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Abstract

This study explores the physicochemical and biological properties of the supramolecular complex XF-2, composed
of glycyrrhizic acid monoammonium salt and anti-tuberculosis drugs pyrazinamide, isoniazid, rifampicin, and
levofloxacin. UV-Vis spectroscopy revealed a bathochromic shift from 254 to 264 nm, confirming electronic interactions
between glycyrrhizic acid and the guest molecules. FTIR spectra showed characteristic bands at 1,658 cm™ (C=0) and
1,593 cm™ (—COO"), indicating ionic and hydrogen-bonded interactions responsible for supramolecular assembly
formation. Molecular docking analysis demonstrated stable binding of XF-2 components with NF-kB p52 (2AZ5), IL-10
(1VLK), and IL-6 receptor (1A3Q), with binding energies ranging from —4.6 to —9.2 kcal/mol. Rifampicin and
levofloxacin exhibited the strongest affinities, forming multiple hydrogen bonds, m-n stacking, and electrostatic
interactions with key amino acid residues. In vivo studies showed that XF-2 is low-toxic (LDso = 4,050 mg/kg) and exerts
marked immunomodulatory activity in prednisolone-induced immunosuppressed mice. At 1,000 mg/kg, the complex
significantly increased thymus and spleen indices, restoring immune organ weights close to normal values. Together,
spectroscopic, computational, and pharmacological data confirm that XF-2 is a stable, safe, and biologically active
supramolecular formulation with strong immunorestorative potential, making it a promising candidate for further

development as an immunomodulatory and protective agent.
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Introduction

Glycyrrhizic acid (GA) and its monoammonium
salts (GAM) have attracted growing attention as natural
amphiphilic = molecules capable of forming
supramolecular complexes with various
pharmacologically active substances [1-3]. Due to their
unique structural properties—hydrophilic glucuronic
residues and a hydrophobic glycyrrhetinic aglycone—
these compounds can self-assemble into micellar or
inclusion-type systems that enhance drug solubility,
stability, and membrane permeability [4-6].

In addition to its carrier functions, GA itself
exhibits pronounced anti-inflammatory and
immunomodulatory effects. It has been shown to
modulate the activity of macrophages, T-lymphocytes,
and dendritic cells, as well as regulate the production of
cytokines such as IL-2, IL-6, and TNF-a [6-9]. These
mechanisms are crucial for maintaining immune
homeostasis during infectious and inflammatory
processes.

Based on these pharmacological and structural
advantages, GA and GAM have been proposed as

molecular carriers and immunomodulatory enhancers in
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the design of multi-component drug systems [9,10]. One
of the most promising approaches involves combining
GAM with classical anti-tuberculosis agents to improve
their bioavailability and safety profiles while
simultaneously potentiating immune function.

In the present work, we investigated the
glycyrrhizic acid monoammonium supramolecular
complex (XF-2) containing four first-line and second-
line anti-tuberculosis drugs—isoniazid, rifampicin,
pyrazinamide, and levofloxacin. The study aimed to
characterize the chemical structure and molecular
interactions of XF-2 wusing UV-Vis and FTIR
spectroscopy and to explore its binding affinities with
key immunomodulatory proteins (IL-2, IL-6 receptor,
TNF-0) through molecular docking [11-13].
Furthermore, in vivo experiments were conducted to
assess the acute toxicity and immunomodulatory
potential of the complex in experimental animals.

Collectively, this multidisciplinary study provides
new insights into the chemical and biological behavior
of the glycyrrhizic acid monoammonium complex XF-
2, suggesting that such supramolecular systems may
serve as low-toxic immunoprotective platforms for
enhancing the efficacy of anti-tuberculosis therapy [14-
16].

Materials and methods

Animal ethics

All preoperative and experimental procedures
were carefully reviewed and approved by the
Institutional Committee for Animal Use and Care. The
animals were housed in a vivarium under standardized
conditions, including a relative humidity of 55% - 65%,
a controlled ambient temperature of 22+2 °C, and
unrestricted access to water and standard laboratory
chow. All aspects of animal care and handling were
conducted in full compliance with the European
Directive 2010/63/EU, which governs the protection of
animals used for scientific research. Ethical clearance
for this study was granted by the Animal Ethics
Committee of the Institute of Bioorganic Chemistry,
Academy of Sciences of the Republic of Uzbekistan
(Protocol No. 133/1a/h, dated 4 August 2016).

Preparation of supramolecular complexes
Supramolecular complexes of glycyrrhizic acid
(GA) and its monoammonium salt (GAM) with first-line

and second-line anti-tuberculosis drugs were obtained
through gradual molecular assembly. The active
components—isoniazid, rifampicin, pyrazinamide,
lomefloxacin, and levofloxacin—were combined with
GA or GAM in aqueous or hydroalcoholic medium
under mild stirring conditions (25 + 2 °C). GA or GAM
was first dissolved in distilled water, after which drug
solutions were added dropwise with continuous mixing
until a transparent or slightly opalescent system was
formed. The resulting mixture was kept at 4 °C for 24 h
to allow self-organization of the supramolecular
structure, filtered through a 0.22 pm membrane, and
stored for subsequent analyses. The complex
investigated in this study, XF-2, consisted of the
monoammonium salt of GA with isoniazid, rifampicin,

pyrazinamide, and levofloxacin [17,18].

UV-Visible Spectroscopy

The optical characteristics of the XF-2 complex
were studied using a UV-visible spectrophotometer in
the range of 200 - 400 nm with 1 cm quartz cuvettes.
Individual component spectra (GA, GAM, and each
drug) and the spectrum of the complex were compared.
Bathochromic or hypsochromic shifts of A _max and
changes in absorption intensity were interpreted as
evidence of molecular interaction and complex
formation. The presence of isosbestic points indicated
the establishment of stable supramolecular equilibria
[19,20].

Fourier Transform Infrared (FTIR)
spectroscopy

Infrared spectra were recorded in the 4,000 - 400
cm! range using the ATR technique with 4 cm™!
resolution. The spectra of free GA/GAM, individual
drugs, and the XF-2 complex were compared to identify
changes in the vibrational frequencies of key functional
groups (—OH, —COOH, C=0, N-H). Shifts in the
carbonyl and hydroxyl stretching bands and broadening
of absorption regions were interpreted as the formation
of hydrogen-bonded and ionic associations within the
supramolecular structure [21,22].

Acute toxicity study

Acute toxicity of the XF-2 complex was assessed
according to the Litchfield and Wilcoxon method on
healthy white mice of both sexes weighing 18 - 22 g.
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The animals were quarantined for 10 - 14 days prior to
testing and divided into six experimental groups of six
mice each. XF-2 was administered orally as an 8.1%
suspension at doses of 2,025, 2,835, 3,645, 4,455, 5265,
and 5,670 mg/kg. Since the maximum peroral volume
was limited to 0.5 mL/20 g, larger doses were given
fractionally with 10-minute intervals between portions.
Animals were observed for 14 days to monitor clinical
signs and mortality, and the median lethal dose (LDso)
was calculated with 95% confidence limits [23].

Immunomodulatory activity

The immunomodulatory potential of XF-2 was
investigated using a prednisolone-induced
immunosuppression model. White mice weighing 19 -
24 ¢ were divided into groups of 6 animals each.
Immunosuppression was induced by intramuscular
administration of prednisolone at a dose of 150 mg/kg
(1.5 % solution, 0.2 mL/20 g) once daily for 6
consecutive days. The experimental groups received
XF-2 orally 1 h prior to prednisolone injection at doses
of 500, 1,000, and 1,500 mg/kg, while the control group

received prednisolone only [24].

Molecular docking: Software and databases

Molecular docking studies were performed to
evaluate the interaction of bioactive components of the
glycyrrhizic acid monoammonium complex (XF-2) with
key immunomodulatory proteins. The crystallographic
structures of interleukin-2 (IL-2, PDB ID: 1VLK),
tumor necrosis factor-a (TNF-a, PDB ID: 2AZ5), and
the interleukin-6 receptor (IL-6R, PDB ID: 1A3Q) were
retrieved from the Protein Data Bank (PDB). Ligand
structures of isoniazid, rifampicin, pyrazinamide, and
levofloxacin were obtained from the PubChem database
and converted into PDBQT format using AutoDock
Tools (ADT). Docking simulations were carried out in
AutoDock 4.2 employing the Lamarckian Genetic
Algorithm to predict the optimal ligand-protein binding
conformations. The docked complexes were visualized
and analyzed using PyMOL and Discovery Studio
Visualizer 2023, allowing identification of hydrogen
bonds, hydrophobic contacts, and key amino acid
residues responsible for complex stabilization. This

computational approach provided insight into the
binding affinity and potential immunomodulatory

mechanisms of the XF-2 supramolecular system [25].

Data analysis and statistics

All experimental data were processed and
analyzed using OriginPro 9.0 (OriginLab Corporation,
USA). Quantitative results are expressed as the mean +
standard error of the mean (SEM), based on data
obtained from at least six animals per group (n = 6). The
relative organ weight coefficients of the thymus and
spleen were calculated to assess the immunomodulatory
effects of the XF-2 complex. Statistical evaluation was
performed using 1-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test to determine
intergroup differences. When the data did not meet the
criteria for normal distribution, the Kruskal-Wallis test
was applied. A difference was considered statistically

significant at p < 0.05.

Results and discussion

Formation and physicochemical characteri-
zation of supramolecular complexes

The supramolecular complexes of glycyrrhizic
acid (GA) and its monoammonium salt (GAM) with
anti-tuberculosis agents—isoniazid, rifampicin,
pyrazinamide, lomefloxacin, and levofloxacin—were
synthesized through self-assembly of low-molecular-
weight amphiphilic components. The general scheme of
complex formation is presented in Figure 1. In this
process, the hydrophilic glucuronic residues and
hydrophobic triterpenoid aglycone of GA (or GAM)
interact with the functional groups of drug molecules
through hydrogen bonding, electrostatic attraction, and
van der Waals forces, forming thermodynamically
stable supramolecular aggregates. The resulting systems
can be regarded as host-guest type complexes, in which
GA or GAM acts as a supramolecular carrier for the
incorporated drugs. Depending on the molar ratio (n =
4.6; x = 0.5 - 5), different degrees of molecular
association were obtained, leading to the formation of
stable, water-dispersible complexes suitable for further

physicochemical analysis [26].
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Figure 1 General scheme of supramolecular complex formation between glycyrrhizic acid (GA) or its monoammonium

salt (GAM) and anti-tuberculosis agents.

To evaluate the hydrodynamic behavior of these
supramolecular assemblies, the reduced viscosity of the
GAM-pyrazinamide-isoniazid complex in a 4:2:1 ratio
was measured at various concentrations (Figure 2). The
reduced  viscosity  increased  gradually  with
concentration, indicating the presence of concentration-
dependent molecular association and aggregation in
aqueous solution at 25 °C. This pattern is consistent with
the self-organization behavior of amphiphilic
molecules, where intermolecular hydrogen bonding and
hydrophobic interactions contribute to network
formation. The influence of the medium on complex
viscosity was further examined in the presence of urea,
xylose, and potassium chloride (KCl). Urea, known to
disrupt hydrogen bonds, significantly decreased
viscosity, while xylose, which screens hydrophobic
interactions, and KCIl, which alters ionic strength,
produced moderate changes (Figure 3). These findings
confirm that both hydrogen bonding and hydrophobic
interactions play crucial roles in maintaining the
structural integrity of the complexes. Temperature-
dependent measurements of a 0.1% aqueous solution of
the complex revealed a gradual decrease in reduced
viscosity between 25 and 35 °C, followed by a sharp
drop from 35 to 40 °C, and a slower decline up to 45 °C

(Figure 4). This temperature sensitivity suggests partial

disruption of non-covalent interactions, accompanied by
rearrangement of orientation forces between polar
regions of the molecules. The resulting changes in
micellar volume and fluidity reflect the dynamic nature
of supramolecular interactions within the GAM-based
complexes. Although composed of low-molecular-
weight components, the viscosity behavior of these
systems resembles that of polymeric solutions. This can
be attributed to the formation of transient
supramolecular networks stabilized by multiple non-
covalent forces, whose structural organization and flow
properties are responsive to both concentration and
temperature. Such behavior provides further evidence
for the formation of cooperative, self-assembled
supramolecular architectures in the glycyrrhizic acid

monoammonium systems [27].

UV-Vis spectral analysis

The UV-visible spectra of glycyrrhizic acid (GA),
pyrazinamide, isoniazid, and their supramolecular
complex GA:pyrazinamide:isoniazid (4:2:1) were
recorded in aqueous medium (Figure 2). Distinct
absorption maxima characteristic of each component
were observed. The spectrum of isoniazid showed an
absorption maximum at 265 nm, corresponding to n —

n* electronic transitions of the amide group [28,29].
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Figure 2 UV-Vis spectra of glycyrrhizic acid (GA), pyrazinamide, isoniazid, and the supramolecular complex

GA:pyrazinamide:isoniazid (4:2:1) in aqueous solution. The complex exhibits a bathochromic shift of the absorption

maximum to 264 nm, confirming molecular association through hydrogen bonding and orbital overlap.

The pyrazinamide molecule exhibited 2 well-
defined absorption bands: one at 210 nm attributed to &
— * transitions within the pyridine ring, and another at
270 nm due to n — x* transitions of the amide carbonyl
group. The spectrum of glycyrrhizic acid displayed a
single absorption maximum at 254 nm, typical of n —
7* transitions associated with the carbonyl chromophore
of the triterpenoid structure. Upon complexation, the
resulting GA:pyrazinamide:isoniazid (4:2:1) system
exhibited a broadened absorption band with a slight
bathochromic shift to 264 nm, indicating a modification
in the electronic environment of the GA chromophore.
This spectral shift confirms the formation of a
supramolecular complex through non-covalent
interactions, primarily hydrogen bonding and dipole—
dipole coupling between GA and the incorporated drug
molecules. The bathochromic displacement suggests a
redistribution of electron density within the molecular
orbitals, which can be attributed to the participation of
non-bonding electron pairs from the ligand molecules in

intermolecular orbital interactions.

FTIR spectral analysis
The FTIR
complex GAM:pyrazinamide:isoniazid (4:2:1) is

spectrum of the supramolecular
presented in Figure 3. The characteristic absorption
band of the C=O stretching vibration in the aglycone
moiety of glycyrrhizic acid monoammonium salt
(GAM) was observed at 1,658 cm™, corresponding to
the carbonyl group at the C-11 position of the
triterpenoid skeleton. In addition, the carboxylate group
vibrations of the GAM molecule appeared at 1,593 cm™,
which showed a noticeable increase in intensity in the
complex spectrum compared with the spectrum of the
free GAM. This enhancement indicates the involvement
of electrostatic interactions between the deprotonated
carboxyl groups of GAM (—COO") and the protonated

amino groups of the drug molecules (—NHs"),
confirming the formation of ionic hydrogen-bonded
associations within the supramolecular structure
[30,31].
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Figure 3 FTIR spectrum of the supramolecular complex GAM:pyrazinamide:isoniazid (4:2:1). The absorption band at

1,658 cm ™! corresponds to the C=O0 stretching vibration of the aglycone, while the intensified band at 1,593 cm™ indicates

electrostatic -COO™--*NHs" interactions, confirming supramolecular complex formation.

The observed spectral changes, particularly the
shift and intensity variation of the carbonyl and
carboxylate bands, demonstrate that the formation of the
GAM-pyrazinamide-isoniazid complex involves both
hydrogen bonding and electrostatic interactions. These
non-covalent forces stabilize the three-dimensional
architecture of the supramolecular assembly, which is
consistent with the bathochromic shift observed in the
UV-Vis spectrum [43].

Molecular docking results

Isoniazid

The molecular docking analysis revealed that
isoniazid exhibited moderate binding affinities with the
selected immunomodulatory proteins, forming stable
non-covalent interactions within their active sites
(Figure 4). The calculated binding energies were —5.6
kcal/mol for interleukin-6 receptor (1A3Q), —4.6
kcal/mol for interleukin-2 (1VLK), and —5.2 kcal/mol
for tumor necrosis factor-o (2AZ5), suggesting
favorable but differential binding strengths across the 3
targets.

Interaction with Interleukin-6 Receptor (143Q)

In the 1A3Q protein complex, isoniazid was
positioned within the hydrophilic pocket surrounded by
polar residues. The ligand formed conventional
hydrogen bonds with GLN D:125 and VAL B:91, while
n-6 and m-alkyl interactions were observed with LEU
B:93, contributing to the stabilization of the complex.
These multiple interactions indicate that isoniazid can
effectively associate with the IL-6R binding site through
a combination of hydrogen bonding and hydrophobic
stacking effects [32,33].

Interaction with Interleukin-2 (1VLK)

The docking pose of isoniazid within the IL-2
active cavity revealed a hydrogen-bonding network
involving ASP A:13 and PHE A:15, together with LEU
A:23 and LEU A:105, which stabilized the ligand
through van der Waals and n-x interactions. The binding
energy of —4.6 kcal/mol indicates a weaker, yet stable
association, suggesting that isoniazid may moderately
influence IL-2-related immune signaling by partial

interaction with its catalytic residues.
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Interaction with TNF-a (2AZS5)

In the TNF-a complex, isoniazid formed key
hydrogen bonds with DA C:509, DA D:609, and DT
D:610, which are located near the DNA-binding
interface of the NF-«B subunit (p52-like structural
domain). These interactions, along with a slight m-cation

contribution, resulted in a binding energy of —5.2
kcal/mol, reflecting a balanced electrostatic and
hydrogen-bonding character. The orientation of
isoniazid in the TNF-a binding pocket suggests potential
modulation of the protein’s inflammatory response

function.
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Figure 4 Molecular docking visualization of isoniazid bound to (A) NF-kB p52 (2AZS5), (B) interleukin-2 (1VLK), and

(C) interleukin-6 receptor (1A3Q). Green dashed lines indicate hydrogen bonds, violet lines m-interactions, and orange

lines salt bridges.

Levofloxacin

Levofloxacin displayed strong binding affinities
toward all three immunomodulatory proteins, forming
multiple stabilizing interactions in the active cavities
(Figure 5). The calculated binding energies were —8.8
kcal/mol for interleukin-6 receptor (1A3Q), —6.6
kcal/mol for interleukin-2 (1VLK), and —8.0 kcal/mol
for NF-xB p52 (2AZS5), indicating considerably stronger
affinity compared with the other ligands studied.

Interaction with interleukin-6 receptor (1430)

Within the IL-6R binding site, levofloxacin
formed a network of hydrogen bonds with DG D:608,
DA C:510, and LYS B:259, while LYS A:221
participated in an additional salt-bridge interaction.
Aromatic stabilization was achieved through =n-n
stacking and n-c interactions with TYR A:285. This
combination of electrostatic and n-interactions explains
the strong binding energy of —8.8 kcal/mol and suggests
efficient occupancy of the IL-6R cavity [34,35].
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Figure 5 Docking interactions of levofloxacin with (A) NF-«kB p52 (2AZ5), (B) interleukin-2 (1VLK), and (C)

interleukin-6 receptor (1A3Q).

Interaction with Interleukin-2 (1VLK)

Docking of levofloxacin into IL-2 revealed n-n
stacking and -6 interactions with PHE A:30, supported
by van der Waals contacts with nearby hydrophobic
residues. The absence of strong polar bonding accounts
for the comparatively moderate binding affinity (—6.6
kcal/mol). Nevertheless, these interactions imply
potential stabilization of IL-2 through non-polar

contacts within its active domain.

Interaction with NF-xB p52 (2AZ5)

In the NF-xB p52 complex, levofloxacin was
deeply embedded in the hydrophobic pocket, forming
conventional hydrogen bonds with GLN D:381 and
TYR B:119, and n-alkyl/ n-nt T-shaped interactions with
LEU B:157, TYR B:155, and ILE C:135. Additional van
der Waals contacts with GLY C:123, GLY C:121, and
SER D:160 further stabilized the complex. The
cumulative network of polar and aromatic forces yielded
a strong binding affinity of —8.0 kcal/mol, suggesting
that levofloxacin can efficiently modulate NF-«xB
signaling by occupying its DNA-binding interface.

Pyrazinamide

The molecular docking study demonstrated that
pyrazinamide interacted moderately with all three
selected immunomodulatory proteins (Figure 6). The
obtained binding energies were —5.6 kcal/mol for
interleukin-6 receptor (1A3Q), —4.1 kcal/mol for
interleukin-2 (1VLK), and —4.5 kcal/mol for NF-«kB p52
(2AZ5), reflecting the formation of stable but relatively
weak supramolecular associations typical of low-
molecular-weight ligands [48,49].

Interaction with interleukin-6 receptor (143Q)

In the IL-6 receptor complex, pyrazinamide
formed a network of hydrogen bonds with HIS A:90 and
ALA A:29, while ARG A:32 participated in a n-n
stacking interaction that stabilized the aromatic ring of
the ligand. The overall binding geometry positioned
pyrazinamide in a polar pocket lined with histidine and
alanine residues, supporting its modest but specific
affinity (-5.6 kcal/mol). These interactions suggest that
pyrazinamide can weakly associate with IL-6R through
hydrogen bonding and n-type contacts.
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Figure 6 Molecular docking interactions of pyrazinamide with (A) NF-kB p52 (2AZS), (B) interleukin-2 (1VLK), and

(C) interleukin-6 receptor (1A3Q).

Interaction with interleukin-2 (1VLK)

Docking into the IL-2 binding site revealed the
presence of n-n T-shaped and n-donor hydrogen bonds
between the aromatic moiety of pyrazinamide and the
residues PHE A:30 and HIS A:90, with additional weak
van der Waals interactions stabilizing the ligand. The
relatively low binding energy (—4.1 kcal/mol)
corresponds to transient, reversible binding typical of
small hydrophilic molecules, indicating limited but
potential modulation of IL-2-mediated immune

signaling.

Interaction with NF-kB p52 (2AZ5)

In the NF-«xB p52 protein complex, pyrazinamide
established conventional hydrogen bonds with TYR
B:55 and HIS B:140, while DT D:610 contributed to an
additional m-cation interaction (—4.5 kcal/mol). The

spatial orientation of pyrazinamide within the NF-kB
binding pocket placed it close to polar and aromatic
residues, suggesting weak electrostatic attraction and

partial mt-m stabilization.

Rifampicin

The molecular docking results demonstrated that
rifampicin showed the strongest binding affinity among
all tested molecules toward the selected
immunomodulatory proteins (Figure 7). The calculated
binding energies were —9.2 kcal/mol for NF-kB p52
(2AZ5), -8.8 kcal/mol for interleukin-10 (1VLK), and —
8.4 kcal/mol for interleukin-6 receptor (1A3Q). These
values indicate a high degree of molecular
complementarity and stable non-covalent interactions,
reflecting the strong affinity of rifampicin to key
immunoregulatory targets [36,37].
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Figure 7 Molecular docking interactions of rifampicin with (A) NF-kB p52 (2AZ5), (B) interleukin-10 (1VLK), and (C)

interleukin-6 receptor (1A3Q).

Interaction with NF-kB p52 (2AZ5)

Rifampicin bound tightly within the hydrophobic
pocket of NF-kB p52, forming multiple hydrogen bonds
with residues ASP A:318, ARG A:319,and LYS A:318,
along with -m T-shaped interactions involving TYR
A:118. The carbonyl and hydroxyl groups of rifampicin
participated in electrostatic and van der Waals
interactions with DA C:509 and LYS A:318, stabilizing
the binding pose. These interactions suggest that
rifampicin may effectively interfere with the DNA-
binding or dimerization domain of NF-«kB, which is

critical for its transcriptional activity.

Interaction with interleukin-10 (1VLK)

In the IL-10 complex, rifampicin showed strong
hydrogen bonding with LEU A:43 and ASP A:13,
complemented by n-m stacking interactions with TYR
A:15 and PHE A:30. The molecule was stabilized by a
network of van der Waals forces involving LEU A:48

and ILE A:37, leading to a total binding energy of —8.8
kcal/mol. This interaction profile implies that rifampicin
can occupy the IL-10 receptor pocket, potentially
modulating cytokine signaling and anti-inflammatory
responses.

Interaction with interleukin-6 receptor (1430)

In the IL-6R docking complex, rifampicin
exhibited conventional hydrogen bonds with LYS
A:418 and ASP A:418, and n-m stacking with TYR
A:419. Additionally, ARG A:318 and DA C:510 formed
polar and electrostatic interactions, further stabilizing
the ligand orientation (binding energy —8.4 kcal/mol).
These multiple non-covalent interactions indicate that
rifampicin can interact with residues located near the
active cytokine-binding region of IL-6R, supporting its
potential immunomodulatory capability.
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Acute toxicity assessment of the XF-2 complex
The acute toxicity of the supramolecular complex
XF-2 (glycyrrhizic acid monoammonium salt with
pyrazinamide, isoniazid, rifampicin, and levofloxacin in
a 4:2:1 ratio) was evaluated in white mice according to

the classical Litchfield and Wilcoxon probit analysis

method (Table 1). The experimental animals received
the test substance orally in doses ranging from 2,025 to
5,670 mg/kg, with groups of six animals per dose
[38,39]. The mortality data were used to determine the
median lethal dose (LDso).

Table 1 Results of the study of acute toxicity indices of the XF-2 complexes.

Doses Number of animals dead/total
2,025 mg/kg 0/6
2,835 mg/kg 1/6
3,645 mg/kg 2/6
4,455 mg/kg 3/6
5,265 mg/kg 5/6
5,670 mg/kg 6/6

LDso = 4,050 (3,375+4,860) mg/kg

The calculated LDso value for the XF-2 complex
was 4,050 mg/kg (95% confidence limits: 3,375 - 4,860
mg/kg). According to the toxicity classification system
proposed by Stefanov (1998), this value places the
compound within toxicity class IV - “low-toxic”
substances, indicating a high degree of safety for oral

administration. Throughout the 14-day observation

period, no delayed toxic effects or severe behavioral
abnormalities were recorded in surviving animals. The
transient signs of mild central nervous system
depression (reduced motor activity, short-term
drowsiness) observed at higher doses subsided within
the first 24 h, suggesting that the nervous system may be
the primary target of acute exposure.

Table 2 Calculation of LD50 using the Litchfield and Wilcoxon scheme using probit analysis of the XF2 complex.

Doses Observed % effect % effect Difference between observed The term for X2
effect (observed) (expected) and expected % effect

3,405 mg/kg 0/6 0 0 0 0
4,540 mg/kg 1/6 16.6 8 8.6 0.1
5,675 mg/kg 2/6 333 36 2.4 0.003
6,810 mg/kg 3/6 50.0 64 14 0.085
7,945 mg/kg 5/6 83.3 82 1.3 0.002
8,512 mg/kg 6/6 96.9 90 6.9 0.05

Sum 0.24

These results demonstrate that the inclusion of
anti-tuberculosis agents into the supramolecular matrix
of glycyrrhizic acid does not increase systemic toxicity,
confirming the safety and biocompatibility of the

supramolecular framework.

Immunomodulatory activity of the XF-2
complex

The immunomodulatory potential of the XF-2
complex was investigated under conditions of
prednisolone-induced immunosuppression. The relative

weight coefficients of the thymus and spleen were
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measured as key indicators of immune organ restoration
(Table 2). Prednisolone treatment resulted in a marked
reduction in the thymus and spleen indices compared
with the intact control, confirming the development of
immunosuppression. Upon administration of the XF-2
complex at doses of 500, 1,000, and 1,500 mg/kg, a
dose-dependent increase in both thymus and spleen
indices was observed [40,41]. The most pronounced
effect was achieved at 1,000 mg/kg, where the relative
weight coefficients reached 0.057 £ 0.006 for the
thymus and 0.671 £ 0.067 for the spleen, approaching
the levels of intact animals. At lower (500 mg/kg) and

higher (1,500 mg/kg) doses, the increase was moderate,
indicating a bell-shaped dose-response typical of natural
immunomodulators. The obtained data demonstrate that
XF-2 effectively counteracts glucocorticoid-induced
atrophy of lymphoid organs, suggesting restoration of
immune homeostasis. Such effects are consistent with
the known immunoprotective and anti-inflammatory
mechanisms of glycyrrhizic acid and its derivatives,
which are capable of stabilizing cell membranes,
modulating cytokine production, and interacting with
transcriptional regulators such as NF-«kB p52 and

interleukin-10 receptors.

XF-2 (1500 mg) F
XF-2 (1000 mg) F
Control P

Intact F

I Thymus
I Splcen

1
02 00 02 04

08 1,0 12 14 1,6

Weight coefficient

Figure 8 Effect of the supramolecular complex XF-2 on the relative weight coefficients of the thymus and spleen in mice

with prednisolone-induced immunosuppression.

The computational docking results further support
these findings: Active molecules within the XF-2
complex  (isoniazid, pyrazinamide, rifampicin,
levofloxacin) displayed strong binding affinities to key
immunomodulatory proteins (binding energies ranging
from —4.6 to —9.2 kcal/mol), forming stable hydrogen-
bonding and n-stacking networks that may contribute to

enhanced immunoregulatory signaling.

Discussion
The present study demonstrated that the
supramolecular complex XF-2, composed of

glycyrrhizic acid monoammonium salt and the anti-

tuberculosis drugs pyrazinamide, isoniazid, rifampicin,
and levofloxacin, possesses a balanced combination of
physicochemical  stability, low toxicity, and
immunomodulatory ~ potential. Integration  of
spectroscopic, computational, and in vivo data provides
a coherent understanding of the mechanisms underlying

its biological action.

Spectroscopic evidence of complex formation

The UV-Vis and FTIR analyses confirmed the
supramolecular assembly between glycyrrhizic acid
monoammonium salt and the incorporated drug

molecules. The bathochromic shift in the UV spectrum
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from 254 to 264 nm reflected electronic transitions
associated with n—n* charge delocalization, indicating
the formation of hydrogen-bonded and electrostatically
stabilized aggregates.

Similarly, in the FTIR spectrum, the enhancement
of the carboxylate band at 1,593 cm™ and the shift of the
C=0 stretching vibration to 1,658 cm™ verified the
involvement of —COO™--*NHs" ionic bridges,
characteristic of supramolecular host-guest interactions.
These findings highlight that complexation occurs
through both hydrogen bonding and electrostatic
association, leading to an organized three-dimensional
network capable of encapsulating hydrophilic and
hydrophobic drug molecules simultaneously.

Molecular docking insights

Computational docking studies further elucidated
the potential immunoregulatory targets of the XF-2
components. Among the evaluated proteins—NF-kB
p52 (2AZS), interleukin-10 (1VLK), and interleukin-6
receptor (1A3Q)—rifampicin exhibited the highest
binding affinity (-9.2 to —8.4 kcal/mol), followed by
levofloxacin (-8.8 to —6.6 kcal/mol), whereas isoniazid
and pyrazinamide displayed moderate affinities (5.6 to
—4.1 kcal/mol). These interactions involved key amino
acid residues such as ASP, ARG, TYR, and LYS,
forming conventional hydrogen bonds, m-m stacking,
and electrostatic contacts within the active sites of the
immunomodulatory proteins. In particular, rifampicin
and levofloxacin showed stable binding near the DNA-
binding and receptor-interface regions of NF-xB and IL-
10, suggesting that these molecules might suppress pro-
inflammatory transcription or modulate cytokine
signaling. The combined docking profile of the XF-2
complex implies that the supramolecular encapsulation
of these drugs in glycyrrhizic acid may enhance their
biostability, target affinity, and immunomodulatory

precision through synergistic non-covalent interactions.

In vivo pharmacological findings

In the acute toxicity assay, XF-2 exhibited an LDso
of 4,050 mg/kg, corresponding to toxicity class IV
(“low-toxic”), confirming its high margin of safety. No
severe behavioral changes or delayed toxic effects were
observed, indicating good systemic tolerance. The
supramolecular architecture of glycyrrhizic acid appears

to mitigate the inherent toxicity of individual

antituberculosis agents, likely by modulating their
absorption rate and biodistribution. Under conditions of
prednisolone-induced immunosuppression,
administration of the XF-2 complex produced a dose-
dependent increase in the relative weight coefficients of
the thymus and spleen. The most pronounced recovery
was observed at 1,000 mg/kg, where both parameters
approximated those of the intact control group. This
suggests restoration of thymolymphatic function and
splenic immune competence. Such effects are consistent
with the well-documented ability of glycyrrhizic acid to
activate T-cell differentiation, normalize cytokine
balance, and protect lymphoid tissue from
glucocorticoid-induced atrophy.

Overall interpretation

Taken together, the results confirm that the
formation of supramolecular complexes with
glycyrrhizic acid monoammonium salt provides a
rational strategy for designing multifunctional drug
systems combining safety, bioavailability, and
immunomodulatory efficacy. The XF-2 complex, in
particular, demonstrates a strong structural-functional
correlation between its molecular architecture and
biological behavior. Through a combination of
hydrogen-bonded encapsulation, electrostatic
stabilization, and protein-level targeting, XF-2 enhances
immune resilience while maintaining low systemic
toxicity. These findings suggest that XF-2 can be
considered a promising candidate for further preclinical
and pharmacodynamic studies, aimed at developing
novel supramolecular immunomodulatory formulations
with  potential applications in infectious and

inflammatory diseases.

Conclusions

The supramolecular complex XF-2, based on
glycyrrhizic acid monoammonium salt and the anti-
tuberculosis agents pyrazinamide, isoniazid, rifampicin,
and levofloxacin, demonstrated a favorable balance
between chemical stability, safety, and biological
efficacy. Spectroscopic and computational analyses
confirmed the formation of a stable hydrogen-bonded
and electrostatically coordinated supramolecular
structure  capable of interacting with  key
immunoregulatory proteins such as NF-kB p52, IL-10,
and IL-6R. In vivo, XF-2 exhibited low acute toxicity
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(LDso = 4,050 mgkg) and a

immunomodulatory effect, restoring thymic and splenic

pronounced
indices under prednisolone-induced
immunosuppression, with the maximal response
observed at 1,000 mg/kg. The obtained results highlight
the potential of XF-2 as a safe and multifunctional
supramolecular formulation with combined
immunorestorative and protective activity, warranting

further pharmacodynamic and clinical evaluation.
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