close to linearity) generally indicate
stronger hydrogen bonding, which is consistently
observed across the key contacts in Table 6. Such
geometrical optimization is critical for efficient
molecular  recognition and  receptor—ligand
interaction patterns.

In summary, the detailed characterization of
contacts in Table 6 demonstrates that the positions of
the residues in the 2ZMX active site are governed by
a balanced interplay of strong directional hydrogen
bonds, ionic salt bridges, supportive carbon-
hydrogen bonds, and stabilizing hydrophobic
interactions. The dual presence of conventional
stabilizing hydrogen bonds alongside some
energetically less favorable donor—donor contacts
suggests a dynamic binding mode that may facilitate
induced fit and specificity. This complex interaction
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network not only secures the ligand in a precise
orientation but also enhances the receptor’s ability to
recognize and respond to the ligand with high
specificity and affinity, providing valuable insights
into the molecular basis of ligand recognition and
potential avenues for drug design optimization.

The inhibition constants (Ki) were estimated
using the equation Ki=Kd=exp(AG/RT). For a
binding free energy of -7.1 kcal/mol, this
calculation yields a dissociation constant of
approximately 6.2x10 M, indicating a micromolar
level of binding affinity.

Pharmacophore models of glycyrrhizin for
the interaction with 6LZG and 2ZMX

Based on the calculated results,
pharmacophore elements and their locations were
identified and, as a result, pharmacophore models
were constructed for glycyrrhizin interactions both
with 6LZG and 2ZMX (Fig.4 and Fig.5). It was
revealed, that that carboxyl groups (-COOH), —
hydroxyl radical(-OH) of glycyrrhizin are predicted

[

1, 4 — carboxyl groups (COOH),
2, 3 — hydroxyl radicals (OH)

(@)

to play the important role in the interactions with
amino acid residues of the active site.

As seen from Fig.4, the H118 and H119 atoms
of the carbonyl group and the O16 atom of the
carboxyl group of the terminal glucuronic acid,
HI105 atom of the terminal carboxyl group of the
hydrophobic fragment are the elements of
pharmacophore moieties of glycyrrhizin for its
intermolecular interactions with the ACE2.

Table 7. The respective geometrical arrangement of
pharmacophore moieties of glycyrrhizin for its
interaction with 6LZG.

Distances | In A Angles In degrees
O16—HI05 |11.61 |[HI05—-H119-0116 56.11
H119-H105 |12.99 |H118 —H119 — H105 115.8
H118 - H105 |10.81 | H118 — 016 — H105 87.34
Ol6-HI118 | 4.76 | O16 —HI119—HI118 87.03
HI119-H118 | 3.89 |HI05-HI118—H119 115.8
Ol6-HI119 | 2.94 | H119-016 - HI105 56.11

Comment:The numbering of the ligand atoms is given in
accordance with Fig.1(c).

H118 H119

(b)

Fig. 4. Pharmacophore model of glycyrrhizin for its interaction with 6LZG /the pharmacophore moieties 1 — 4 (a) are
shown: H-acceptors — in red, H-donors — in blue, hydrophobic groups — in violet, their elements are indicated by labels

and symbols (b).
3 H= IP 4 D\ ( 8
',L {=]
2 7 —

J —&
EE
1, 7, 8 — carboxyl groups (COOH);

2,3, 4, 5, 6 — hydroxyl radicals (OH)

()

(b)

Fig. 5. Pharmacophore model of glycyrrhizin for its interaction with 2ZMX /the pharmacophore moieties 1 - 8 (a) are
shown; H-acceptors — in red, H-donors — in blue, cation -in orange , hydrophobic groups — in violet, their elements are

indicated by labels and symbols (b).
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Table 8. The respective geometrical arrangement of
pharmacophore moieties of glycyrrhizin for its
interaction with 2ZMX.

Distances In A Angles In degrees
O15-H118 6.71 H118-H110-0O5 80.92
H119-012 4.63 0O15-H110-05 36.56
0O15-H110 7.41 012-H11-05 45.48
H119-07 7.4 H119-010-05 7.07
H118-07 7.68 015-012-05 124.74
012-07 5.5 H120-H110-O010 56.51
H120-05 10.49 012-010-05 28.01
H118-05 10.16 012-H110-05 35.34
H110-05 1548 H119-012-05 138.66
011-05 19.02 | H118-H111-012 99.29

Comment: The numbering of the ligand atoms is given in
accordance with Fig.1(c)

As seen from Fig.5, 012, O13, H118, and
H119 atoms of the — hydroxyl radical, O15,
H120 atoms of the carboxyl group of the terminal
glucuronic acid; O7, H110, H111 atom of the —
hydroxyl radical, and O10, Ol1 atoms of the
carboxyl group of the aromatic ring of the next
glucuronic acid in the sequence of the hydrophilic
part; O5 atom of the terminal carboxyl group of the
hydrophobic fragment are the elements of
pharmacophore moieties of glycyrrhizin for its
intermolecular interactions with the tyrosinase.

The relative positions of pharmacophore areas
of glycyrrhizin for interaction with 6LZG and
2ZMX were characterized by a set of distances and
angles, represented in Tables 7 and 8, respectively.
The proposed models may support future structure-
based design studies of glycyrrhizin-derived
compounds.

LIMITATIONS OF THE STUDY

A limitation of the present study is the absence
of  comparative  docking  analysis  with
experimentally validated reference inhibitors or
control compounds. In addition, molecular
dynamics simulations and in vitro validation
experiments were beyond the scope of the current
investigation. Therefore, the obtained results should
be considered preliminary and require further
experimental confirmation.

CONCLUSION

Molecular docking simulations revealed that
glycyrrhizin  demonstrates  favorable binding
interactions with both ACE2 and tyrosinase protein
targets.

The important intermolecular interactions of
glycyrrhizin were observed with residues Glu35
and GIn76 of the A-chain, and GIn493 and Ser494
of the B-chain of the ACE2 receptor (6LZG),
thereby contributing to the stabilization of the
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ligand within the binding pocket through
conventional and carbon-hydrogen bonds.

The key intermolecular interactions of
glycyrrhizin with residues Ser142, Gly113, Argl40,
Ser146 and Vall95 of the A-chain, and Asp99,
Glull4, GInl16, and Pro102 of the B-chain of the
tyrosinase enzyme (2ZMX) were identified. These
residues contributed to ligand stabilization through
a network of conventional hydrogen bonds, carbon-
hydrogen bonds, and electrostatic interactions.

The obtained docking results provide structural
insights into the spatial organization of
pharmacophore elements involved in target
recognition. The proposed pharmacophore models
may support future structure-based design of
glycyrrhizin-derived compounds targeting ACE2-
associated inflammatory pathways and
pigmentation-related molecular mechanisms.

However, the present findings are based solely
on computational docking analysis and should
therefore be interpreted cautiously. Further
molecular dynamics simulations, comparative
docking studies with reference compounds, and
experimental validation are required to confirm the
biological relevance and potential therapeutic
applicability of glycyrrhizin interactions with the
investigated targets.
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Heat stress is one of the major environmental factors limiting wheat productivity under changing
climatic conditions. In this study, the expression patterns of HSP17.3, WRKY 14, and WRKY 36 genes
were analyzed in four bread wheat (Triticum aestivum L.) genotypes differing in heat tolerance. Two
heat-tolerant genotypes, Murov 2 and Zirva 85, and two heat-sensitive genotypes, Aran and Gyzyl
bugda, were exposed to heat stress, and relative transcript levels were determined using quantitative
real-time PCR. Heat treatment induced clear genotype-dependent changes in the expression of all
three genes. The tolerant genotypes showed markedly higher transcript accumulation than the
sensitive ones. HSP17.3 was strongly upregulated in Zirva 85 and Murov 2, indicating an active
chaperone-mediated protective response under elevated temperature. Among the studied genes,
WRKY36 showed the most pronounced induction, reaching approximately a 30-fold increase in
Murov 2. WRKY14 also exhibited stronger expression in tolerant genotypes compared with sensitive
genotypes. The concurrent upregulation of HSP17.3, WRKY 14, and WRKY36 in heat-tolerant wheat
genotypes suggests that these genes are involved in molecular mechanisms contributing to
thermotolerance. The obtained results indicate that these genes may be considered promising
candidate markers for evaluating heat stress tolerance in bread wheat breeding programs.

Keywords: Triticum aestivum L., heat stress, HSP17.3, WRKY14, WRKY 36, thermotolerance, qRT-PCR

INTRODUCTION metabolism is profoundly affected, resulting in

protein  degradation, inhibition of protein

In the context of global warming, improving
the tolerance of crop plants to high temperatures is
considered a critical challenge for the development
of global agriculture (IPCC, 2023). Extremely high
temperatures associated with climate change
directly affect yield, respiration, reproduction,
growth, and other biochemical processes in plants
(Jagadish et al., 2021). Under stress conditions,
elevated temperatures negatively impact plant
development by  disrupting  intermolecular
interactions essential for growth (Mahajan et al.,
2025). To mitigate stress conditions, plants have
evolved various adaptive responses, including
deeper root growth into moist soil layers, stomatal
closure to prevent water loss during transpiration,
stabilization of cellular membranes, and
reorganization of the genetic apparatus to regulate
the synthesis of stress-related proteins. At the
biochemical level, high temperatures lead to the
denaturation of thermolabile proteins and
significantly increase the accumulation of
damaging reactive oxygen species (ROS) in plant
cells (Mittler et al., 2017). Depending on the
intensity and duration of heat stress, protein

DOI: https://doi.org/10.62088/timbb/10.1.9

accumulation, and induction of the synthesis of
specific stress-related proteins. Under high-
temperature  stress, however, plants activate
additional protective mechanisms, among which
heat shock proteins (HSPs) play a central role.
HSPs are widely recognized as stress proteins and
function as molecular chaperones involved in
preventing aggregation of misfolded proteins,
protein refolding, disaggregation, and degradation
under heat stress conditions (Kang et al., 2022). In
plants, HSPs are classified into several major
families based on their molecular weight and
sequence homology, including HSP100, HSP90,
HSP70, HSP60, and small heat shock proteins
(sHSPs), which typically range from 15 to 42 kDa
(van Montfort et al., 2001). Among these, sHSPs
represent a highly diverse and abundant group, with
numerous isoforms identified in higher plants
(Waters & Vierling, 2020). The diversity of HSP
families reflects their essential role in plant
adaptation to a wide range of abiotic stresses,
including heat, drought, and salinity
(Hasanuzzaman et al., 2020). Functionally, HSPs
act as molecular chaperones that regulate protein
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folding, assist newly synthesized polypeptides in
achieving their native conformation, prevent non-
specific protein aggregation, and facilitate protein
refolding under stress conditions. A characteristic
feature of many HSPs is the presence of conserved
domains associated with chaperone activity, which
are essential for substrate binding and protein
stabilization (Peters et al., 2024). The expression of
HSP genes is tightly regulated by heat shock
transcription factors (HSFs), which act as key
transcriptional activators under stress conditions
(Ohama et al., 2017). Under non-stress conditions,
HSP expression is generally low and is mainly
associated with specific developmental processes
such as embryogenesis, seed germination, pollen
development, and fruit ripening. However, under
heat stress, HSP genes are rapidly induced,
contributing to cellular protection and stress
adaptation. Among these families, HSPs,
particularly members of the HSP17 group such as
HSP17.3, have attracted significant attention due to
their rapid induction and crucial role in protecting
cellular proteins under heat stress conditions
(Mukesh Sankar et al., 2021). HSP17.3 contributes
to maintaining protein stability by preventing
aggregation of denatured proteins and supporting
their refolding, thereby enhancing stress tolerance
in plants. In addition to heat shock proteins,
transcription factors play a crucial role in regulating
plant responses to heat stress. Among them,
members of the WRKY family have attracted
considerable attention due to their involvement in
stress signaling networks. WRKY transcription
factors regulate the expression of numerous stress-
responsive genes associated with antioxidant
defense, hormonal signaling, and abiotic stress
adaptation. Several studies have demonstrated that
WRKY genes are induced by elevated temperatures
and contribute to thermotolerance by activating
downstream protective mechanisms (Ma et al.,
2024; Zhang et al., 2025). Among the WRKY family
members, WRKY14 and WRKY36 are considered
potential regulators of stress-responsive pathways
associated with antioxidant defense, signal
transduction, and cellular protection, suggesting
their possible involvement in plant adaptation to
heat stress (Li et al., 2024).

However, their contribution to heat stress
responses in  wheat remains insufficiently
understood. Therefore, the coordinated activation of
heat shock proteins and WRKY transcription factors
may represent an important component of the
complex regulatory network underlying heat stress
tolerance. Wheat (Triticum aestivum L.) is one of
the most important cereal crops and a staple food
source for a large proportion of the global
population, with annual production exceeding 700
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million tons (FAO, 2023). This crop is constantly
exposed to various abiotic stresses. In many regions
worldwide, wheat is subjected to heat stress during
the grain-filling stage, which adversely affects plant
growth, yield, and grain quality (Zhao et al., 2017).
Heat stress during reproductive stages is a major
constraint in  wheat production, affecting
approximately 40% of wheat-growing areas
globally (Yadav et al., 2022). Studies have shown
that heat-tolerant wheat genotypes exhibit a
stronger molecular response to high-temperature
stress compared to sensitive ones, largely due to the
activation of stress-responsive proteins (Kumar et
al., 2020). Among these stress-responsive proteins,
low-molecular-weight heat shock proteins (SHSPSs),
including members of the HSP17 family, play a
central role in the heat stress response in wheat.
However, the genotype-dependent expression
patterns and functional roles of HSP17.3, WRKY 14,
and WRKY36 in the molecular response of wheat to
elevated temperature remain insufficiently
characterized. Therefore, the aim of this study was
to investigate the expression patterns of HSP17.3,
WRKY14, and WRKY36 in bread wheat genotypes
exposed to heat stress and to evaluate their potential
contribution to the molecular mechanisms
underlying thermotolerance.

MATERIALS AND METHODS

Plant material and growing conditions

Four local bread wheat (Triticum aestivum L.)
genotypes were selected from the Gene Fund of the
Research Institute of Crop Husbandry (Azerbaijan),
including two tolerant genotypes (Murov 2 and
Zirva 85) and two sensitive genotypes (Aran and
Gyzyl bugda). To ensure the reliability of gene
expression analysis, the experiment was designed
using a randomized complete block layout with two
treatments, comprising 10 biological replicates and
3 technical replicates. Plants were cultivated under
controlled environmental conditions in a growth
chamber with a 16/8 h light/dark photoperiod,
day/night temperatures of 24/18 °C, and relative
humidity maintained at 50%. Seedlings were grown
individually in plastic containers filled with a soil—-
sand mixture (1:3 ratio). Fourteen-day-old plants
were subjected to heat stress treatment. Heat stress
was applied under laboratory conditions using a
thermostat at 38 °C for 30 min, 40 °C for 30 min,
and 42 °C for 2 h. Leaf samples were collected
immediately after treatment, rapidly frozen in liquid
nitrogen, and stored at —80 °C until further analysis.

Quantitative Real-Time PCR

Quantitative Real-Time PCR (qRT-PCR)
analysis was performed using a Mic Real-Time
PCR (Bio Molecular Systems, Upper Coomera,
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QLD, Australia) system with a total reaction
volume of 20 pL. Each reaction contained 10 uL of
Luna Universal gPCR Mix (New England Biolabs,
Ipswich, MA, USA), 1 pL of cDNA template
diluted 1:5, 0.5 uL of each forward and reverse
primer (10 uM), and 7 pL of nuclease-free water.
The amplification protocol consisted of an initial
denaturation step at 94 °C for 60 s, followed by 45
cycles of denaturation at 95 °C for 15 s and
annealing/extension at 60 °C for 30 s. No-template
controls (NTCs) were included for each primer set
to verify the absence of contamination. All
reactions were carried out in three technical
replicates for each of the three independent
biological replicates. The elongation factor 1-alpha
gene (EIfl-o) was used as an internal reference due
to its stable expression across experimental
conditions. Primer sequences are provided in Table.

Primer efficiency was evaluated using a
standard curve generated from serial dilutions of
cDNA and calculated according to the following
equation:

1
Efficiency (%) = ﬁo‘m—vx 100

Melting curve analysis was performed for each
amplicon to confirm amplification specificity.
Relative gene expression levels were calculated
using the 2~ **“* method (Livak, 2001), comparing
heat-treated samples with the corresponding
controls.

Statistical analysis was performed using
Student’s t-test to compare control and heat-
stressed samples within each genotype, and
differences were considered statistically significant
atp <0.05.

RESULTS AND DISCUSSION

Heat stress markedly increased HSP17.3
expression in all studied wheat genotypes (Fig. 1A).
The magnitude of induction was genotype-
dependent, with the strongest response observed in
the heat-tolerant genotypes Zirva 85 and Murov 2,
where transcript levels increased approximately 14—
15-fold and 10-11-fold, respectively, compared
with the control. In contrast, the heat-sensitive

genotypes Aran and Gyzyl bugda exhibited
substantially lower induction, reaching only about
3-fold and 5-fold, respectively. The stronger
activation of HSP17.3 in tolerant genotypes
suggests a positive association between HSP17.3
expression and thermotolerance. Similar findings
have been reported in wheat and other crop species,
where heat-induced accumulation of small heat
shock proteins was associated with enhanced stress
tolerance and improved protection of cellular
proteins against thermal damage (Kang et al., 2022;
Peters et al., 2024). As molecular chaperones,
sHSPs contribute to thermotolerance by preventing
protein aggregation and maintaining protein
homeostasis under elevated temperatures. Heat
stress also significantly affected WRKY14
expression (Fig. 1B). The highest transcript
accumulation was detected in the tolerant
genotypes Murov 2 and Zirva 85, whereas only
weak induction was observed in Aran and Gyzyl
bugda. The genotype-dependent activation of
WRKY14 indicates its potential involvement in heat
stress adaptation. WRKY transcription factors are
recognized as important regulators of stress-
responsive gene networks and participate in the
control of antioxidant defense, signal transduction,

and  hormonal  responses  under  adverse
environmental conditions (Li et al., 2024).
Enhanced WRKY14 expression in tolerant

genotypes may therefore contribute to the
activation of downstream protective mechanisms
required for adaptation to heat stress.

A pronounced genotype-dependent response
was also observed for WRKY36 (Fig. 1C). The
strongest induction occurred in the heat-tolerant
genotype Murov 2, where transcript levels
increased approximately 30-fold relative to the
control. A moderate increase of about 5-fold was
detected in Zirva 85, whereas little or no induction
was observed in the sensitive genotypes Aran and
Gyzyl bugda. The substantial upregulation of
WRKY36 in Murov 2 suggests that this transcription
factor may play an important role in the regulation
of heat stress responses and stress adaptation
mechanisms.

Table. Sequences of primers used for qRT-PCR.

Gene Primer sequence (5'-3")

Reference

Elfl-a

CAGATTGGCAACGGCTACG

CGGACAGCAAAACGACCAAG

Rustamova et al., 2021

HSP17.3

ATGGGGGGCATGGTGTTCG

TTGTCGAGGGTGAGGGTGAG

Khokhlova et al., 2015

GTCAGCAGCCAGCCTTCCCTTAGCC

WRKY 36

CGTCGCCACGAGTATGGTCTTGTCC

WRKY14

GATGACATAGATGCTGGAGGTGG

Isgandarova et al., 2024

MO MAO|T{O| T

TGTGGCGTCGCTGTGGTT
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Fig. 1. Relative expression of HSP17.3 (A), WRKY14 (B), and WRKY 36 (C) genes in four bread wheat genotypes
differing in heat tolerance after heat stress treatment. Relative transcript abundance was determined by RT-gqPCR using
the 2 **“* method and normalized to Elf1-o. Data represent mean + SE (n = 3 biological replicates). Statistical
significance between control and heat-treated plants was determined using Student's t-test * p < 0.05; *** p < 0.001.

Strong stress-induced activation of WRKY
genes has been reported previously, with several
members of the WRKY family exhibiting marked
increases in expression under abiotic stress
conditions (Zhang et al., 2025).

Notably, He et al. (2016) demonstrated that the
wheat transcription factors TaWRKY1l and
TaWRKY33 showed expression increases exceeding
30-fold under stress conditions, confirming the
ability of WRKY genes to undergo rapid and
substantial transcriptional activation in response to
environmental challenges. In addition, WRKY
transcription factors have been reported to
participate in plant responses to high-temperature
stress by regulating ROS-related signaling,
hormone-mediated pathways, and downstream
stress-responsive genes (Cheng et al., 2021).

Therefore, the approximately 30-fold increase
in WRKY36 expression observed in Murov 2 appears
biologically plausible and may reflect an efficient
activation of regulatory networks associated with
heat stress adaptation and thermotolerance. The
weak response detected in Aran and Gyzyl bugda
suggests a limited capacity to activate these
protective signaling pathways under heat stress,
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which may contribute to their lower stress tolerance.
The coordinated induction of HSP17.3, WRKY14,
and WRKY36 observed in the heat-tolerant genotypes
Murov 2 and Zirva 85 suggests the existence of an
integrated  molecular response to elevated
temperature involving both protective chaperone
systems and transcriptional regulatory networks.
While HSP17.3 likely contributes directly to
thermotolerance by stabilizing denatured proteins
and preventing irreversible protein aggregation,
WRKY14 and WRKY36 may function as upstream
regulators controlling the expression of stress-
responsive genes involved in antioxidant defense,
signal transduction, and cellular protection. The
simultaneous activation of these genes in tolerant
genotypes indicates a more efficient stress-response
system compared with the sensitive genotypes Aran
and Gyzyl bugda, which exhibited substantially
weaker transcriptional responses. A similar
relationship between heat shock proteins and stress-
responsive transcription factors has been reported in
wheat and other crop species, where enhanced
activation of protective molecular networks was
associated with improved tolerance to high
temperature stress (Hasanuzzaman et al., 2020).



Expression analysis of HSP17.3, WRKY14, and WRKY36 genes in bread wheat genotypes under heat stress conditions

> Heat stress &

% Temperature

| g e, (38-42 °C)
: i e S AR o f :
| ( " | i
o i » ‘L ROS accumulation %0 — & — °°; !

""" g ‘ i O H,0, OH |®——--

. |

| Heat stress signaling :

l ‘ (Ca?*, MAPKs, phytohormones) *
Activation of Heat Shock Factors ‘ Enhanced antioxidant defense

(HSFs) [ Activation of WRKY transcription factors ]
sob ¢+ 0 —» H0,
ool oo | b !
WU L CAT | 4 2H,0, —» 2H,0+0,
i WRKY14 ¢ WRKY36 %
M =R
HSP17.3 t XDOOTRRDOC [~ XDDOITTODBC APX |t HO, —» 2H0
P — > P! H,0. —» 2H,0
@ % @ Regulation of sti R ion of stress-responsive BEX f &2 £
Unfolded / Binding of Protein refolding genes (e.g, antiaxidant enzymes, genes (e."g.,I ROS detoxification,
denatured HSP17.3 and stabilization PROtocie protole) celliar protection) Reduced ROS levels
proteins
@0 0 0 09 g o0
Molecular chaperone activity @ © 0 9 0 0 o
ion of protein aggregati

Integrated cellular protection

Maintenance of
protein homeostasis

Membrane stability
and integrity

Protection of chloroplast
and mitochondrial
structure and function

Maintenance of redox
homeostasis and
cellular balance

stress-responsive
genes

Proper regulation of ‘

. .

Thermotolerance and improved heat resilience in wheat

Greater induction in tolerant genotypes

Murov2 > Zirva85 > Aran > Gyzyl bugda
--— C—

(Tolerant) (Sensitive)
)

Fig. 2. Proposed molecular mechanism of heat stress response in bread wheat. Heat stress promotes reactive oxygen
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transcription factors. HSP17.3 functions as a molecular chaperone to stabilize proteins, whereas WRKY14 and WRKY 36
regulate stress-responsive genes involved in antioxidant defense and cellular protection. The coordinated activation of
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Furthermore, recent studies have demonstrated
that WRKY transcription factors play important
regulatory roles in coordinating antioxidant defense
and stress signaling pathways under abiotic stress
conditions (Isgandarova et al., 2024). Therefore, the
strong induction of HSP17.3 together with WRKY14
and WRKY36 in tolerant wheat genotypes may
represent a key molecular mechanism contributing to
cellular homeostasis and thermotolerance under heat
stress conditions.

To integrate the expression patterns observed in
the present study into a unified conceptual
framework, a schematic model of the proposed
molecular mechanism underlying heat stress
tolerance in bread wheat is presented in Figure 2.
Heat stress promotes the accumulation of ROS,
which activates heat stress signaling pathways and
induces the expression of HSP17.3 and WRKY
transcription factors. Increased HSP17.3 expression
may contribute to protein stabilization through its
molecular chaperone activity, whereas WRKY14
and WRKY36 are likely involved in regulating
downstream stress-responsive genes associated with

antioxidant defense and cellular protection. The
coordinated activation of these pathways may help
maintain  cellular  homeostasis and enhance
thermotolerance, particularly in tolerant genotypes
such as Murov 2 and Zirva 85. This proposed
mechanism is consistent with our previous findings
on the integrated physiological, molecular, and
ultrastructural responses of wheat to heat stress
(Zulfugarova et al., 2026).

CONCLUSION

The present study showed that heat stress
induces clear genotype-dependent changes in the
expression of HSP17.3, WRKY14, and WRKY36
genes in bread wheat. Heat-tolerant genotypes
displayed stronger transcriptional activation than
heat-sensitive genotypes, indicating that these
genes may be associated with more effective
molecular responses to elevated temperature. The
marked upregulation of HSP17.3 in tolerant
genotypes suggests its involvement in chaperone-
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mediated protection and maintenance of protein
stability under heat stress. At the same time, the
enhanced expression of WRKY14 and especially
WRKY36 indicates that WRKY transcription factors
may participate in the regulation of heat-responsive
pathways in wheat. Overall, the coordinated
induction of HSP17.3, WRKY14, and WRKY36 in
tolerant genotypes suggests that both protective
chaperone systems and transcriptional regulatory
mechanisms contribute to wheat thermotolerance.
These genes may therefore be considered promising
candidate expression markers for the evaluation of
heat stress tolerance in bread wheat. However,
further  studies involving larger  genotype
collections, additional stress conditions, and
functional validation are needed to confirm their
role in heat adaptation and their usefulness in
breeding programs.
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The present research aimed to characterize the phenolic composition of eucalyptus (Eucalyptus spp.)
leaf extract and to investigate the possible industrial applications of these bioactive constituents.
Phenolic compounds were identified and quantified through high-performance liquid chromatography
coupled with a diode-array detector (HPLC-DAD). Analytical findings demonstrated the presence of
nearly twenty distinct phenolic substances within the extract. Among the detected compounds, alizarin
exhibited the highest concentration (265.72 ng/uL), followed by gallic acid (86.73 ng/nL). Several
additional phytochemicals, including ascorbic acid, hydroxybenzoic acid, rutin, naringin, hesperidin,
resveratrol, and quercetin, were also detected at varying levels. The diverse phenolic profile obtained
from eucalyptus leaves suggests a substantial reservoir of biologically active molecules with notable
functional properties. Many of these compounds are recognized for their capacity to neutralize
reactive oxygen species, suppress microbial growth, and modulate inflammatory processes.
Consequently, eucalyptus-derived extracts may represent promising natural ingredients for
incorporation into pharmaceutical preparations, cosmetic products, and health-related formulations.
Moreover, their potential role as naturally derived preservatives and oxidation inhibitors may support
the development of cleaner-label food products and reduce dependence on synthetic additives. Overall,
the findings highlight eucalyptus leaves as a valuable source of phenolic constituents with broad
applicability in natural product research. The observed phytochemical richness further supports the
utilization of eucalyptus biomass in environmentally friendly production systems, sustainable
biotechnology, and green chemistry-based innovation strategies aimed at developing high-value
bioactive products.

Keywords: Eucalyptus spp., phenolic Compounds, HPLC-DAD, cosmetics, healthcare sector

INTRODUCTION

The growing demand for sustainable
technologies and naturally derived ingredients has
increased scientific interest in bioactive compounds
obtained from plant resources. In recent years,
natural products have become key components in
the development of environmentally compatible
formulations for the pharmaceutical, cosmetic,
nutraceutical, and food industries. Medicinal and
aromatic plants are particularly valued because they
synthesize a wide range of secondary metabolites,
including phenolic acids, flavonoids, tannins, and
essential oils, which exhibit diverse biological
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activities and functional properties (Basar et al.,
2024; Ekor, 2014; FAO, 2021).

Among these botanical resources, eucalyptus
(Eucalyptus spp.), a member of the Myrtaceae
family, has attracted considerable attention due to
its rich phytochemical composition and broad
spectrum of biological effects. Numerous
investigations have demonstrated that eucalyptus
leaves contain substantial amounts of phenolic
constituents capable of contributing to antioxidant
defense mechanisms. Analytical studies have
identified compounds such as ascorbic acid, gallic
acid, hydroxybenzoic acid, wvanillic acid, p-
coumaric acid, rutin, naringin, neohesperidin,

DOI: https://doi.org/10.62088/timbb/10.1.10
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quercetin, hesperidin, and resveratrol within
cucalyptus extracts. Chromatographic evaluation
using HPLC-DAD further confirmed the
occurrence of these metabolites and revealed
particularly elevated levels of alizarin (265.7
ng/ul) and gallic acid (86.7 ng/uL). The abundance
of these compounds suggests a strong antioxidant
potential and an enhanced capacity to counteract
reactive oxygen species. Previous studies have
emphasized that phenolic metabolites contribute
significantly to oxidative stress regulation while
also exhibiting antimicrobial and anti-inflammatory
activities that may support human health (Karadag
et al., 2024; Silva et al., 2003; Dhakad et al., 2018).

The replacement of synthetic preservatives and
artificial antioxidants with  plant-derived
alternatives has become an important objective in
modern product formulation. Owing to their high
phenolic and flavonoid content, eucalyptus leaf
extracts may provide multiple functional benefits in
different industrial sectors. These benefits include
protection against oxidative deterioration, inhibition
of microbial growth, and mitigation of free-radical-
mediated cellular damage associated with skin
aging. Consequently, eucalyptus-derived bioactive
compounds are increasingly considered promising
candidates for incorporation into cosmetic products,
food preservation systems, and health-promoting
formulations (Aras & Karadag, 2024; Bakkali et al.,
2008; Draelos, 2019). Furthermore, compounds
such as ascorbic acid and rutin are known to
support collagen biosynthesis and skin regeneration
processes, thereby enhancing the efficacy of
dermocosmetic preparations.

The primary objective of the present study was
to characterize the phenolic profile of eucalyptus
leaf extract and to assess the potential significance
of the identified compounds in terms of antioxidant
functionality and industrial applicability. Figure 1
lists some keywords related to studies on eucalyptus
(Eucalyptus spp.) in value-added cosmetic, health, and
food products. These findings contribute to a better
understanding of the potential use of eucalyptus as a
natural source of active ingredients, functional additives,
and preservatives. In addition, the results support the
growing interest in eucalyptus biomass as a
valuable renewable raw material for sustainable
biotechnology, green chemistry applications, and
the development of high-value natural products
with economic and commercial relevance.
Biological applications that have been and are
planned to be carried out with the extracts and oils
of the eucalyptus (Eucalyptus spp.) plant are clearly
presented in Fig. 1 for the attention of researchers.

Chemical composition of eucalyptus plant

Eucalyptus (Eucalyptus spp.) is a medicinal
and aromatic plant notable for its volatile oils and
biologically  active  secondary  metabolites,
particularly those accumulated in its leaves. The
volatile oil content varies between 0.5% and 3%
depending on the species, climate, soil structure,
harvest time, and distillation method (Dhakad et al.,
2018). These oils generally consist of volatile
components such as monoterpenes, sesquiterpenes,
and phenolic compounds; polar compounds such as
tannins, flavonoids, alkaloids, and phenolic acids
also contribute to the composition (Batish et al.,
2008; Brooker and Kleinig, 2006). Table 1 shows
that eucalyptus (Eucalyptus spp.) is used as a value-
added product ingredient across a wide range of
applications from skin and hair care products to
phytotherapeutic applications, and from natural
flavorings to functional foods in the cosmetic,
health, and food industries, thanks to its antiseptic,
antimicrobial, anti-inflammatory, and antioxidant
properties.

Major chemical constituents of eucalyptus

The biological and commercial value of
eucalyptus is largely associated with the
composition of its essential oil. Among the volatile
constituents, 1,8-cineole (commonly referred to as
eucalyptol) is recognized as the predominant
compound, frequently accounting for
approximately 60-85% of the total oil fraction
depending on species and environmental conditions
(Cox & Markham, 2007). This oxygenated
monoterpene possesses a characteristic aromatic
odor and has been extensively investigated for its
pharmacological properties, including
antimicrobial, anti-inflammatory, mucolytic, and
analgesic activities (Juergens, 2014).

Besides eucalyptol, eucalyptus essential oils
contain numerous terpenoid compounds that
contribute to both fragrance characteristics and
biological performance. These constituents include
a-pinene, [-pinene, limonene, camphene, p-
cymene, terpineol, globulol, and spathulenol,
among others (Dorman & Deans, 2000). Such
molecules play an important role in determining the
overall bioactivity of the oil. In particular, a-pinene
and limonene have attracted considerable attention
due to their antioxidant and antimicrobial
capabilities, making them promising candidates for
incorporation into natural preservative systems used
in pharmaceutical and cosmetic formulations (Aras
et al., 2024; Bakkali et al., 2008).
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Fig. 1. Academic Studies on Eucalyptus (Eucalyptus spp.) (Web of Science database).

Table 1. Use of eucalyptus (Eucalyptus spp.) plant in value-added cosmetic, health and food products.

Sector | Application Area Biological/Functional Effect Formulagl(:llz)zzii Dosage References
Skin care products | Antiseptic, anti-inflammatory, acne | Creams, lotions, gels (0.5-2% Juergens et al., 2003;
and pimple preventative eucalyptus oil or extract) Santos et al., 2017
. Hair care products Anti-dandruff, scalp refreshing, Shampoos, hair tonics (0.5— Santos et al., 2017
Cosmetics L . R
antimicrobial 1.5% essential oil)
Aromatherapy Relaxing, improves mental focus, Massage oils, perfumes, spa Esposito et al., 2016
products provides a pleasant scent products (0.2—1% essential oil)
Natural preservatives| Antioxidant and microbial balancer Cream, lotion and gel Juergens et al., 2003
& perfume agents formulations
Phytotherapeutic Expectorant, bronchodilator, anti- Tea, inhalers, lozenges, Santos et al., 2017; Sadlon
Health .. . . . .
applications inflammatory, antimicrobial ointments and Lamson, 2010
Topical and Wound healing, mental relaxation, Massage oils, ointments, Esposito et al., 2016
aromatherapy antimicrobial inhaler products
Natural flavorings | Enhances flavor and aroma in food | Tea, herbal extracts (0.1-0.5%) | Mehdizadeh et al., 2016
and beverages
Natural preservatives Extends product shelf life with Food supplements, functional Santos et al., 2017
Food antimicrobial and antioxidant effects foods
Functional food and | Provides antioxidant and metabolic Herbal beverages, tea blends | Sadlon and Lamson, 2010
beverages support
Food safety Use in accordance with EFSA and Standardized extract and Mehdizadeh et al., 2016
FDA limits essential oil tests

In addition to volatile terpenes, eucalyptus
leaves are rich in non-volatile phytochemicals,
including flavonoids, phenolic acids, and tannin
derivatives. Representative flavonoids include
quercetin, luteolin, and apigenin, whereas gallic
acid and chlorogenic acid are among the most
commonly reported phenolic acids. Tannins such as
gallotannins and ellagitannins are also frequently
detected (Silva et al.,, 2003). These compounds
significantly contribute to antioxidant defense
through free-radical neutralization and oxidative
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stress reduction. Moreover, flavonoid-rich extracts
have gained increasing interest in dermocosmetic
applications because of their photoprotective effects

and their potential to support skin renewal
processes (Draelos, 2019).

Extraction technologies and essential oil
production

Steam distillation remains the most widely
employed technique for the commercial production
of eucalyptus essential oil. In this study, the
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extraction of Eucalyptus plant extract and its
phenolic content determination by HPLC are
schematically shown in Fig. 2. During this process,
volatile compounds are released from fresh or dried
plant material through steam exposure and
subsequently condensed to obtain the oil fraction
(Lucchesi et al., 2004). Extraction efficiency and
final oil composition are strongly influenced by
operational variables such as processing duration,
temperature, pressure, and moisture content of the
leaves (Karadag et al., 2024; Dhakad et al., 2018).

Recent technological developments have
introduced alternative  extraction approaches
designed to improve yield and product quality.
Techniques such as microwave-assisted extraction
(MAE), supercritical carbon dioxide extraction
(SC-CO;), and ultrasound-assisted extraction
(UAE) have become increasingly popular due to
their reduced energy requirements, shorter
extraction times, and enhanced preservation of
heat-sensitive constituents (Chemat et al., 2017).
Several studies have demonstrated that microwave-
assisted processes may produce eucalyptus oils
with elevated concentrations of 1,8-cineole
compared with conventional distillation procedures
(Kogak et al., 2021; Lucchesi et al., 2004).

Following extraction, essential oils are
generally stored under controlled conditions to
minimize oxidative degradation. Dark-colored glass
containers and low-temperature environments are
commonly preferred to preserve chemical stability
during storage. Analytical quality assessment is
typically performed using gas chromatography
coupled with mass spectrometry (GC-MS), which
provides detailed information regarding purity,
component  distribution, and compositional
consistency (Karadag et al., 2024; Silva et al.,
2003).

Influence of  species, geography, and
environmental conditions on chemical
composition

The phytochemical profile of eucalyptus
essential oil is highly dynamic and can vary
considerably according to botanical species,
geographic location, climatic conditions, soil
properties, and developmental stage of the plant
(Dhakad et al., 2018; Batish et al., 2008). As a
result, significant differences may be observed in
both qualitative and quantitative composition
among eucalyptus populations.

Distinct species are characterized by different
dominant constituents. For instance, oils obtained
from  Eucalyptus  globulus  are  generally
characterized by high concentrations of 1,8-cineole,
often representing between 60% and 85% of the
total oil content. In contrast, Eucalyptus citriodora
is primarily distinguished by its citronellal-rich
profile, where citronellal may account for up to
90% of the volatile fraction (Oyedeji et al., 1999).
Oils derived from FEucalyptus camaldulensis
frequently exhibit elevated levels of p-cymene and
a-terpineol compared with other species (Sefidkon
et al., 2007).

Leaf maturity also contributes substantially to
compositional variation. Younger leaves generally
contain larger proportions of monoterpenes,
whereas the accumulation of sesquiterpenes tends
to increase as leaves age (Dorman & Deans, 2000).
Environmental  conditions  further influence
metabolite biosynthesis. Comparative
investigations have shown that Eucalyptus globulus
cultivated in Mediterranean regions may possess
lower cineole concentrations than populations
originating from Australia, indicating a strong
geographical effect on secondary metabolite
production (Silva et al., 2003).

Extraction

i‘ﬂ&

 Food
Step ) Functional food and
Eucalyptus Solvent Extraction ingredients that protect
(Eucalyptus spp.) (Water, MeOH) _—— . against spoilage, natural

Potential Sector
Contributions

¢ Pharmaceutical

Active pharmaceutical
ingredients, phytotherapeutic
agents, and antioxidant
stress

Analytical Methods preservatives, and BHA,

BHT, etc.
¢ HPLC c ti

.
* Phenolic Compounds °s'“‘? e .
Alisarin UV protection, antioxidant,
Gallic Acid collagen, and
Ascorbic Acid pigmentation
Hydroxybenzoic Acid

Fig. 2. Eucalyptus (Eucalyptus spp.) Workflow Diagram.
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MATERIALS AND METHODS

Sample Collection and Extraction

The eucalyptus (Eucalyptus spp.) leaves used in
this study were purchased, dried in the shade at room
temperature, and then ground to a homogenous
consistency. The extraction process was carried out
by adding an 80% methanol: water (v/v) solution to
10 g of dry leaf sample. The mixture was extracted
on a magnetic stirrer at room temperature for 24
hours. The filtered extracts were then concentrated
by removing the solvent in a rotary evaporator at
40°C and stored at 4°C before analysis (Karadag,
2025; Basar et al., 2024). The workflow diagram for
the study is given in Fig. 3.

HPLC Analysis

An Agilent Technologies brand HPLC-DAD
(Diode Array Detector) system was used to identify
and quantify phenolic compounds. The analysis
conditions are specified below: Chromatographic
separation was performed on a C18 column with a
length of 250 mm, an inner diameter of 4.6 mm,
and a particle size of 5 um. Two different solvents
were used as the mobile phase: Mobile Phase A,
water containing 0.1% phosphoric acid; and Mobile
Phase C, 100% acetonitrile. During the analysis, the
flow rate was set to 0.8 mL/min, the column
temperature to 30°C, and the injection volume to 10
uL. DAD was used as the detector; analyses were
performed at 300 nm and 200 nm wavelengths,
with a reference range of 500/100 nm (Karadag,
2025). Calibration was performed using 20 standard
phenolic compounds (ascorbic acid, gallic acid,
hydroxybenzoic acid, vanillic acid, p-coumaric
acid, rutin, naringin, neohesperidin, quercetin,
hesperidin, resveratrol, etc.). Calibration curves
were generated using the external standard method,
and the amounts of the compounds were calculated
in ng/puL. Figure 2 shows that phenolic-rich extracts
from eucalyptus (Eucalyptus spp.) are obtained
through extraction and analytical characterization
processes, and that these extracts can be utilized as
antioxidants,  preservatives, and  functional
ingredients in the pharmaceutical, food, and
cosmetic industries.

RESULTS AND FINDINGS

The chromatographic evaluation performed
using the HPLC-DAD system demonstrated that
eucalyptus (Eucalyptus spp.) leaf extract contains a
diverse spectrum of phenolic constituents.
Approximately  twenty  individual  phenolic
compounds were identified, indicating a complex
phytochemical composition and a substantial
reservoir  of  antioxidant  molecules.  The
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concentrations of the detected compounds are
summarized in Table 2.

Among all quantified constituents, alizarin was
determined to be the predominant compound,
reaching a concentration of 265.72 ng/uL. This
anthraquinone-derived metabolite is recognized for
its remarkable radical-scavenging capacity and its
ability to protect biological systems against
oxidative damage. Previous studies have reported
that alizarin may contribute to the reduction of
inflammation-related cellular injury by limiting
oxidative stress and stabilizing cellular functions
(Yoon et al., 2020). The elevated concentration
observed in the present analysis suggests that
alizarin may play a major role in the antioxidant
effectiveness of eucalyptus leaf extract.

Gallic acid was identified as the second most
abundant phenolic compound, with a measured
concentration of 86.73 ng/uL. Owing to its well-
documented  antioxidant and  antimicrobial
activities, gallic acid is frequently associated with
protection against oxidative deterioration and
microbial contamination. The considerable amount
detected in the extract highlights its potential value
for applications related to food preservation and
dermocosmetic formulations. Furthermore, the
polyhydroxylated structure of gallic acid enables
efficient inhibition of lipid oxidation processes,
thereby contributing to cellular redox homeostasis
(Mokhtari et al., 2021).

Several additional phenolic constituents were
detected at intermediate concentrations. Ascorbic
acid was quantified at 22.25 ng/puL, while
hydroxybenzoic acid reached 19.67 ng/uL.
Ascorbic acid is widely recognized as an essential
antioxidant involved in collagen biosynthesis and
tissue repair, making it particularly relevant for
cosmetic and  dermatological  applications.
Hydroxybenzoic acid, on the other hand, is known
for its antimicrobial effectiveness and has attracted
interest as a naturally derived preservative
component.

The analysis also revealed the presence of
various flavonoid and polyphenolic compounds in
lower concentrations. These included rutin (6.33
ng/pL), hesperidin (2.72 ng/uL), naringin (2.26
ng/uL), resveratrol (2.15 ng/uL), and quercetin (1.28
ng/ul). Although present at comparatively lower
levels, these metabolites are known to exert
significant biological effects. Their combined action
may contribute to the overall antioxidant
performance of the extract through synergistic
interactions among different phenolic molecules. In
particular, resveratrol and quercetin have been
extensively studied because of their protective roles
against oxidative aging processes and their beneficial
effects on cardiovascular health (Li et al., 2020).
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Based on the quantitative data obtained from
chromatographic measurements, the cumulative
phenolic content of the eucalyptus leaf extract was
estimated to be 417.76 ng/uL. This relatively high
value confirms that eucalyptus leaves constitute a
rich source of naturally occurring phenolic
substances. The abundance and diversity of these
compounds provide strong evidence for the
considerable antioxidant potential of the extract.

Overall, the findings indicate that eucalyptus
leaf extract represents a promising natural source of
bioactive compounds with potential applications in
multiple industrial sectors. The predominance of
alizarin and gallic acid, together with the presence
of numerous supporting phenolic constituents,
suggests that the extract may be useful as a natural
antioxidant ingredient in cosmetic, nutraceutical,
pharmaceutical, and food-related formulations
(Basar et al., 2024). Moreover, the broad diversity
of identified phytochemicals supports the view that
eucalyptus possesses multifunctional biological

properties and considerable potential for the
development of value-added natural products.

Application potential and industrial relevance
The phytochemical composition of eucalyptus
(Eucalyptus spp.) leaves suggests that this plant
may serve as a valuable natural resource for
multiple industrial sectors. Quantitative HPLC-
DAD analysis revealed substantial concentrations
of bioactive constituents, particularly alizarin, gallic
acid, ascorbic acid, and hydroxybenzoic acid
(Karadag et al., 2024). Because these compounds
possess diverse biological functions, eucalyptus-
derived extracts have attracted increasing attention
as functional ingredients in products designed for
health, cosmetic, and food-related applications
(Zhang et al., 2023). The combination of
antioxidant, antimicrobial, and protective activities
enhances the commercial attractiveness of this
botanical resource and supports its integration into
sustainable product development strategies.

Table 2. Phenolic compounds studied.

No Compound Retention Amount Chemical Class Biological Activity Potential Uses
Time (min) (ng/puL)
1 Alizarin 38.64 265.72 Anthraquinone Powerful Antioxidant, Health products, anti-
Derivative Anticancer, Anti- aging cosmetic
inflammatory formulations
2 Gallic Acid 4.27 86.73 Phenolic Acid Antioxidant, Antimicrobial,  Food preservatives,
Anti-inflammatory skin care products
3 Ascorbic Acid 3.31 22.25 Vitamin (Ascorbate Antioxidant, Collagen Skin rejuvenating
(Vitamin C) Derivative) Synthesis Supporter cosmetics, food
supplements
4 Hydroxybenzoic 7.88 19.67 Phenolic Acid Antimicrobial, Antioxidant ~ Cosmetic
Acid preservatives, natural
antimicrobial agents
5 Rutin 18.88 6.33 Flavonoid Glycoside  Capillary Protector, Anti- Vascular
inflammatory strengthening drugs
and cosmetic products
6 Neohesperidin 29.74 3.93 Flavonoid Glycoside  Antioxidant, Taste Regulator Functional beverages,
pharmaceutical
formulations
7 Hesperidin 36.81 2.72 Flavonoid Anti-inflammatory, UV Sunscreen products,
Protector anti-aging formulas
8 Resveratrol 32.40 2.15 Stilbene Derivative Antioxidant, Cardioprotective, Skin care products,
Anti-aging food supplements
9 Naringin 26.95 2.26 Flavonoid Lipid Lowering, Antioxidant Functional foods,
cosmetic products
10 Quercetin 35.06 1.28 Flavonol Antioxidant, Antiallergic, Cosmetic serums,
Anticancer supplements
11 p-coumaric Acid 17.25 1.96 Hydroxycinnamic Acid Antioxidant, UV Absorber Food preservatives,
natural sun filters
12 Vanilic Acid 10.24 1.27 Phenolic Acid Antimicrobial, Flavoring Food flavoring,
pharmaceutical
formulation
13 Flavon 40.45 0.37 Flavonoid Antioxidant, Pigment Cosmetic coloring,
Regulator biotechnological
studies
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Fig. 3. HPLC Phenolic Chromatogram of Eucalyptus Plant.

Relevance to healthcare and pharmaceutical
applications

The bioactive profile of eucalyptus extract
indicates considerable potential for pharmaceutical
and nutraceutical utilization. Phenolic constituents
are known to contribute to the mitigation of
oxidative damage through their capacity to
neutralize reactive oxygen species and regulate
inflammatory pathways (Karadag et al.,, 2021).
High concentrations of alizarin and gallic acid may
provide protective effects against cellular
deterioration associated with chronic oxidative
stress. Such mechanisms are frequently linked to
disorders including cardiovascular diseases,
diabetes  mellitus, and  neurodegenerative
conditions. Furthermore, the presence of ascorbic
acid may enhance immune function and support
tissue regeneration processes, increasing the
potential value of eucalyptus-derived products in
health-supporting formulations.

Opportunities in cosmetic formulations

Natural antioxidants have become increasingly
important ingredients in modern cosmetic products
due to consumer demand for safer and plant-based
formulations. The phenolic compounds identified in
eucalyptus extract, including gallic acid, rutin,
hesperidin, and quercetin, are recognized for their
ability to protect skin tissues against oxidative
stress and environmental damage. These
compounds may help reduce the detrimental effects
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of ultraviolet radiation, support collagen
production, and contribute to maintaining skin
integrity and appearance. Consequently, eucalyptus
extracts may be incorporated into anti-aging
creams, antioxidant serums, photoprotective
products, and skin-care formulations. In addition,
the aromatic characteristics of eucalyptus essential
oil can provide sensory and aromatherapeutic
benefits when combined with phenolic-rich
extracts.

Potential uses in the food industry

From a food technology perspective,
eucalyptus-derived phenolic compounds may
function as natural alternatives to synthetic
preservatives  and  antioxidants.  Oxidative
degradation is one of the major causes of quality
loss in food systems, and phenolic compounds can
delay these reactions by scavenging free radicals
and inhibiting lipid oxidation. As a result,
eucalyptus extracts may contribute to prolonged
shelf life and improved product stability. Their
antimicrobial properties may further assist in
controlling spoilage microorganisms in food
products such as meat, dairy products, and
functional beverages. The incorporation of natural
plant-based preservatives aligns with current
consumer preferences for clean-label products
while simultaneously enhancing food safety and
nutritional preservation (Karadag & Dogan, 2024).
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Economic industrial
perspectives

The abundance of biologically active phenolic
compounds in eucalyptus leaves presents important
economic opportunities for the development of
value-added products. The utilization of locally
available Dbotanical resources may reduce
dependence on imported synthetic additives and
promote domestic production capacity. Advances in
extraction, purification, and standardization
technologies further increase the feasibility of
producing high-quality eucalyptus-derived
ingredients suitable for industrial applications. In
addition, the integration of eucalyptus biomass into
biotechnology and green chemistry initiatives may
contribute to sustainable manufacturing systems
and environmentally responsible production
practices (Karadag et al., 2025).

Overall, the results demonstrate that
eucalyptus leaf extract possesses considerable
potential as a multifunctional natural ingredient. Its
antioxidant-rich composition and broad biological
activity profile support applications in healthcare,
cosmetics, food preservation, and sustainable
biotechnology. Consequently, the valorization of
eucalyptus resources may generate both economic
benefits and scientific opportunities while
promoting environmentally conscious production
approaches.

significance and

DISCUSSION

The present investigation employed HPLC-
DAD analysis to characterize the phenolic
composition of eucalyptus (Eucalyptus spp.) leaf
extract and revealed a substantial abundance of
bioactive constituents. The analytical results
confirmed that alizarin and gallic acid were the
dominant phenolic compounds within the extract.
These findings are consistent with previous reports
describing eucalyptus species as important
reservoirs of phenolic metabolites with notable
biological activity (Dhakad et al., 2018; Silva et al.,
2003).

Phenolic compounds are widely recognized as
plant-derived secondary metabolites involved in
defense responses against environmental stressors.
Beyond their ecological functions, these molecules
have attracted considerable attention because of
their antioxidant, antimicrobial, anti-inflammatory,
and potential anticancer properties. The remarkably
high concentration of alizarin observed in the
current study may represent one of the principal
factors responsible for the biological effectiveness
of eucalyptus extract. Earlier investigations have
demonstrated that alizarin can reduce oxidative
injury by scavenging reactive species and

protecting cellular structures from molecular
damage, including DNA degradation (Yoon et al.,
2020). Consequently, the abundance of this
compound reinforces the potential application of
eucalyptus as a natural antioxidant source.

Gallic acid was identified as the second most
abundant phenolic constituent. This compound has
been extensively documented for its antimicrobial
activity and its ability to suppress lipid peroxidation
processes. Compared with concentrations reported
for numerous other medicinal and aromatic plants,
the gallic acid level measured in this study is
relatively high (Mokhtari et al., 2021). Such
findings suggest that eucalyptus leaves may
represent an attractive raw material for the
development of natural preservative systems and
functional bioactive ingredients.

Moderate concentrations of ascorbic acid and
hydroxybenzoic acid were also detected. These
compounds contribute significantly to the overall
antioxidant potential of the extract. Ascorbic acid
functions as a key participant in cellular redox
regulation and is widely utilized in cosmetic
products because of its role in collagen biosynthesis
and skin repair mechanisms (Suh et al.,, 2019).
Hydroxybenzoic acid, meanwhile, possesses
antimicrobial characteristics that may enhance the
preservative capacity of plant-derived formulations.

Although flavonoids such as rutin, hesperidin,
quercetin, and resveratrol were present at
comparatively  lower  concentrations,  their
contribution should not be underestimated.
Numerous studies have demonstrated that
interactions among different phenolic compounds
can produce synergistic effects, leading to enhanced
antioxidant performance beyond the activity of
individual constituents. Resveratrol and quercetin,
in particular, are frequently associated with anti-
aging  activity, cellular  protection, and
cardiovascular health benefits (Li et al., 2020).

The total phenolic concentration calculated for
the eucalyptus extract reached 417.76 ng/uL,
confirming the plant as a rich source of naturally
occurring phenolic substances. Previous studies
involving different FEucalyptus species have
reported substantial variability in phenolic content,
largely influenced by environmental conditions,
genetic background, cultivation region, and
extraction methodology (Kumar et al, 2012;
Bakkali et al., 2008). Therefore, the relatively high
phenolic concentration observed in the present
work may also reflect the effectiveness of the
extraction and analytical procedures employed.

Taken together, the results demonstrate that
eucalyptus leaf extract contains a diverse and
abundant phenolic profile capable of providing
strong antioxidant functionality. The predominance
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of alizarin and gallic acid, combined with the
presence of additional bioactive compounds,
highlights the potential of eucalyptus as a natural
source of antioxidants, antimicrobial agents, and
functional ingredients. These findings support the
growing interest in utilizing plant-derived resources
within sustainable biotechnology, green chemistry
initiatives, and environmentally  responsible
industrial production systems.

CONCLUSIONS AND FUTURE
PERSPECTIVES

The present study investigated the phenolic
composition of eucalyptus (Eucalyptus spp.) leaf
extract through HPLC-DAD analysis and
demonstrated that the extract contains a diverse
range of bioactive phytochemicals. Quantitative
evaluation revealed that alizarin and gallic acid
were the predominant phenolic constituents,
reaching concentrations of 265.72 ng/uL and 86.73
ng/puL, respectively. In addition to these major
compounds, several other phenolic substances,
including ascorbic acid, hydroxybenzoic acid, rutin,
hesperidin, quercetin, and resveratrol, were
identified and contributed collectively to the
antioxidant profile of the extract.

The overall results confirm that eucalyptus
leaves represent a rich source of naturally occurring
phenolic compounds with considerable biological
activity. The abundance of antioxidant molecules
suggests that eucalyptus-derived extracts may be
utilized in a variety of industrial applications where
protection against oxidative degradation is required.
The identified phytochemicals possess properties
that may support product stability, cellular
protection, and functional performance in
formulations intended for food, pharmaceutical, and
cosmetic purposes.

Particularly noteworthy is the high abundance
of alizarin and gallic acid, which are recognized for
their ~ strong  antioxidant and  protective
characteristics. These compounds may contribute to
the mitigation of oxidative stress, enhancement of
skin-care formulations, and extension of shelf life

in oxidation-sensitive products. Consequently,
eucalyptus extract emerges as a promising
candidate for the development of natural

alternatives  to  synthetic
antioxidant additives.

From an economic and environmental
perspective, the utilization of eucalyptus biomass
may create additional value through the
transformation of renewable plant resources into
commercially relevant products. Considering the
widespread cultivation and availability of
eucalyptus species in Tiirkiye, the plant may serve

preservatives  and
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as an important domestic source of phenolic
compounds for sustainable industrial production.
Increased exploitation of locally available botanical
resources  could  support  environmentally
responsible manufacturing practices while reducing
reliance on imported synthetic ingredients.

Recommendations for future research

e Advanced extraction technologies such as
ultrasound-assisted extraction, microwave-
assisted extraction, and supercritical carbon
dioxide extraction should be investigated to
optimize phenolic recovery and improve
extraction efficiency.
The biological properties of the identified
compounds should be evaluated through
comprehensive in vitro and in vivo studies to
further validate their antioxidant,
antimicrobial, anti-inflammatory, and potential
therapeutic activities.
Additional research should focus on the
formulation and stabilization of eucalyptus-
derived extracts for incorporation into
cosmetic products, including creams, serums,
lotions, and photoprotective preparations.
The suitability of eucalyptus phenolic extracts
as functional ingredients or natural
preservatives should be assessed in different
food matrices under real storage conditions.
Comparative investigations involving multiple
Eucalyptus species and different cultivation
regions are recommended to better understand
the influence of genetic and environmental
factors on phenolic composition.
The phenolic profile data generated in this
study may serve as a reference source for
future projects involving natural antioxidant
production, green chemistry technologies, and
sustainable biotechnology applications.
In summary, eucalyptus leaves constitute a
valuable reservoir of phenolic compounds with
substantial antioxidant potential. Their
multifunctional biological properties and broad
industrial applicability support their consideration
as a natural, cost-effective, and environmentally
sustainable alternative for use in biotechnology,

cosmetics, pharmaceuticals, and food-related
industries.
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