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Background. Metabolic distortions mediated by chronic hyperglycemia lead to
pathophysiological alterations in diabetes mellitus. Persistent elevation of blood glucose
promotes non-enzymatic glycation of proteins and lipids, leading to the accumulation of
advanced glycation end-products (AGEs). Accumulation of AGEs reflects impaired meta-
bolic clearance and/or excretion and is therefore considered a marker of both long-term
glycemic control and oxidative-carbonyl stress in tissues. The biological effects of AGEs
are largely mediated through their interaction with the receptor for advanced glycation
end products (RAGE), triggering pro-inflammatory signaling pathways. Accordingly, this
study investigated the effects of bioactive compounds extracted from cornelian cherry
fruits (Cornus mas L.) on AGE and RAGE levels in plasma and blood leukocytes of rats
with experimental diabetes mellitus.

Materials and Methods. Experiments were conducted in streptozotocin-induced
diabetic rats divided into three experimental groups. Starting on day 10 after diabetes
induction, animals received oral administration of fruit extracts from the ‘Podolski’ and
‘Yantarnyi‘ & ‘Flava‘cultivars of the cornelian cherry, as well as the iridoid glycoside
loganic acid isolated from these fruits, at a dose of 20 mg/kg body weight for 14 con-
secutive days. Control and untreated diabetic rats received distilled water (1 mL per rat)
by oral gavage. On day 24 of the experiment, blood samples were collected. Levels of
fluorescent and non-fluorescent AGEs were determined in plasma and leukocytes. Full-
length receptor for AGEs (IRAGE) expression in leukocyte membranes was assessed
using an indirect immunoperoxidase assay, while plasma concentrations of the soluble
form of RAGE (sRAGE) were measured by immunoblotting.
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Results. One of the mechanisms of the deleterious effect of high glucose levels,
in particular its ability to react non-enzymatically with proteins with the formation of
AGEs, has been studied. An increase in AGE levels in blood plasma of rats with dia-
betes was found. At the same time, a decrease in the fluorescent and non-fluorescent
AGE levels in leukocytes was observed. This is likely due to impaired leukocyte glu-
cose uptake under the condition of diabetic hypoinsulinemia. There was a significant
increase in the number of RAGE" leukocytes and the level of SRAGEs in plasma of rats
with diabetes. It was found that the content of the fluorescent and non-fluorescent AGEs
significantly increased in leukocytes of rats with DM after administration of the extracts
from the ‘Podolski’ and ‘“Yantarnyi’ & ‘Flava’ cultivars of the cornelian cherry, and the
loganic acid. It is worth noting that the extract from the fruits of Cornus mas L. ‘Podolski’
cultivar showed the best effect among all studied extracts and led to a reduction in the
level of AGEs in the blood plasma and receptors to them.

Conclusions. The fruit extract from the ‘Podolski’ cultivar of Cornus mas L. demon-
strates therapeutic potential in the correction of impaired glucose metabolism in diabe-
tes mellitus. The beneficial effects of the extract’s bioactive compounds are associated
with the inhibition of glycation, the formation of AGEs, and normalization of RAGE levels
in blood plasma and leukocytes.

Keywords: experimental diabetes mellitus, fruit extracts of cornelian cherry,
loganic acid, leukocytes, blood plasma, markers of oxidative-carbonyl
stress, AGEs, RAGEs

INTRODUCTION

In diabetes mellitus (DM), chronic hyperglycemia promotes the intensification of
macromolecular glycation processes, alterations in metabolic pathway activity, and the
development of oxidative and carbonyl stress accompanied by multiple metabolic dis-
turbances (Kato et al., 2024; Rhee & Kim, 2018; Wang et al., 2025).

Carbonyl stress is characterized by the accumulation of reactive carbonyl com-
pounds (RCOs), which arise as intermediates of carbohydrate and lipid metabolism
as well as from the modification of proteins by these metabolites. Several RCOs —
including glyoxal, methylglyoxal, arabinose, glycoaldehyde, 3-deoxyglucosone, and
dehydroascorbate — are generated from carbohydrates and can non-enzymatically
react with amino groups of proteins, leading to the formation of advanced glycation
end-products (AGEs). These include carboxymethyllysine, pentosidine, imidazolone,
glyoxal-lysine dimer, and methylglyoxal-lysine dimer. In addition, certain RCOs, such
as glyoxal, malondialdehyde, hydroxynonenal, and acrolein, are produced during lipid
peroxidation of polyunsaturated fatty acids. Moreover, glyoxal, methylglyoxal, acrolein,
and glycoaldehyde may also arise from amino acid metabolism mediated by leukocyte
myeloperoxidase (Kato et al., 2024; Lamprea-Montealegre et al., 2022). The relation-
ships between RCOs and AGEs are complex. Individual AGEs, such as carboxymethyl-
lysine, may originate from multiple precursors, whereas a single RCO can generate
several different AGE structures (Khalid et al., 2022). Consequently, AGEs represent
a heterogeneous group of compounds formed through non-enzymatic reactions
between proteins, lipids, nucleic acids, and reducing sugars in the Maillard glycation
reaction. Accumulation of AGEs is widely considered a major contributor to the develop-
ment and progression of diabetic complications (Kato ef al., 2024; Nomi et al., 2020;
Twarda-Clapa et al., 2022).
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From a physicochemical perspective, AGEs are heterogeneous heterocyclic yellow-
brown compounds that can be either fluorescent or non-fluorescent. Fluorescent AGEs
include pentosidine and methylglyoxal-derived hydroimidazolone, whereas non-fluores-
cent AGEs comprise N-ge-carboxymethyllysine, carboxyethyllysine, and carboxymethylhy-
droxylysine. These compounds promote protein aggregation and cross-linking, resulting
in increased resistance to proteolytic degradation. Consequently, elevated AGE levels
disrupt protein function and intracellular signaling pathways (Dariya & Nagaraju, 2020).

Furthermore, AGEs stimulate the generation of free radicals, particularly reactive oxy-
gen species (ROS), in addition to those produced during autoxidation reactions. This pro-
cess impairs antioxidant defense systems and induces both carbonyl and oxidative stress
within cells, ultimately leading to excessive free radical production that damages DNA,
proteins, and lipids and disrupts fundamental biological processes (Wang et al., 2025).

Attenuation of oxidative—carbonyl stress through various therapeutic strategies —
including antioxidant administration, inhibition of ROS generation, modulation of oxida-
tive protein modifications, detoxification of ROS, suppression of AGE formation, appli-
cation of carbonyl scavengers, and induction of carbonyl-metabolizing enzymes — has
been shown to alleviate the progression of this endocrine disorder (Khangholi et al.,
2015; Shen et al., 2020; Yeh et al., 2017). Accordingly, the development of antioxidant-
based strategies aimed at mitigating oxidative—carbonyl stress associated with diabetes
relies on monitoring changes in relevant biochemical biomarkers.

The rate of glycation reactions depends on several factors, including glucose con-
centration, the reactivity of protein amino groups, protein half-life, and total protein con-
centration (Khalid et al., 2022; Luo et al., 2016). Consequently, AGEs formed on plasma
proteins represent diagnostically important biomarkers of glycation processes. Enhanced
glycation of plasma proteins leads to the formation of atypical intermolecular cross-links,
disruption of receptor—ligand interactions, decreased enzymatic activity, and alterations in
the circulating half-life of proteins (Thornalley & Rabbani, 2011; Wang et al., 2025).

AGEs were the first identified ligands of the receptor for advanced glycation end-
products (RAGE), a member of the immunoglobulin superfamily that functions as
a type | transmembrane pattern-recognition receptor (PRR) and serves as a key media-
tor of innate immune responses. Unlike many other PRRs, RAGE recognizes structur-
ally diverse ligands, including damage-associated molecular patterns (DAMPs), AGEs,
amyloid-B (AB), and fibrillar protein structures. The full-length form of RAGE (fIRAGE)
consists of three main domains: an extracellular ligand-binding domain, a transmem-
brane a-helix, and a short unstructured C-terminal cytoplasmic domain involved in intra-
cellular signaling. Binding of AGEs to RAGE on the cell surface, including that of leu-
kocytes, triggers the release of pro-inflammatory cytokines such as IL-6, CXCL8, and
IL-12, as well as inflammatory mediators including TNF, IL-1, and CCL2 (Dong et al.,
2022; Khalid et al., 2022).

Among the numerous RAGE isoforms, particular attention has been paid to those
lacking transmembrane and cytoplasmic domains. These variants include truncated or
soluble RAGE (sRAGE) and endogenous secretory RAGE (esRAGE), which are gene-
rated through alternative mRNA splicing. Owing to the absence of transmembrane and
cytoplasmic regions, these soluble isoforms function as circulating decoy receptors that
attenuate the interaction between membrane-bound fIRAGE and its ligands (Erusalimsky,
2021; Khalid et al., 2022; Ruiz et al., 2020). Elevated plasma levels of sSRAGE have been
reported in type 1 DM, where they are thought to exert protective effects by limiting
AGE-mediated cellular damage. Notably, circulating sSRAGE concentrations positively
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correlate with AGE levels in the peripheral blood (Challier et al., 2005; Thomas et al.,
2011; Wang et al., 2025).

In diabetes, increased intravascular AGE accumulation enhances the expression
of RAGEs in vascular wall cells, including endothelial cells and smooth muscle cells, as
well as in leukocytes. Activation of intracellular signaling pathways mediated by AGE—
RAGE complexes promotes leukocyte diapedesis from the bloodstream into tissues
and inflammatory areas (Rhee & Kim, 2018; Wang et al., 2025).

Leukocytes in diabetic conditions undergo complex alterations in biochemical
and morphofunctional parameters, which are often interrelated and mutually reinfor-
cing. Impaired glucose transport in leukocytes suppresses glycolytic metabolism. In
particular, reduced phosphofructokinase activity leads to increased levels of glucose-
6-phosphate, fructose-6-phosphate, hydrogen ions, and lactate (Alba-Loureiro et al.,
2007). Furthermore, leukocytes in diabetes exhibit a decreased activity of key antioxi-
dant enzymes, including superoxide dismutase and glutathione peroxidase. The latter
enzyme is particularly susceptible to nonenzymatic glycation and may become inacti-
vated under conditions of pronounced oxidative stress (Cecerska-Hery¢ et al., 2025).
These alterations impair the functional capacity of leukocytes and, thereby, contribute to
the development of diabetic complications and associated comorbidities.

Type 1 DM represents the most life-threatening form of the disease due to its auto-
immune etiology. Currently, this condition cannot be prevented, halted, or reversed
(Rodrigues Oliveira et al., 2023). Therefore, the identification of therapeutic approaches
capable of alleviating disease manifestations and slowing its progression remains an
important research priority. A growing body of evidence indicates that bioactive anti-
oxidant compounds may mitigate oxidative—carbonyl stress associated with diabetes.
Plant-derived materials represent an important source of such compounds (Anwar et al.,
2021; Holst & Williamson, 2008; Khangholi et al., 2015; Yeh et al., 2017). In particular,
plants of the Cornaceae family are characterized by a high content of natural antioxi-
dants, including phenolic compounds (anthocyanins, phenolic acids, and flavonols) and
iridoids, especially in the fruits of the cornelian cherry (Cornus mas L.) (Bayram & Arda
Ozturkcan, 2020; Brodyak et al., 2025; Dzydzan et al., 2020). The abundance of these
compounds depends on plant genotype, cultivation practices, environmental growth con-
ditions, as well as fruit maturity and coloration (Brodyak et al., 2025). Bioactive constitu-
ents of C. mas fruits have been reported to exert multiple biological effects, including
antidiabetic, antioxidant, and anti-inflammatory activities (Brodyak et al., 2025; Dzydzan
et al., 2020). Therefore, the work aimed to investigate the effect of extracts from the
fruits of the ‘Podolski’ and “Yantarnyi‘ & ‘Flava‘ cultivars of the cornelian cherry (Cornus
mas L.), and the iridoid glycoside of these fruits — loganic acid on the content of AGEs
and RAGEs in leukocytes and blood plasma of rats with streptozotocin-induced diabetes.

MATERIALS AND METHODS

Animal Study. The animal experiments were approved by the Ethics Committee
of the Department of Biochemistry of the Faculty of Biology (Protocol 57-02-2026 dated
16 February, 2026), Ivan Franko National University of Lviv, Ukraine. Experiments were
performed in accordance with international standards of humane treatment of labora-
tory rats and the requirements of Article 26 of the Law of Ukraine “On the Protection of
Animals from Cruelty”, the Directive 2010/63/EU of the European Parliament and the
Council of 22 October 2010 on the protection of animals used for scientific purposes and
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the National Institutes of Health guide for the care and use of laboratory animals (NIH pub-
lications no. 8023, revised 1978). Experimental procedures and handling of the animals
were carried out as stipulated by the guidelines for the humane use of animals.

Induction of DM in rats. Male Wistar strain rats weighing 140 + 10 g were used
in the experiments. The rats were kept in standard vivarium conditions (free access to
water and standard chow, 12/12 h light/dark cycle). The room temperature and humi-
dity were maintained at about 22 + 2 °C and 60 + 5 %, respectively. After one week
of adaptation, DM was induced in rats by intra-peritoneal injection of streptozotocin
(STZ) (Sigma-Aldrich, St Louis, MO, USA), dissolved in 10 mM citrate buffer (pH 4.5), at
a dosage of 55 mg/kg of body weight (b.w.). The development of DM was monitored by
measuring blood glucose levels. This was done 72 hours after and on the 10th day fol-
lowing the administration of STZ using the glucose oxidase method (Filicit-Diagnostics
kit, Dnipro, Ukraine). In the subsequent experiments, rats with glucose levels exceeding
12 mM were used. The animals of the control group were selected among intact ani-
mals, which had a glucose concentration in the range of 3.7-5.0 mM.

Rats were randomly divided into five groups containing eight animals each:
group 1 — control rats (healthy animals), group 2 (DM) — rats with STZ-induced DM,
group 3 (DM + extract ‘Podolski’) — diabetic rats treated with the extract from the fruits of
the ‘Podolski’ cultivar of C. mas, group 4 (DM + extract ‘Yantarnyi' & ‘Flava‘) — diabetic
rats treated with the extract from the fruits of the ‘Yantarnyi’ & ‘Flava‘ cultivars of C. mas,
group 5 (DM + loganic acid) — diabetic rats treated with loganic acid. Loganic acid is
represented by a mixture of three isomers of loganic acid extracted from fruits of the
cornelian cherry ‘Yantarnyi’ & ‘Flava’ cultivars.

On the 10th day following the induction of diabetes, the rats with DM from the third
to fifth groups were orally administered the extracts of the different cultivars of the corne-
lian cherry for 14 days at a dose of 20 mg per 1 kg of b.w. The extracts were dissolved
in water and administered in the amount of 1 mL per rat. The amount and duration of
extract administration were based on previous studies (Dzydzan et al., 2020). Once daily
for 14 days, rats of the control and DM groups received 1 mL per rat of water by gavage.

Methods of preparation of the extracts from the cornelian cherry fruits, their identi-
fication, and determination of bioactive compounds of extracts by UPLC-qTOF-MS/MS
and HPLC-PDA methods are described by A. Z. Kucharska in O. Dzydzan et al. (2020).

The object of study and blood collection. The study focused on blood leuko-
cytes and plasma obtained from rats. On the last day of the experiment (24 days after
STZ administration), rats of all groups were decapitated under ether anesthesia. Blood
samples were collected with the addition of heparin (heparin : blood ratio of 1 : 100).
Blood was centrifuged for 15 min at 960 g in an Eppendorf 5417 R centrifuge to obtain
plasma. Plasma was frozen and stored at -20 °C for further measurements.

Isolation of blood leukocytes. Leukocytes were isolated from blood by centrifu-
gation over a gradient of ficoll-triombrast density (r = 1.076—1.078). Then, the cells were
washed three times with cold (4 °C) phosphate-buffered saline (PBS: 137 mM NaCl,
2.7 MM KCI, 10 MM Na,HPO,-7H,0, 1.8 MM KH,PO,, pH 7.4). Leukocytes (2.5-10°)
were lysed in 150 uL of the buffer composed of 0.5 % Triton X-100, 100 mM KCI, 5 mM
MgCl,, 2 mM EGTA, 25 mM Tris (pH 7.5), and a protease inhibitor cocktail (Sigma, USA).
The lysates of leukocytes were centrifuged at 10,600 g for 10 min at 4 °C to remove cell
debris. Supernatants were collected and used for separation in SDS-PAAG, followed
by the immunoblot analysis of RAGE antibodies. The protein content in lysates of leu-
kocytes and plasma was determined according to Lowry’s method (Lowry et al., 1951).
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Assay of the content of fluorescent AGEs. AGE levels in blood plasma and in
leukocytes were determined according to the method described by Putta and Kilari
(Putta & Kilari, 2015). Plasma was diluted with PBS (pH 7.4) in a ratio 1 : 50. AGE
levels in leukocytes and in plasma were determined by measuring the fluorescence at
an excitation wavelength of A = 370 nm and an emission wavelength of A = 440 nm.
Solution of BSA (bovine serum albumin) was used as a standard (1 mg/mL), and its fluo-
rescence intensity was defined as one unit of fluorescence. The fluorescence intensity
was expressed in arbitrary units (AU) per mg of protein.

Immunocytochemical assay of the content of non-fluorescent AGEs and
RAGEs. Non-fluorescent AGEs in leukocytes and fIRAGEs on the leukocyte mem-
brane were detected and visualized in blood leukocytes by indirect immunoperoxidase
method. Leukocytes (150.000/uL) were applied on a microscope glass slide, fixed
with methanol solution (10 min, -4 °C) and then with chilled acetone for two min. Cells
were permeabilized with 0.1 % Triton X-100 in PBS (PBS-T). Preparations were incu-
bated for 5 min with 0.3 % H,O, solution to block endogenous cell peroxidase and
exposed to blocking buffer (1 % BSA in PBS for 1 h for blocking binding sites. The cells
were incubated with Rabbit AGE Antibody (orb10064, Biorbyt, Great Britain) or Rabbit
RAGE Antibody (16346-1-AP, Proteintech, CLLUA), diluted in blocking buffer in a ratio
1: 300, for 2 h at room temperature, washed with PBS containing 0.05 % Triton X-100,
and then incubated with secondary antibody LSAB®2 Biotinylated Link for Streptavidin
HRP/AP (DAKO, USA), diluted in blocking buffer in a ratio 1 : 500, for 1 h at room tem-
perature. After washing in 0.05 % PBS-T, a color reaction was performed to detect posi-
tive signals using 3,3'-diaminobenzidine (DAB) and 0.015 % H,O,. The content of AGEs
or RAGEs in the studied cells was analyzed by light microscopy using a x40 objective of
the MICROmedXS-5520 microscope and a video camera for the microscope (DCM310)
with software (ScopePhoto). The specificity of binding was confirmed using negative
controls (cell samples without the use of primary and secondary antibodies). The bin-
ding of antibodies to AGEs or RAGEs of leukocytes was characterized by the activity of
the peroxidase reaction, which was detected by brown deposits of oxidative polymeriza-
tion products of DAB in the mode of digitizing microphotographs of leukocytes (500 cells
were differentiated on the preparation). The intensity of antibody binding was assessed
on a scale of «+» and «—». The content of AGE" leukocytes and RAGE" leukocytes was
calculated by the proportion.

Immunoblotting. The lysates of leukocytes were subjected to 10 % SDS—PAGE,
transferred onto nitrocellulose sheets and immunoblotted essentially. The membranes
were probed with Rabbit RAGE Antibody (16346-1-AP, Proteintech, USA) followed by
goat anti-rabbit IgG-HRP conjugate (AP308P, Millipore, USA). The immunoreactive
bands visualized by chemiluminescence (Pierce, Rockford, lllinois) were analyzed den-
sitometrically using GelPro32.

Statistical analysis. Statistical processing of the results was carried out using
Microsoft Excel 2013. The main statistical indicators were calculated based on direct quan-
titative data obtained as a result of research (mean — M; standard error of the mean — m).
To assess the probability of the difference between the statistical characteristics of two
alternative data sets, a univariate analysis of variance (ANOVA 1) was performed.
A difference with a probability of p = 0.95 (significance level P < 0.05), calculated using
StatPlus software with post-hoc analysis, was considered significant.
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RESULTS AND DISCUSSION

Differential effects of diabetes and cornelian cherry fruit extracts on AGEs
accumulation in plasma and leukocytes. AGEs are important diagnostic markers
used to assess treatment efficacy under hyperglycemic conditions. Strategies aimed at
preventing AGE formation or reducing their accumulation have therapeutic potential for
delaying the progression of diabetic complications. According to our findings, DM was
associated with a 1.5-fold increase in plasma AGE levels compared with control rats
(Fig. 1A). This increase is consistent with previously reported elevations in blood glu-
cose and glycated hemoglobin levels in diabetic rats (Dzydzan et al., 2020), indicating

sustained hyperglycemia.
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Fig. 1. The content of fluorescent AGEs in plasma (A) and in leukocytes (B) of control rats, with DM and
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Analysis of both fluorescent and non-fluorescent AGEs in plasma and blood leu-
kocytes of diabetic rats (Fig. 1 and 2) allowed us to evaluate the effects of C. mas
fruit extracts from different cultivars on oxidative—carbonyl stress, for which these com-
pounds serve as biomarkers. Oral administration of fruit extracts from the ‘Podolski’
cultivar, characterized by red-colored ripe fruits, as well as the ‘Yantarnyi’ & ‘Flava’ cul-
tivars, which produce yellow-colored ripe fruits, resulted in a significant reduction in
plasma fluorescent AGE levels by 24 % and 22 %, respectively, in diabetic rats. The
observed decrease in AGE content may be attributed to the hypoglycemic and antioxi-
dant properties of these extracts, as previously demonstrated (Brodyak et al., 2025).
In contrast, administration of loganic acid to diabetic rats did not exert a hypoglyce-
mic effect (Dzydzan et al., 2020). Consequently, protein glycation in plasma persisted,
which likely accounted for the elevated AGE levels observed in this group (Fig. 1A).

In DM, chronic hyperglycemia resulted in a marked increase in plasma AGE levels
(Fig. 1A). In contrast, leukocytes isolated from blood of diabetic rats exhibited a signifi-
cant reduction in fluorescent AGE content, which was 1.7-fold lower than that observed
in control animals (Fig. 1B). Immunocytochemical analysis of non-fluorescent AGEs in
leukocytes, classified as AGE-positive (AGE*) and AGE-negative (AGE") cells (Fig. 2A),
further confirmed a decrease in intracellular AGE accumulation under diabetic condi-
tions (Fig. 2B). Specifically, AGE* leukocytes accounted for 59 % in the control group
and only 47 % in diabetic rats (Fig. 2B).

These findings may be explained by the non-enzymatic and spontaneous nature of
protein glycation, which depends on protein half-life, the degree and duration of hyper-
glycemia, and tissue or cellular permeability to free glucose (Lang et al., 2020). In leu-
kocytes, impaired glucose transport due to dysfunction of insulin-dependent glucose
transporters under hypoinsulinemic conditions likely contributes to the observed reduc-
tion in intracellular AGE formation. Indeed, glucose uptake in leukocytes is mediated by
specific glucose transporter (GLUT) isoforms. GLUT3 and GLUT4, which are expressed
in leukocytes and translocate to the plasma membrane upon activation by insulin and
other stimuli, exhibit a higher affinity for glucose than the insulin-independent GLUT1
isoform. GLUT1 primarily transports reduced sugars, including glucose, mannose,
galactose, and glucosamine (Maratou et al., 2007; Vrhovac et al., 2014). Accordingly,
reduced translocation of GLUT3 and GLUT4 to the leukocyte plasma membrane under
hypoinsulinemic conditions likely leads to decreased intracellular glucose availability
and, consequently, attenuated AGE formation.

In contrast, administration of fruit extracts from C. mas cultivars ‘Podolski’, ‘Yantarnyi’
& ‘Flava’ and loganic acid to diabetic rats resulted in a significant increase in fluorescent
AGE levels in leukocytes by 1.45-, 1.74-, and 1.77 times, respectively, compared with
untreated diabetic animals (Fig. 1B). Similarly, the content of non-fluorescent AGEs in
leukocytes increased by 19 % following treatment with the ‘Podolski’ cultivar extract, by
21 % after administration of the ‘Yantarnyi’ & ‘Flava’ cultivars extract, and by 63 % in
response to loganic acid (Fig. 2B).

The hypoglycemic and antioxidant activities of cornelian cherry fruit extracts (Brodyak
et al., 2025; Dzydzan et al., 2020) likely enhance glucose uptake by leukocytes, thereby
restoring intracellular glucose availability and normalizing AGE formation to levels compa-
rable with those observed in control animals (Fig. 1B and 2). Endogenous AGE formation
represents an integral component of normal metabolic processes and occurs physiologi-
cally in all tissues and body fluids, both intracellularly and extracellularly, through non-
enzymatic reactions between carbonyl groups of reducing sugars and free amino groups
of proteins (Chen et al., 2018).
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Fig. 2. Representative micrographs of immunocytochemical staining of blood leukocytes using antibodies
against AGEs (A), and quantitative analysis of AGE-positive (AGE*) and AGE-negative (AGE*) leuko-
cytes (%) in control rats, STZ-induced diabetic rats, and diabetic rats treated with fruit extracts from
different C. mas cultivars. Designations. Compared to the control group: * — P < 0.05; compared to the
DM group: #— P < 0.05

Notably, loganic acid induced the most pronounced increase in non-fluorescent AGE
levels in leukocytes (Fig. 2). This effect may be attributed to its ability to enhance glucose
uptake by leukocytes despite the absence of a systemic hypoglycemic effect in diabetic
conditions, thereby promoting intracellular glycation processes (Dzydzan et al., 2020).

Effects of cornelian cherry fruit extracts on leukocyte RAGE expression and
plasma sRAGE levels in experimental DM. The biological effects of AGEs are primarily
mediated through their interaction with cell-surface receptors for AGEs (RAGEs), which
activate pro-inflammatory signaling pathways (Khalid et al., 2022). Under physiological
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conditions, RAGE is expressed at low levels in various cell types, including cardiomyo-
cytes, neurons, endothelial cells, dendritic cells, neutrophils, monocytes/macrophages,
and lymphocytes. However, RAGE expression is markedly upregulated in multiple patho-
logical states. The AGE-RAGE axis plays a critical role in the pathogenesis of both type 1
and type 2 DM and their associated complications (Goh & Cooper, 2008).

To assess membrane-bound RAGE expression in blood leukocytes, immunocyto-
chemical analysis was performed. During image analysis, leukocytes were classified as
RAGE-positive (RAGE*) or RAGE-negative (RAGE") cells (Fig. 3A).
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Fig. 3. Immunocytochemical analysis of blood leukocytes using antibodies against the receptor for AGEs (A),
and quantitative analysis of the proportion of RAGE-positive (RAGE*) leukocytes (%) in control rats,
STZ-induced diabetic rats, and diabetic rats treated with fruit extracts from different C. mas cultivars (B).
Designations. Compared to the control group: * — P < 0.05; compared to the DM group: # — P < 0.05

Based on the obtained data, a modest but statistically significant increase (approxi-
mately 10 %) in the proportion of RAGE" leukocytes was observed in diabetic rats com-
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pared with controls (Fig. 3B). It is well established that increased circulating AGE levels
enhance RAGE gene expression and translation, thereby creating a positive feedback
loop that promotes leukocyte activation (Gallucci, 2016). Accordingly, the elevated
plasma AGE levels detected under diabetic conditions (Fig. 1A) were associated with
enhanced RAGE expression on leukocyte membranes (Fig. 3).

RAGE exists in several isoforms, including a soluble extracellular form, which lacks
the C-terminal cytoplasmic domain but retains all immunoglobulin-like domains present in
fIRAGE (Heier et al., 2015). According to our results, plasma sRAGE levels were signifi-
cantly increased in diabetic rats (Fig. 4). Soluble RAGE can be generated either by pro-
teolytic shedding of the extracellular domain of IRAGE mediated by metalloproteinases
or through alternative splicing. We hypothesize that the elevated sRAGE levels observed
in diabetes result primarily from enhanced proteolytic cleavage of IRAGE, whose mem-
brane expression in leukocytes was increased under diabetic conditions (Fig. 3).
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Fig. 4. Plasma levels of soluble RAGE (sRAGE) in control rats, STZ-induced diabetic rats, and diabetic rats
treated with fruit extracts from C. mas ‘Podolski’ cultivar, ‘Yantarnyi’ & ‘Flava’ cultivars, and loganic
acid. sSRAGE content was assessed by immunoblotting and quantified using GelPro32 software. The
amount of protein loaded into each well and its transfer to the membrane were monitored by Ponceau
staining and analyzed using GelPro 32. Designations. Compared to the control group: * — P < 0.001;
compared to the DM group: #— P < 0.01

Notably, only administration of C. mas fruit extract from the ‘Podolski’ cultivar
resulted in a reduction of both membrane-bound RAGE expression in leukocytes and
plasma sRAGE levels to values comparable with those of control animals (Fig. 3 and 4).
These changes in plasma sRAGE concentration are likely associated with the ability of
the ‘Podolski’ cultivar extract to modulate plasma AGE levels (Fig. 1) and reduce the
proportion of RAGE* leukocytes (Fig. 3), suggesting a coordinated regulatory effect on
the AGE-RAGE axis.
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Fig. 5. The effects of AGEs, formed under hyperglycemic conditions, on circulating sSRAGE in plasma and
membrane-bound RAGEs expression in blood leukocytes. AGEs positively regulate RAGE expres-
sion in leukocytes, while sSRAGE can be generated through proteolytic shedding of membrane-bound
RAGE mediated by matrix metalloproteinases (MMPs); therefore, SRAGE levels may positively cor-
relate with circulating AGEs. The fruit extract of Cornus mas L. ‘Podolski’ cultivar reduces AGE levels
and disrupts the positive feedback loop AGEs - RAGE — sRAGE

Abbreviation: CD40L, CD40 ligand; CDC42, cell division cycle 42; esRAGE, endogenous secretory
RAGE; ICAM1, Intercellular adhesion molecule; 1IL, Interleukin; MAPKSs, Mitogen-activated protein
kinases; NF-kB, Nuclear factor kappa B; PI-3-K, Phosphoinositide 3-kinase; Rac1, Ras-related C3
botulinum toxin substrate 1; TNFa, Tumor necrosis factor; VCAM1, Vascular cell adhesion molecule 1
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The effects of the cornelian cherry fruit extracts on AGE levels in plasma and leuko-
cytes, as well as on different RAGE isoforms under diabetic conditions, are summarized
schematically in Fig. 5. Enhanced plasma protein glycation represents a direct patho-
logical consequence of DM, as it promotes the formation of intermolecular cross-links,
alters protein half-life, disrupts enzymatic activity, and impairs ligand-binding affinity. In
addition, activation of the AGE-RAGE axis triggers multiple intracellular signaling path-
ways, including the stimulation of ROS generation via NADPH-oxidases. These pro-
cesses may contribute to the development of oxidative-carbonyl stress in blood leuko-
cytes of rats under the experimental conditions examined in this study (Fig. 5).

It is worth noting that among the tested extracts, only the fruit extract of C. mas
‘Podolski’ cultivar, which exhibits the most pronounced hypoglycemic effect (Brodyak
et al., 2025), was associated with a reduction in both membrane-bound fIRAGE and
sRAGE isoforms. This extract significantly lowered circulating AGE levels in plasma,
which likely resulted in a concomitant decrease in sSRAGE concentration (Fig. 4).

Considering the AGE-RAGE interaction at the cellular level and the ability of the
‘Podolski’ cultivar extract to disrupt the positive feedback loop (AGEs —- RAGE — sRAGE)
in plasma and in leukocytes, it can be hypothesized that this molecular mechanism under-
lies the inhibitory effects of the extract’s bioactive compounds on stress-induced signal-
ing pathways (Fig. 5). Collectively, these findings suggest that the fruit extract of C. mas
‘Podolski’ cultivar may represent a promising candidate for adjunctive strategies aimed at
mitigating metabolic and inflammatory disturbances associated with DM.

CONCLUSIONS

An increase in plasma levels of AGEs and sRAGE was observed in rats with experi-
mental DM. In contrast, blood leukocytes from diabetic animals exhibited reduced levels
of both fluorescent and non-fluorescent AGEs accompanied by increased expression
of fIRAGE compared with control animals. These alterations in intracellular AGE con-
tent may be associated with impaired glucose transport into leukocytes under diabetic
conditions.

Importantly, only the fruit extract of C. mas ‘Podolski’ cultivar reduced plasma AGE
levels as well as RAGE isoforms involved in pro-inflammatory signaling. These findings
highlight the potential of this extract to modulate the AGE-RAGE axis and support its
further investigation as a biologically relevant approach for improving metabolic and
inflammatory status in DM.
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BNNUB BIOAKTUBHUX PEHYOBWH, EKCTPATOBAHUX I3 NNOAIB AEPEHY
CMPABXHbOI'O (CORNUS MAS L.), HA PIBEHb KIHLIEEBMX NMPOOYKTIB
FMIKALIT 1 PELLENTOPIB O HUX Y NMITA3MI KPOBI TA IEMKOLIUTAX LLYPIB
3A EKCMEPUMEHTAJIIbHOIO LIYKPOBOI'O AIABETY

IpuHa Bpodsik, Hamanis CubipHa

JIbgiecbKul HayioHanbHUU yHieepcumem imeHi lsaHa ®paHka
syn. pyweescbkozo, 4, Ilbeie 79005, YkpaiHa

Bctyn. OcHOBHOKW Mpu4MHO0 NaTodisionoriyHmMx 3MiH 3a giabeTy € XpOHiYHMN
BNNAMB rinepriikemii. 3a rineprnikemii nocunoeTbes rnikauis GinkiB i ninigiB Ta, sk
HacrnigokK, yTBOPIOIOTLCS Ta HAKOMMYYOTLCA KiHLEBI NpoaykTu rmikauii (aHrn. Advanced
Glycation End-products — AGEs). HakonnyeHHs AGEs 3yMOBMeHe 3HWXEHOW 3aar-
HICTHO opraHiamy ix MeTabonidyBatu Ta / abo eKkcKpeTyBaTu, TOMY Ui NPOAYKTM € Map-
KEPHUMM NOKa3HMKaMM KOHTPOIHO SiK FiKeMii, Tak M IHTEHCUBHOCTI OKCMaaTUBHO-Kapbo-
HINBHOrO CTpecy B TKaHWHax opraHiamy. MexaHriam gii AGEs Bu3Ha4aeTbCs ixHbOI B3a-
emogieto 3 kniTuHHUMK peuenTtopamun — RAGEs (aHrn. Receptor for Advanced Glycation
End-products), BHacnigok skoi BiabyBaeTbCst akTUBALLisi CUTHaNbHMX LUNSAXiB, 0COONMBO
nposananbH1X MpoueciB y nenkoumTax. Tomy metor poboTn Byno Jocnigutu BrnvB
Bi0aKTUBHMX PEYOBUH, EKCTPAroBaHUX i3 Nnogie AepeHy cnpaexHboro (Cornus mas L.),
Ha BMicT AGEs i RAGEs y nna3smi Ta nenkouuTax KpoBi LLypiB 3a eKCneprMMeHTanbHOro
LyKpoBoOro fiabery.

Matepianu Ta MmeTogu. EkcnepMmeHTM NpoBOAUNM Ha rpynax LiypiB 3i cTpenTo-
30TOLUH-IHOYKOBAHUM LIYKpOBUM fiabeToM, skum 3 10-ro AHA Big MOMEHTY iHOYKLUIT Aia-
0eTy per os ynpodoBxX 14 OHIB BBOAWMM €KCTPaKTW NNo4iB AepeHy CNpaBXHbOro COpTy
‘Podolski’, ‘Yantarnyi‘ & ‘Flava‘’ Ta noraHoBy KMCMOTY, BignoBigHo, y Ao3i 20 Mr/kr macu
Tina. LLypi kOHTpoNbHOI Ta AiabeTnyHOoI rpyn WoAeHHO ynpodoBx 14 AHIB OTpMMyBanu
Yyepes 30HA No 1 MN NUTHOI BoaW. Ha 24-n aeHb ekcnepumMeHTy NpoBoannu 3abip Kposi.
Y nnasmi 1 nemkoumtax Bu3HaYanuM BMICT (PryopeCUEeHTHUX i HedrnyopecueHTHUX
AGEs. KinbkicTb nerkouuTiB i3 MeMbpaHo3B’ss3aHMMn pelenTopamn 0o AGEs Bu3Ha-
Yanu iMyHOUMTOXIMiY4HUM MeTogoM. BmicT posumHHOi chopmm RAGE (aHrn. soluble
RAGEs — sRAGES) y nnasmi Bu3Ha4anu metogom imyHoOnoT aHaniay.

PesynbraTtu. [locnigXeHo OAnH i3 MexaHi3MiB HeraTMBHOIO BMBY BUCOKOIO PiBHS
FMOKO3M, 30KpeMa, 11 30aTHICTb HeeH3NMaTU4HO pearyBaTtn 3 Binkamu 3 yTBOPEHHSAM
AGEs. BctaHoBneHo 36inbLieHHs piBHS AGEs y nnasmi kpoBi LypiB 3 giabeTom Ta 3HU-
XEeHHs1 piBHSA driyopecLeHTHUX i HednyopecueHTHUX AGEs y nenkouutax. Lle, nmo-
BiPHO, NOB'AA3aHO 3 MOPYLUEHHAM TPaHCMOPTY [MOKO3W Y NENKOUUTN 3a FiNoiHCYniHeMIl
y XBOpUX Ha giabeT. BuaBneHo AocToBipHE 36inblueHHs KinbkocTi RAGEs+ nenkouuTie
i piBHss SRAGESs y nnasmi KpoBi LLypiB 3i CTPENTO30TOLMHOBUM AiabeToM. 3a BBEAEHHS
eKCTpakTiB nnogis AepeHy cnpasxHboro copti ‘Podolski’, ‘Yantarnyi‘ & ‘Flava’ Ta nora-
HOBOI KWUCIOTW BMICT dbnyopecueHTHUX i HedrnyopecueHTHUx AGEs nigsuilyBaBcs
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20 Iryna Brodyak, Nataliia Sybirna

B NenKoumMTax WwypiB 3 iabeTom 40 3Ha4YeHb Y KOHTPOIbHIV rpyni TBapuH. BapTo 3a3Ha-
ynTKH, WO ekcTpakT nnogie Cornus mas L. copty ‘Podolski’ npogemMoHcTpyBaB Hai-
Kpalmii ecpbekT cepen 4OCMiAKyBaHUX eKCTPaKTiB, 3yMOBUBLUM 3HWKEHHS piBHA AGES
y nnasmi KpoBi Ta peLenTopiB 40 HUX.

BucHoBku. Ekctpakt nnogis Cornus mas L. copty ‘Podolski’ mae BupaxeHui
TepaneBTUYHUI NOoTeHLUian Ans fikyBaHHSA NopyLleHb MeTaboniamy rmKo3u 3a LyKpo-
BOro fiabety. BionoriyHo aKkTUBHI PEYOBUHW EKCTPAKTY MPUrHIYYIOTb MiKyBaHHSA, YTBO-
peHHss AGEs i HopmaniaytoTb piBeHb RAGES sk y nenkouutax, Tak i y nrnasmi KpoBi.

Knrovoei csioea: ekcrnepyMeHTanbHUA LYyKpOBWUA  fiabeT, eKcTpakTu MroAiB
OEepeHy CMpaBXHbOro, NIoraHoBa KMCroTa, NenkouuTy, nna3ma
KpOBi, MapKkepu oOKcuaaTuBHO-kapOoHinbHoro ctpecy, AGEs,

RAGEs
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