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Chronic diabetic foot wounds represent a persistent surgical challenge due to delayed healing, frequent compli-
cations, and high socioeconomic burden. Chronic hyperglycemia is known to impair epidermal barrier integrity,
in part by altering the expression of tight junction proteins, including zonula occludens-1 (ZO-1).

OBJECTIVE — to evaluate changes in ZO-1 expression in chronic diabetic foot wounds following combined local
therapy and to assess the potential role of ZO-1 as an early molecular marker of epithelial barrier restoration.

MATERIALS AND METHODS. A prospective randomized study included 28 patients with chronic diabetic foot
wounds. Patients were divided into an intervention group (n=14) treated with a combined spray—and-—gel regi-
men containing collagen, hyaluronate, amino acids, trace elements (Zn, Cu), and antiseptic components, and
a control group (n=14), receiving standard chlorhexidine dressings. Epidermal biopsy samples were obtained at
baseline (Day 0) and after 10 days of treatment. ZO-1 expression was assessed using Western blot analysis, fol-
lowed by densitometric quantification.

REesurts. Patients receiving combined local therapy demonstrated a marked increase in ZO-1 expression by
Day 10 compared with baseline values, indicating restoration of intercellular junction integrity. No comparable
changes were observed in the control group.

Concrusions. Combined local therapy promotes molecular recovery of the epidermal barrier in chronic diabetic
foot wounds, as evidenced by increased ZO-1 expression. These findings support the clinical relevance of ZO-1

as an objective biomarker for treatment response in the surgical management of chronic diabetic wounds.
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Scope and impact of chronic wounds

Chronic wounds are defined as defects of the skin
and underlying tissues that fail to progress through
the normal stages of healing within 3—4 weeks
and may persist for months or longer [2, 9]. Un-
like acute wounds, chronic wounds are character-
ized by prolonged inflammation, impaired tissue
regeneration, and frequent recurrence. Clinically,
chronic wounds represent a multifactorial surgical
problem resulting from the interaction of local tis-
sue damage and systemic disorders [1, 6].

Among chronic wounds, diabetic foot ulcers
are associated with particularly high morbid-
ity and mortality and lead to a substantial reduc-
tion in patient quality of life [10, 11]. In addition
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to clinical consequences, the economic impact of
chronic wound care is considerable, placing a sus-
tained burden on healthcare systems worldwide,
with treatment costs reaching tens of billions of dol-
lars annually [10]. The most prevalent categories of
hard-to-heal wounds include diabetic foot ulcers,
venous leg ulcers, and pressure ulcers [10, 11].
Effective management of chronic wounds re-
quires a structured and systematic approach [4, 9].
Adequate wound bed preparation is fundamental
in contemporary surgical practice. This process in-
cludes the removal of non-viable tissue, infection
control, maintenance of optimal moisture balance,
and stimulation of wound edge activity [2, 6, 9].
Proper wound bed preparation is widely regarded
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as a prerequisite for successful surgical and conser-
vative treatment of chronic wounds [2, 3, 9].

Principles of modern wound management

Current surgical strategies emphasize that suc-
cessful healing of chronic wounds, particularly in
patients with diabetes mellitus, cannot rely solely
on correction of systemic metabolic or vascular ab-
normalities [1, 11]. Increasing attention is directed
toward local therapeutic interventions aimed at
modifying the wound microenvironment [1].

Clinical evidence indicates that hydrogel-based
dressings improve healing outcomes by supporting epi-
thelialization, maintaining adequate hydration, and fa-
cilitating the controlled release of bioactive substances
[4]. Advanced hydrogel systems integrate biocom-
patibility with antimicrobial and anti-inflammatory
properties, attributes that are especially important for
treating diabetic wounds with impaired local defense
mechanisms [4]. Adjunctive modalities, such as hyper-
baric oxygen therapy, have demonstrated benefit in se-
lected patient populations by reducing wound size and
lowering the risk of major amputations [11].

Molecular pathology of diabetic wounds:
the role of ZO-1

Diabetic foot ulcers develop in the setting of chron-
ic hyperglycemia-induced metabolic disturbances
affecting multiple organ systems [7, 11]. One of the
key pathological mechanisms underlying delayed
healing is dysfunction of the epidermal and micro-
vascular barriers [5, 7].

Tight junctions play a critical role in maintaining
epidermal integrity. Zonula occludens-1 (ZO-1) is
a cytoskeleton-associated protein essential for tight
junction assembly and regulation of paracellular
permeability [10]. Experimental and clinical stud-
ies have shown that hyperglycemia reduces ZO-1
expression and alters subcellular localization in
keratinocytes and endothelial cells [5, 7, 8]. These
changes result in compromised barrier function, in-
creased transepidermal water loss, and impaired re-
epithelialization [5, 7].

During physiological wound healing, ZO-1 ex-
pression increases as epithelial continuity is re-
stored, highlighting its role in intercellular junction
repair [8]. Therefore, assessment of ZO-1 dynamics
in chronic diabetic wounds may provide valuable
insight into the molecular effectiveness of local
therapeutic interventions [8, 11].

Rationale and objective

Restoration of epidermal barrier integrity is a fun-
damental goal in the surgical treatment of chronic
wounds. Combining standard wound care with
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regenerative local agents may enhance epithelial
repair by simultaneously improving the wound en-
vironment and supporting molecular mechanisms
responsible for tight junction restoration [4, 8].

OBJECTIVE — to evaluate changes in ZO-1 expres-
sion in chronic diabetic foot wounds following com-
bined local therapy and to assess the potential role
of ZO-1 as an early molecular marker of epithelial
barrier restoration.

Materials and methods

Study population and design

This study employed a prospective, randomized
design and enrolled 28 patients with chronic foot
wounds secondary to diabetes mellitus. Inclusion
required a wound duration of at least 3 months.
Patients were assigned to two cohorts using sys-
tematic random sampling: the intervention group
(n=14) received combined local therapy, while the
control group (n=14) received standard dressings.

Intervention Protocols

Experimental group treatment
Patients in the experimental group received a two-
step combined local therapeutic regimen:

Spray application. The wounds were initially
treated with a spray formulation containing deca-
methoxin (an antiseptic), low-molecular-weight hy-
drolyzed collagen, and the amino acids glycine, argi-
nine, and aspartic acid, suspended in purified water.

Gel application. Subsequently, a wound care
gel was applied over the treated area. The gel con-
tained low-molecular-weight hydrolyzed collagen,
high-molecular-weight sodium hyaluronate, silver
sulfadiazine (an antimicrobial agent), decamethox-
in, colloidal anhydrous silicon dioxide (Aerosil,
a structural agent), poloxamer, hypromellose (hy-
drogel matrix agents), and purified water.

This formulation was designed to address multiple
facets of chronic wound pathology, providing struc-
tural support (collagen), maintaining hydration (hy-
aluronate, poloxamer), controlling infection (deca-
methoxin, silver sulfadiazine), and supplying cellular
precursors and regulators (amino acids and trace ele-
ments, specifically Zn and Cu as discussed later).

Control group treatment

The control group received standard care, consist-
ing solely of wound treatment with a chlorhexidine
solution, followed by the application of an atrau-
matic sterile dressing soaked in the same solution.
It is important to note that iodine-based prepara-
tions were explicitly excluded from the treatment
protocols for both groups.
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Sample collection and timing
To evaluate the molecular dynamics of skin inter-
cellular contacts, ZO-1 protein expression was ana-
lyzed.1 Paired epidermis tissue samples were surgi-
cally collected from patients in both the interven-
tion and control groups at two crucial time points:
Day 0. Collected prior to the initiation of any
local therapeutic intervention.
Day 10. Collected immediately following the
10-day course of prescribed treatment.

Molecular expression analysis
The level of ZO-1 expression was determined using
western blot analysis. The standard procedure in-
volved separating tissue proteins by electrophoresis,
transferring them onto a membrane, incubating the
membrane with specific primary and secondary anti-
bodies targeting ZO-1, and finally visualizing the re-
sulting complexes using the chemiluminescent meth-
od. The ZO-1 protein band was successfully identi-
fied at an approximate molecular weight of 220 kDa.
Quantitative assessment of protein content was
performed by densitometry, an accurate technique
for determining relative protein amounts based
on signal intensity on the blot. The widely avail-
able software Image] was used for this quantifica-
tion, providing a precise means to measure the area
and intensity of the signal bands. Densitometric
measurements were reported as relative intensity
units (i.u.), normalized to the background signal,
allowing for comparative analysis between base-
line (Day 0) and post-treatment (Day 10) samples
within each patient.

Results
Initial qualitative findings (western blot)

Analysis of ZO-1 protein expression commenced with
qualitative assessment via western blotting. At the
initial baseline stage (Day 0), significant variability

Patient 1 2 3
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in ZO-1 band intensity was observed across patient
samples, a finding characteristic of the diverse pathol-
ogy of chronic wounds. After 10 days of combined
local treatment, the analysis revealed a marked and
consistent increase in ZO-1 signal intensity. Specifi-
cally, a pronounced intensification of the signal was
observed in 13 of the 14 participants in the interven-
tion group, indicating molecular activation of pro-
cesses aimed at restoring tight intercellular contacts.

Following systematic organization and process-
ing, the generalized blotograms (Fig. 1, as described
below) confirmed this trend. There was a visible
increase in ZO-1 expression (the protein band at
220 kDa) in the Day 10 (even) lanes compared to
the corresponding baseline (odd) lanes. Notably,
samples from Patient 4 showed particularly high
enhancement, which correlated positively with ob-
served clinical progress in wound healing dynamics.

Quantitative densitometric analysis

For objective quantification, the intensity of the
Z0-1 bands was measured by densitometry in Im-
age]. The data for the intervention group are sum-
marized in Table 1.

The data in Table 1 reveal a substantial and consis-
tent positive dynamic in ZO-1 expression across the
majority of patients following 10 days of the combined
local therapy. Several cases demonstrated exponential
increases. For instance, Patient 4 exhibited an approx-
imately 742 % increase (from 0.8683 to 6.4538 i.u.).
This magnitude of molecular change suggests that
the therapeutic complex initiates a powerful, targeted
stimulus for cellular repair and tight junction protein
synthesis, demonstrating a highly effective pro-repar-
ative signal rapidly induced by the treatment.

Treatment response dynamics

The quantitative data were visually represented us-
ing bar charts to clearly illustrate the treatment ef-
fects in both cohorts (Fig. 2, 3).

Day 0 10 0 10 0 10

220 kDa =

0 10 0 10 0 10 0

Figure 1. Western blot expression of ZO-1 in patients with chronic foot wounds on days 0 and 10 of
treatment. The arrow indicates the ZO-1 protein band at 220 kDa
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Table 1. Densitometric values of ZO-1 band
intensity in intervention group patients
on days 0 and 10 of treatment, i.u.

Patient Day 0 Day 10
1 0.0622 0.0669
2 0.1285 2.5019
3 0.4640 2.1926
4 0.8683 6.4538
5 0.3272 1.7172
6 2.0024 3.5765
7 0.1757 1.2642
8 0.7149 3.8429
9 1.3824 4.7561
10 0.2593 0.4678
11 0.9475 1.3982
12 0.0368 5.2279
13 1.7249 3.1425
14 0.5031 2.9041

Fig. 2 shows the densitometry results for the in-
tervention group, demonstrating a marked increase
in ZO-1 band intensity after treatment. This visible
upregulation confirms the therapeutic complex’s abil-
ity to enhance ZO-1 expression. The sole exception
was Patient 1, whose baseline expression was minimal
(0.0622 i.u.) and whose subsequent post-treatment
growth was marginal. This low response may indicate
a subgroup of wounds with an exceptionally profound
or non-responsive underlying barrier dysfunction.
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In contrast, Fig. 3, representing the control group
that received standard chlorhexidine dressings,
showed no substantial increase in ZO-1 band inten-
sity over the 10-day period. This clear differentiation
underscores that the observed molecular restoration
of the epithelial barrier is a specific therapeutic ef-
fect of the combined spray-and-gel regimen, rather
than a non-specific response to basic antiseptic care.

Discussion

The role of combined therapy
in tight junction restoration

Chronic diabetic wounds are characterized by de-
creased ZO-1 protein levels, a condition directly as-
sociated with impaired epithelial barrier function and
delayed wound healing. The primary finding of this
study—a significant increase in ZO-1 expression in the
intervention group by Day 10—confirms that the com-
bined local therapeutic approach successfully coun-
ters and reverses this fundamental molecular deficit.
The increased intensity observed on the western
blot indicates successful molecular restoration of
tight intercellular junctions, resulting in a demon-
strable improvement in epithelial structural integrity.
The specificity of this therapeutic response, entirely
absent in the control group treated with chlorhexi-
dine, highlights the unique biological activity of
the bioactive components within the spray and gel.
These components include collagen and hyaluronate,
which provide a scaffold and maintain moisture, as
well as crucial trace elements such as Zn and Cu.
Zinc is indispensable for critical processes such as ke-
ratinocyte proliferation and immune system modula-
tion, while copper is vital for promoting angiogenesis
and stabilizing the extracellular matrix constituents,
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Figure 2. Column chart of ZO-1 protein
densitometry in 14 patients of the intervention
group on day 0 and day 10 of treatment
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Figure 3. Column chart of ZO-1 protein
densitometry in 14 patients of the control group
on day 0 and day 10 of treatment
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including collagen and elastin. The collective action
of these components likely initiates and accelerates
the cellular signaling cascades required for the rapid
synthesis and accurate localization of ZO-1, thereby
rapidly pushing the chronic wound environment to-
ward an acute, pro-reparative state.

Correlation with clinical improvements

Molecular evidence of barrier recovery, as manifest-
ed by ZO-1 upregulation, aligns with favorable clini-
cal observations in the experimental group. Patients
receiving combined local therapy demonstrated
faster wound cleansing, a marked reduction in local
inflammation, and more robust granulation tissue
formation compared to the control group. The rapid
biochemical shift, captured by the Day 10 biopsies,
signifies that the molecular foundation for successful
healing — the restoration of the epithelial barrier — is
established early in the treatment phase. This rapid
commencement of molecular repair mechanisms
precedes and predicts subsequent macroscopic clini-
cal improvement, indicating that the complex for-
mulation is designed to drive biological regeneration
beyond simple wound coverage or antisepsis.

Z0-1 as a validated early biomarker

The findings provide strong evidence that ZO-1 ex-
pression dynamics represent a reliable, objective, and
early tool for assessing therapeutic success in chronic
wounds. The exclusive increase in ZO-1 observed in
the cohort treated with the specialized spray and gel
indicates that this protein is a sensitive indicator of
molecular response to regenerative local therapy.

This objective molecular assessment provides sig-
nificant advantages over traditional subjective clini-
cal evaluations. By quantifying the protein level via
densitometry within a short 10-day period, clinicians
can obtain definitive evidence of whether the wound's
underlying cellular machinery is responding to the re-
generative agents. This objective validation capability
allows for a faster assessment of treatment efficacy, en-
abling prompt clinical decisions regarding the continu-
ation of a successful treatment path or the necessary
modification of care for patients who show minimal
molecular response, such as Patient 1. This advance-
ment contributes to a more personalized and evidence-
based approach to chronic wound management.

Perspectives

While the current study successfully confirms the
molecular efficacy of the combined therapy in re-
storing ZO-1 expression, future research should
focus on establishing a direct, long-term correla-
tion between the magnitude of the Day 10 ZO-1 in-
crease and definitive clinical endpoints, such as rates
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of complete healing and risk of wound recurrence.
Further investigations are also required to fully elu-
cidate the specific synergistic contributions of indi-
vidual complex components (e.g., zinc versus colla-
gen or hyaluronate) to optimize future wound care
product development. Additionally, the case of the
patient who exhibited minimal response highlights
the need for dedicated research into the mechanisms
of treatment resistance, potentially involving genet-
ic factors or localized pathologies that may override
the pro-reparative effects of the topical agents.

Clinical significance

The findings of this research establish several points
of clinical importance derived from the molecular
evidence:

Restoration of barrier integrity. The signifi-
cant increase in ZO-1 expression following treat-
ment confirms the therapeutic regimen’s ability
to actively restore intercellular contacts and rein-
force epithelial barrier function, a crucial step often
stalled in diabetic pathology.

Regenerative efficacy. The wound care spray
and gel formulated with trace elements (Zn, Cu)
should be considered effective therapeutic agents
for actively stimulating molecular regeneration in
chronic diabetic wounds.

Novel monitoring strategy. ZO-1 expression
analysis offers a quantifiable and valuable early labo-
ratory marker for evaluating patient response to mod-
ern regenerative local therapies, providing objective
data for guiding clinical management decisions.

Conclusions

The study conclusively demonstrated that the imple-
mentation of a comprehensive local therapy, incorpo-
rating standard antiseptic treatment with a mineral
wound spray and gel containing trace elements (Zn,
Cu), significantly restores impaired epithelial barrier
properties in chronic diabetic foot wounds.
Densitometric quantification of ZO-1 protein
showed a substantial increase in expression by the 10th
day of treatment compared with baseline. This positive
molecular dynamic was recorded across the majority of
the treated patient cohort, clearly indicating improved
intercellular contacts and accelerated tissue repair.
The totality of the data supports the conclusion
that the application of trace element-based wound
agents plays an important role in restoring the struc-
tural integrity of the epithelial barrier and normaliz-
ing tight junction function, specifically by increasing
the level of ZO-1. This targeted molecular approach is
recommended as an effective supplement to standard
treatment protocols for chronic diabetic wounds.
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3miHu ekcapecii ZO-1 Ak paHHi TOKA3HUK €(PEKTUBHOCTI
JIIKYBAHHS Y IAII€HTIB 3 XPOHIYHUMU PAHAMH CTOIIU

IIPU I[yKPOBOMY JiiabeTi
. Axumis, M. IIpucrymok

Hamnionanpauit menuunnii yHiBepcuret imeni O. O. Boromossis, Kuis

XPpOHiYHi paHU CTONH MPH LYKPOBOMY JiabETi CTAHOBIIATH 3HAYHY MNPOOIEMY I Xipypril 4epes3 MOBLIbHE
3arO€HHS, YACTi YCKIAHEHHA T4 BEJIMKE COLLIAIBHO-€KOHOMIYHE HABAHTAKEHHA. BiZJloMO, IO XpOHiYHA Tinep-
IIKEMis MOPYIIYE LUTICHICTD EMZIEPMAILHOTO 6ap’epa, 30KpeEMa Yepe3 3MiHy EKCITPECii OUIKIB MIUIBHUX MIKKITi-
TUHHHUX KOHTAKTIB, CEPE] SIKUX BAKINBE Miclie nocifae zonula occludens-1 (ZO-1).

MeTa — OLIiHUTH 3MiHHU eKkcrpecii ZO-1 y XpOHIYHUX paHax AiabeTUYHOI CTOIH TTiC/IA 3ACTOCYBAHHA KOMOiHO-
BAHOI MiCIIEBOI TEPAIIii Ta BUBHAYUTH MOTEHLIHY POJIb ZO-1 K PAHHBOI'O MOJIEKYJIIAPHOI'O MapKePa BiTHOB-
JIEHHS EITEAIBHOIO 6ap’epa.

MarepiagH Ta METOOH. Y IIPOCIIEKTUBHE PaH/IOMi30BAHE JOCIPKEHHS OYJIO 3AIy4eHO 28 MAllieHTiB i3 Xpo-
HiYHUMH PaHAMU J1iaOETUYIHOI CTONU. ITa1lieHTiB pO3NOAUIIN HA IPYILY JOUTPKEHHS (N= 14), Kl IpU3HAYIIN
KOMOIHOBAHY MiCLIEBY TEPAITiIO Y BUIVIIE CIIPEIO T4 TEJIIO, 11O MiCTWIM KOJIAI'€H, MaJIypOHAT, aMiHOKHCIIOTH, MiKPO-
esileMeHTH (Zn, Cu) 1 aHTUCENTHYHI KOMIIOHEHTH, Ta KOHTPOJIBHY I'pyIty (n= 14), B SIKiff 3CTOCOBYBAIN CTAH/IAPTHI
TNOB’SI3KHM 3 XJIOPIreKCUMHOM. bionTaTtu eniiepmicy OTpUMyBaIN Ha IOYATKY JOCIKeHHA (0-11 1eHb) Ta yepes 10
JHiB JIiKyBaHHs1. Ekcripecito ZO-1 Bu3Havanu metooM Western blot i3 NofanbImM JEHCUTOMETPUYHNM aHAII30M.
PesynpraTH. Y NALiEHTIB, IKi OTPUMYBAIM KOMOIHOBAHY MiCLIEBY TepaIlito, Ha 10-I1 IeHb CIIOCTEPIra/IN BipO-
rigHe mifBummeHHs excrpecii ZO-1 MOpIiBHAHO 3 BUXIZHUMHU MOKA3HHUKAMH, IO CBiTYMIIO PO BiTHOBICHHSA
UTICHOCTI MDKKIIITUHHUX KOHTAKTIB. Y KOHTPOJIbHIN I'PYIIi TAKi 3MiHU HE BUABJICHO.

BHCHOBKH. 32CTOCYBAHHS KOMOIHOBAHOI MICLIEBOI TEpallii CIIPUsAE MOJIEKYIIPHOMY BiIHOBJICHHIO €IIiiep-
MQJIBHOI'O 6ap’epa IIPU XPOHIYHUX PAaHAX JiabCTUYHOI CTOIH, IO MiATBEPPKYETHCA MIIBUIICHHAM €KCIIPECiT
ZO-1. OTpumaHi pe3yasraT CBiI4aTh PO KIiHIYHY 3HAUyIiCTh ZO-1 K 0O6’€KTUBHOTO 6ioMapkepa BiIOBii
Ha TEPAIIiIO IPU XipypriqyHomy JiKyBaHHi XPOHIYHHUX Jid6ETUYHHX PAH.

K1r0490Bi ¢J10Ba: XPOHIYHI paHHy, iabeTU4Ha CTOIA, PAHOBA PENapaltis, MiIbHI MDKKIITHHHI KOHTaKTH, ZO-1
(zonula occludens-1), ieHCUTOMETPIA, MiCIIEBA TEPATTisL.

FOR CITATION

1 YakymivD,Prystupiuk M. Changesin ZO-1expressionasan earlyindicator of treatment effectivenessin patients with chronic diabetic foot wounds. General Surgery (Ukraine). 2026:(1);25-30.
http://doiorg/10.30978/GS-2026-1-25.

30 General Surgery 3azansmaxipypein * 2026 « Nel (16)



