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Abstract: Examining the pathogenic aspects of tumor transfor-
mation is particularly relevant to understanding the molecu-
lar regulation of oxidative modifications in regulatory proteins 
and effector enzymes involved in apoptosis through their inter-
actions with ubiquitin and heat shock proteins.
This study aims to investigate the molecular mechanisms un-
derlying the involvement of heat shock proteins 27 and 70 and 
ubiquitin in the oxidative modification of proteins, as well as 
the execution of dexamethasone-induced apoptosis in Jurkat 
tumor cells under inhibition of heat shock protein 27. It was 
assessed how 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-me-
thoxyphenyl)isoxazole at a final concentration of 0.1 µM and/or 
dexamethasone at a final concentration of 10 µM affected cyto-
plasmic exposure of phosphatidylserine followed by annexin 
V binding, the number of FasL and TNFα receptors, and the 
reduction of mitochondrial membrane potential in cells. Their 
effects were also examined with respect to the levels of OH• 
radicals, free sulfhydryl groups of cysteine in proteins, pro-
tein-bound glutathione, oxidized tryptophan residues, bi-ty-
rosine cross-links, carbonyl derivatives of proteins, ubiquitin, 
ubiquitin ligase, NFkB, Apaf-1, and heat shock proteins 27 and 
70, as well as caspase-3 activity in Jurkat tumor cells.
The observed changes in the levels of heat shock proteins 27 
and 70, ubiquitin, oxidative modifications of amino acid res-
idues, and proteins were associated with the execution of 
apoptosis in Jurkat tumor cells. When exposed simultaneous-
ly to 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-methoxy-
phenyl)-isoxazole and dexamethasone, Jurkat tumor cells 
exhibited correlations between the activation of irreversible 
oxidative modifications and the reduction of reversible oxida-
tive modifications of proteins, associated with the execution of 
apoptosis involving TNFα and Fas receptors.
The findings indicate that heat shock proteins 27 and 70, togeth-
er with ubiquitin, participate in both reversible and irreversible 
oxidative modifications of amino acid residues and proteins, as 
well as in the execution of dexamethasone-induced apoptosis 
in Jurkat tumor cells when heat shock protein 27 is inhibited.
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Резюме: Актуальным в изучении патогенетических аспек-
тов опухолевой трансформации является молекулярное 
управление окислительной модификацией белков-регуля-
торов и эффекторных ферментов апоптоза посредством их 
взаимодействия с убиквитином и протеинами теплового 
шока. Цель исследования — изучение молекулярных ме-
ханизмов вклада протеинов теплового шока 27 и 70, убик-
витина в окислительную модификацию белковых молекул 
и реализацию апоптоза опухолевых клеток линии Jurkat, 
стимулированного с помощью дексаметазона на фоне ин-
гибирования протеина теплового шока 27. Изучено вли-
яние 5-(5-этил-2-гидрокси-4-метоксифенил)-4-(4-меток-
сифенил)-изоксазола в конечной концентрации 0,1 мкМ 
и/ или дексаметазона в конечной концентрации 10 мкМ 
на цитоплазматическую презентацию фосфатидилсерина 
с последующим связыванием с аннексином V, количество 
рецепторов к FasL и TNFα, снижение митохондриального 
потенциала клеток; на содержание OH•-радикала, свобод-
ных сульфгидрильных групп цистеина в протеинах, бел-
ково-связанного глутатиона, окисленных аминокислотных 
остатков триптофана, битирозиновых сшивок, карбониль-
ных производных белков, убиквитина, убиквитинлигазы, 
NFkB, Apaf-1, протеинов теплового шока 27 и 70; на актив-
ность каспазы-3 опухолевых клеток линии Jurkat. Выявлен-
ное изменение содержания протеинов теплового шока 27 
и 70, убиквитина, окислительной модификации аминокис-
лотных радикалов и протеинов сопряжено с реализацией 
апоптоза опухолевых клеток линии Jurkat. В опухолевых 
клетках линии Jurkat при одновременном воздействии 
5-(5-этил-2-гидрокси-4-метоксифенил)-4-(4-метоксифе-
нил)-изоксазола и дексаметазона доказаны взаимосвязи 
активации необратимой и снижения обратимой окисли-
тельной модификации протеинов с реализацией апоптоза 
при участии цитоплазматических рецепторов TNFα и Fas. 
Полученные результаты свидетельствуют об участии про-
теинов теплового шока 27 и 70, убиквитина в обратимой и 
необратимой окислительной модификации аминокислот-
ных радикалов и протеинов, реализации стимулированно-
го дексаметазоном апоптоза в опухолевых клетках линии 
Jurkat на фоне ингибирования белка теплового шока 27.

Ключевые слова: белки теплового шока, убиквитин, окис-
лительная модификация белков, опухолевые клетки Jurkat, 
апоптоз, дексаметазон, 5-(5-этил-2-гидрокси-4-метоксифе-
нил)-4-(4-метоксифенил)-изоксазол
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Introduction

The malfunctioning of programmed cell death is a crucial contributor to the 
emergence and advancement of tumors, as well as the development of resistance to 
chemotherapy [1; 2]. Cancer cells are perpetually exposed to oxidative stress, and 
heat shock proteins (HSPs) function as molecular chaperones, preventing damage 
to biomolecules caused by reactive oxygen species within cells [3—7]. The protein 
refolding process within cells serves as a critical regulator of essential cellular functions, 
encompassing phenomena such as proliferation, differentiation, and programmed 
cell death, known as apoptosis [5; 8]. The upregulation of HSPs production in cancer 
cells may potentially augment their capacity for survival [4; 9—11].

Oxidative stress overactivation in cancer cells leads to activation of molecular 
mechanisms that inhibit apoptosis, with the functional state of protein molecules 
playing a crucial role. One molecular mechanism that disrupts apoptosis is the 
oxidative modification of macromolecules, with proteins playing a crucial role in the 
initiation, execution, and regulation of programmed cell death in cancer cells [12—14].

Hsp27, Hsp70, and ubiquitin play a critical role in protein folding, refolding, 
and proteolysis, and also contribute to the regulation of functional activity of both 
regulatory and effector proteins within intracellular environments, including those 
involved in cell death processes. The specific role of Hsp27 in apoptosis inhibition 
is linked to its engagement in the phosphorylation of MEK/ERK signaling cascades 
and the subsequent inhibition of p53 activity [15; 16]. Furthermore, it has been 
demonstrated that this HSP contributes to the chemoresistance initiation in the 
treatment of various cancers, particularly in cases where there is an enhancement in the 
Hsp27 expression associated with a change in the topoisomerase II activity [16]. The 
influence of Hsp70 on the inhibition of apoptosis is determined by its interaction with 
a wide range of molecules, from unfolded to initially folded and aggregated proteins, 
thereby providing a cytoprotective role. Elevated expression of Hsp70 in tumor cells 
may promote oncogenesis by enhancing resistance to chemotherapy [17]. Activation 
of oxidative stress results in a marked increase in the quantity of oxidatively modified 
proteins in cancer cells, which can alter their functional properties or target them 
for degradation through ubiquitination. Comprising 76 amino acids, ubiquitin not 
only directly mediates the covalent modification of proteins (ubiquitination) but is 
also subject to phosphorylation, acetylation, and other chemical modifications. These 
modifications play a crucial role in regulating cellular processes, including apoptosis, 
in eukaryotic organisms [18—20].

In view of the above, it is essential to examine the roles of molecules such as 
chaperones Hsp27 and Hsp70, along with ubiquitin, in protein oxidation and the 
induction of apoptosis in cancer cells.

This study aims to elucidate the molecular mechanisms underlying the involvement 
of heat shock proteins 27 and 70, and ubiquitin, in the oxidative modification of 
proteins and the execution of dexamethasone-induced apoptosis in Jurkat tumor cells 
under inhibition of heat shock protein 27.

Materials and methods

In order to achieve the objectives of this study, a Jurkat human T-lymphoblastic 
leukemia cell line obtained from the Institute of Cytology of the Russian Academy 
of Sciences (St. Petersburg, Russia) was used. Tumor cells were cultured by the 
suspension method [21], and only cultures exhibiting more than 95 % cell viability 
were included in the experiments.

To study the Hsp27 role in oxidative modification of proteins and dexamethasone-
induced apoptosis, cells were incubated for 18 hours at 37 °C in an atmosphere 
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containing 5 % CO2 with the following additives: The Hsp27 inhibitor—5-(5-ethyl-
2-hydroxy-4-methoxyphenyl)-4-(4-methoxyphenyl)-isoxazole (KRIBB3) from Sigma-
Aldrich (USA), at a final concentration of 0.1 µM [22] and/or apoptosis inducer, 
dexamethasone (DEX), (Sigma-Aldrich, USA) at a concentration of 10 µM [21].

After incubation, the cells were rinsed three times with 0.01 M sodium phosphate 
buffer (pH 7.4; Amresco, USA) and then used to assess the number of cells displaying 
cytoplasmic exposure of phosphatidylserine followed by annexin V binding, as well 
as the expression of FasL and TNFα receptors. Cells exhibiting reduced mitochondrial 
potential were identified by flow cytometry following the manufacturer’s instructions. 
To assess NFκB, Apaf1, Hsp27, Hsp70, ubiquitin, and ubiquitin ligase content, a cell 
lysate was prepared using protease inhibitors from Amresco, USA. To determine 
the concentration of free cysteine sulfhydryl groups in proteins and protein-bound 
glutathione, cell lysates were deproteinized with a 5 % solution of sulfosalicylic acid 
from Sigma-Aldrich, USA. To assess the activity of caspase-3 and the content of 
oxidized tryptophan, bityrosine, carbonyl derivatives of proteins, and OH• radicals, 
the cell suspension was resuspended in a buffer containing 1 % Triton X-100 from 
Sigma-Aldrich, USA.

In previous studies [21; 23], a detailed methodology was provided for determining 
the number of cells positive for annexin V, expressing FasL and TNFα receptors on 
their cytoplasmic surface, and exhibiting reduced mitochondrial potential. Methods 
were described for assessing levels of OH• radicals, NFkB, Apaf-1, ubiquitin, ubiquitin 
ligase, free SH groups in proteins, protein-bound glutathione, oxidized tryptophan, 
bityrosine, carbonyl derivatives of proteins, total protein content, and caspase-3 
activity.

Western blot analysis was employed to measure the content of Hsp27 and Hsp70. 
Primary monoclonal antibodies specific to the phosphorylated form of Hsp27 (Sigma-
Aldrich, USA) were used at a 1 : 2000 dilution. For Hsp70, antibodies from Sigma-
Aldrich (USA) were used at a 1 : 1000 dilution. For comparative analysis, β-actin, 
a cytoskeletal protein, served as the control. Data were processed using ImageJ2x 
software (version 2.1.4.7), developed by Wayne Rasband at the National Institutes of 
Health (USA).

Statistical analysis was carried out using Statistica 6.0 software for Windows. The 
Shapiro—Wilk test was applied to assess the normality of data distribution. The 
results indicated that the data did not follow a normal distribution at a significance 
level of p < 0.05; therefore, the median (Me), first quartile (Q1) and the third quartile 
(Q3) were calculated. To assess the statistical significance of differences between 
independent samples, the nonparametric Mann—Whitney U test with Bonferroni 
correction was applied. Correlations between the indicators were evaluated using 
Spearman’s correlation analysis at a significance level of p < 0.05.

Results and discussion

Maintaining the balance of cellular processes is essential for cellular health. Using 
specialized molecular detectors, critical metabolic parameters are carefully controlled 
and kept within acceptable ranges. These molecules are signaling proteins that 
change their conformational structure in response to reactive oxygen species. Any 
factors that disrupt cellular balance trigger internal mechanisms designed to restore 
the equilibrium of biochemical processes within the cell [5].

Tumor cells exhibit excessive proliferation, disrupted differentiation, and defective 
apoptosis regulation. Therefore, there is an urgent need to investigate their metabolism 
at the molecular level. Heat shock proteins offer promising molecular targets for 
developing technologies that can regulate apoptosis in tumor cells [15; 24]. 

Establishing the relationships between the levels of Hsp27, Hsp70, and ubiquitin, 
oxidatively modified proteins and amino acid residues, and apoptosis in Jurkat tumor 
cells treated with 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-methoxyphenyl)-
isoxazole and dexamethasone had scientific relevance.
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The role of Hsp27 is linked to oxidative stress and activation of oxidation 
modifications of proteins and amino acid residues, as revealed by our study of 
dexamethasone-mediated apoptosis induction in the Jurkat cell line. When combined, 
DEX and KRIBB3 increased the levels of OH• radicals by 551.5 % (p < 0.05) compared to 
untreated cells (523.00 [415.10—719.37] nmol/mg protein). Additionally, in this group, 
a decrease of 85.7 % (p < 0.05) was observed in the concentration of free sulfhydryl 
groups in cysteine residues of proteins compared to the levels in the intact group 
(Fig. 1). A rise in intracellular concentration of hydroxyl radicals was accompanied by 
oxidative modifications of proteins. Specifically, simultaneous administration of DEX 
and KRIBB3 resulted in a significant 207.3 % increase (p < 0.05) in protein carbonyl 
content, accompanied by a 31 % decrease (p < 0.05) in protein-bound glutathione. 
Moreover, ubiquitin levels were reduced by 24.6 % (p < 0.05) compared to untreated 
cells (Fig. 1, 2). The levels of oxidized amino acid, such as tryptophan, bityrosine and 
ubiquitin ligase were comparable to those observed in the intact cell group. Thus, 
the simultaneous addition of DEX and KRIBB3 resulted in a significant increase 
in the number of annexin-positive cells by 1165.4 % (p < 0.05), cells with reduced 
mitochondrial potential by 302.5 % (p < 0.05), Fas-positive cells by 1844.2 % (p < 0.05), 
and TNF RI-positive cells by 676.8 % (p < 0.05). NFκB levels increased by 131.5 % 
(p < 0.05) and caspase-3 activity by 319.7 % (p < 0.05), while Apaf-1 concentration 
decreased by 46.6 % (p < 0.05). The levels of Hsp27 and Hsp70 were comparable to 
those observed in the intact cell group (Fig. 2, 3).

Fig. 1. Influence of the heat shock protein 27 inhibitor on indicators  
of oxidative modification of proteins and amino acids during dexamethasone-induced 

apoptosis in Jurkat tumor cells, %

Note: DEX stands for dexamethasone; KRIBB3, 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-
(4-methoxyphenyl)-isoxazole; Protein-SH, free SH groups of protein; Protein-SSG, protein-
bound glutathione; Carbonyl proteins, protein carbonyl derivatives; Oxidized tryptophan, 
oxidized tryptophan residues; Bityrosine, dityrosine; * indicates statistically significant 
differences (p < 0.05) compared to the intact Jurkat group; # indicates statistically significant 
differences (p < 0.05) compared to the Jurkat + DEX group; ♦ indicates statistically significant 
differences (p < 0.05) compared to the Jurkat + KRIBB3 group. The sample size is 5. Values 
for the intact Jurkat group were set at 100 % (protein-SH content: 1.26 [1.08—1.34] nmol/mg 
protein; protein-SSG content: 0.42 [0.40—0.57] nmol/mg protein; protein carbonyl derivative 
content: 0.382 [0.379—0.388] nmol/mg protein; oxidized tryptophan content: 25.19 [22.14—
38.30] units/mg protein; dityrosine content: 0.76 [0.51—1.52] units/mg protein).
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Fig. 2. Influence of the heat shock protein 27 inhibitor on the levels  
of NFκB, Apaf-1, ubiquitin, ubiquitin ligase, and heat shock proteins 27  

and 70 during dexamethasone-induced apoptosis in Jurkat tumor cells, %

Note: DEX, dexamethasone; KRIBB3, 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-
methoxyphenyl)-isoxazole; Hsp27, heat shock protein 27; Hsp70, heat shock protein 70; 
Ubiquitin, ubiquitin; Ubiquitin ligase, ubiquitin ligase. * indicates statistically significant 
differences (p < 0.05) compared to the intact Jurkat group; # indicates statistically significant 
differences (p < 0.05) compared to the Jurkat + DEX group; ♦ indicates statistically significant 
differences (p < 0.05) compared to the Jurkat + KRIBB3 group. The sample size 5. Values for 
the intact Jurkat group were set at 100 % (NFκB: 3.106 [3.095—3.128] units; Apaf-1: 1.884 
[1.856—1.917] units; Hsp27: 2.890 [2.340—2.993] units; Hsp70: 4.614 [4.416—4.710] units; 
ubiquitin: 3.177 [3.099—3.412] units; ubiquitin ligase: 1.672 [1.588—1.711] units).

One of the most reactive oxidative species is the hydroxyl radical, which can 
produce radical protein compounds through the involvement of amino acid radicals, 
such as tyrosine, tryptophan, histidine, and phenylalanine. In tumor cells, elevated 
levels of protein carbonyl derivatives indicate irreversible oxidative damage to 
proteins. Yet, cysteine residues in amino acids can undergo reversible oxidative 
modification, followed by changes in their functional activity. The findings suggest 
that Hsp27, Hsp70, and ubiquitin are involved in initiating these oxidative changes 
and facilitating irreversible protein degradation. Effector and regulatory proteins of 
apoptosis act as targets during this process. 

Tumor cells respond to both internal and external environmental factors by 
controlling the rate and direction of intracellular processes through changes in protein 
content and activity. These alterations in protein functional states enable the cell to 
rapidly respond to stimuli during the early stages of exposure. This process depends 
on post-translational protein modifications, with chaperones playing a critical 
role in their regulation [7; 24]. Carbonylation, ubiquitination, glutathionylation, 
phosphorylation, acetylation, nitrosylation, and glycosylation are chemical reactions 
that modify amino acid side chains, resulting in changes to protein structure and 
function [25]. To sustain their metabolic processes and ensure survival, tumor cells 
must undergo substantial metabolic alterations, which require a high concentration of 
chaperones activated in response to oxidative stress. Therefore, heat shock proteins, 
a specific class of molecular chaperones, may contribute to cancer development [15].
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Fig. 3. Influence of the heat shock protein 27 inhibitor 
on apoptosis-related indicators during dexamethasone-induced apoptosis

 in Jurkat tumor cells, %

Note: DEX, dexamethasone; KRIBB3, 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-
methoxyphenyl)-isoxazole; ΔΨ, cells with reduced mitochondrial potential; Fas R, Fas-
positive cells; TNF RI, TNF RI-positive cells; Annexin V⁺, annexin-positive cells; Caspase-3, 
caspase-3. * indicates statistically significant differences (p < 0.05) compared to the intact 
Jurkat group; # indicates statistically significant differences (p < 0.05) compared to the 
Jurkat + DEX group; ♦ indicates statistically significant differences (p < 0.05) compared to the 
Jurkat + KRIBB3 group. The sample size is 5. Values for the intact Jurkat group were set at 
100 % (cells with reduced mitochondrial potential ΔΨ: 18.00 [15.10—19.00] %; Fas-positive 
cells: 4.30 [2.12—8.90] %; TNF RI-positive cells: 9.56 [7.32—14.20] %; annexin-positive cells: 
5.20 [4.00—5.60] %; caspase-3 activity: 36.58 [22.66—43.89] pmol/min × mg protein).

Analysis of Jurkat tumor cells treated simultaneously with DEX and KRIBB3 
revealed a significant 129.4 % increase in caspase-3 activity (p < 0.05). Apaf-1 levels 
increased by 152.7 % (p < 0.05), protein carbonyl derivatives by 119.3 % (p < 0.05), 
oxidized tryptophan by 133 % (p < 0.05), bi-tyrosine by 216.9 % (p < 0.05), Hsp27 by 
223.5 % (p < 0.05), and ubiquitin by 197.8 % (p < 0.05), whereas free sulfhydryl groups 
decreased by 48.6 % (p < 0.05) and ubiquitin ligase by 44.2 % (p < 0.05). Compared to 
the group cultured with the Hsp27 inhibitor alone, decreases were observed in the 
number of annexin-, Fas-, and TNF RI-positive cells, cells with reduced mitochondrial 
potential, NFκB and hydroxyl radical levels, protein-bound glutathione, and Hsp70 
(Fig. 1—3).

Simultaneous exposure of Jurkat tumor cells to DEX and KRIBB3 in the incubation 
medium resulted in a significant increase in annexin-positive cells by 146 % (p < 0.05), 
Fas-positive cells by 263.5 % (p < 0.05), TNF RI-positive cells by 227.4 % (p < 0.05), and 
NFκB by 146 % (p < 0.05). In addition, levels of hydroxyl radicals increased by 170.8 % 
(p < 0.05), protein carbonyl derivatives by 146.9 % (p < 0.05), bi-tyrosine by 235 % 
(p < 0.05), Hsp27 by 142.4 % (p < 0.05), Hsp70 by 203.7 % (p < 0.05), and ubiquitin by 
147.8 % (p < 0.05). Moreover, in the cell group cultured with the apoptosis inducer 
alone, Apaf-1 levels decreased by 52.7 % (p < 0.05), free protein SH groups by 59.1 % 
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(p < 0.05), and ubiquitin ligase by 23.1 % (p < 0.05), while caspase-3 activity, the 
number of cells with reduced mitochondrial potential, and levels of protein-bound 
glutathione and oxidized tryptophan remained comparable (Fig. 1—3).

Dexamethasone alone induces apoptosis in Jurkat tumor cells by activating both 
receptor-mediated and mitochondrial pathways. This process is accompanied by the 
accumulation of oxidatively modified proteins, as evidenced by positive correlations:

— between oxidized tryptophan levels and the proportion of Fas-positive cells 
(r = + 0.89, p < 0.05);

— between oxidized tryptophan levels and Apaf-1 expression (r = + 0.89, p < 0.05).
When the heat shock protein 27 inhibitor KRIBB3 is added to the culture medium 

of Jurkat tumor cells, a negative correlation is observed between bi-tyrosine content 
and NF-κB expression (r = – 0.94, p < 0.05).

Under the combined treatment of dexamethasone (apoptosis inducer) and KRIBB3 
(Hsp27 inhibitor) in Jurkat cells, the following correlations were identified:

— between TNF RI-positive cell numbers and protein-bound glutathione levels 
(r = – 0.94, p < 0.05);

— between bi-tyrosine content and oxidized tryptophan (r = + 0.89, p < 0.05).
The results indicate that Hsp27 inhibition markedly enhances apoptosis induction 

via the receptor pathway under DEX treatment, highlighting a key role for Hsp27 
in both irreversible and reversible oxidative modifications of apoptotic proteins, Fas 
receptors, and TNF RI.

Conclusions

The study demonstrated that the combined treatment of Jurkat tumor cells 
with 5-(5-ethyl-2-hydroxy-4-methoxyphenyl)-4-(4-methoxyphenyl)-isoxazole and 
dexamethasone alters the levels of Hsp27, Hsp70, and ubiquitin, and induces oxidative 
stress, as evidenced by increased hydroxyl radicals along with elevated bi-tyrosine, 
protein carbonyl derivatives, and oxidized tryptophan. In addition, protein-bound 
glutathione levels decrease. These findings suggest an increase in irreversible protein 
modifications and a decrease in reversible modifications. Thus, inhibition of Hsp27 
with KRIBB3 combined with apoptosis induction by DEX revealed the molecular 
mechanisms through which Hsp27, Hsp70, and ubiquitin predominantly modulate 
the receptor-mediated apoptosis pathway in Jurkat tumor cells, involving oxidatively 
modified proteins.
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