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Activation of free-radical oxidation is one of the main 
mechanisms, underlying cell damage, resulting from the 
organism's exposure to stressor [1, 2], which determines 
the relevance of searching for effective approaches to 
cytoprotection under the condition of stress.

The use of peptide molecules could be one of the promising 
directions for solving the mentioned above problems [3, 4]. No 
toxicity and allergenic capacity along with the broad spectrum 
of physiological and pharmacological activity is the advantage 
of using the drug products based on regulatory peptides [5]. 
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EFFECTS OF HIS-PHE-ARG-TRP-PRO-GLY-PRO PEPTIDE ON FREE-RADICAL OXIDATION PROCESSES 
IN CONDITIONS OF CHRONIC RESTRAINT STRESS

Studying the effects of regulatory peptides on the stress-induced shifts in the bodily processes is of great fundamental and applied significance. Currently, a wide 

range of peptide neurotropic drugs, affecting the stress response development, are used in medicine, and new promising molecules are being studied. The study 

was aimed to assess the effects of the adrenocorticotropic hormone (ACTH) synthetic analog, ACTH(6-9)-Pro-Gly-Pro, administered at a dose of 5, 50 and 500 μg/kg, 

on the free-radical oxidation processes in Wistar rats, subjected to chronic restraint stress (CRS) during two weeks. Serum levels of 8-oxo-2'-deoxyguanosine 

(8-OHdG) and superoxide dismutase 3 (SOD3) were assessed by enzyme immunoassay, and the levels of thiobarbituric acid reactive substances (TBARS) were 

assessed by fluorimetric method. CRS lead to the significant increase in the 8-OHdG levels by 18.4% (p = 0.01) and the decrease in the SOD3 levels by 14.3% 

(p = 0.01), however, it had no effect on the levels of TBARS. ACTH(6-9)-Pro-Gly-Pro, administered at a dose of 5 and 50 μg/kg, significantly decreased the levels 

of 8-OHdG by 19.8% (p = 0.03) and 30% (p = 0.001), respectively. Thus, it was found that CRS resulted in oxidative stress in animals. ACTH(6-9)-Pro-Gly-Pro 

administration at a dose of 5 and 50 μg/kg inhibits the stress-induced free-radical oxidation processes.
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ВЛИЯНИЕ ПЕПТИДА HIS-PHE-ARG-TRP-PRO-GLY-PRO НА ПРОЦЕССЫ СВОБОДНОРАДИКАЛЬНОГО 
ОКИСЛЕНИЯ В УСЛОВИЯХ ХРОНИЧЕСКОГО ИММОБИЛИЗАЦИОННОГО СТРЕССА

Изучение влияния регуляторных пептидов на развитие стресс-индуцированных сдвигов в организме имеет важное фундаментальное и прикладное 

значение. В настоящее время в медицине используют целый ряд нейротропных препаратов пептидной природы, оказывающих влияние на развитие 

стрессорной реакции, а также ведут исследование новых перспективных молекул. Целью работы было изучить эффекты синтетического аналога 

адренокортикотропного гормона (АКТГ) АКТГ(6-9)-Pro-Gly-Pro в дозах 5, 50 и 500 мкг/кг на процессы свободнорадикального окисления у крыс Вистар 

в условиях двухнедельного хронического иммобилизационного стресса (ХИС). Уровни 8-оксо-2'-дезоксигуанозина (8-OHdG) и супероксиддисмутазы 3 

(СОД3) в сыворотке крови оценивали с применением иммуноферментного анализа, а уровни продуктов, реагирующих с тиобарбитуровой кислотой (ТБК-РП),

оценивали флуориметрическим методом. ХИС приводил к значимому повышению уровня 8-OHdG на 18,4% (p = 0,01) и снижению СОД3 на 14,3% 

(p = 0,01), но не влиял на уровень ТБК-РП. Применение АКТГ(6-9)-Pro-Gly-Pro в дозах 5 и 50 мкг/кг значимо снижало содержание 8-OHdG на 19,8% 

(p = 0,03) и 30% (p = 0,001) соответственно. Таким образом, установлено, что ХИС приводит к развитию окислительного стресса у животных. Введение 

АКТГ(6-9)-Pro-Gly-Pro в дозах 5 и 50 мкг/кг оказывает ингибирующее влияние на стресс-индуцированные процессы свободнорадикального окисления.
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These molecules include regulatory peptides, belonging to the 
group of N-terminal analogs of adrenocorticotropic hormone 
(ACTH). It is well known that Semax, containing the ACTH(4-7)-
Pro-Gly-Pro synthetic peptide as an active substance, corrects 
histoarchitectonics and free-radical oxidation processes in the 
liver, as well as serum transaminases levels in the stressed rats 
[6]. Furthermore, Semax exhibits neuroprotective effects due 
to increased expression of brain-derived neurotrophic factor 
(BDNF) in the conditions of brain ischemia [7]. 

The His-Phe-Arg-Trp-Pro-Gly-Pro peptide (ACTH(6-9)-
Pro-Gly-Pro) is structurally and functionally related to Semax. 
The His-Phe-Arg-Trp sequence, matching the ACTH(6-9) 
region, is an active center of ACTH, which interacts with 
melanocortin receptors (MCR) of all types, except MC2R [8]. 
However, attachment of the Pro-Gly-Pro tripeptide to the 
C-terminus of this molecule increases the molecule resistance 
to carboxypeptidases against the background of preserved 
neurotropic effects. Like Semax, ACTH(6-9)-Pro-Gly-Pro 
exhibits a broad range of neurotropic effects, including in the 
stressor load models, and is capable of exhibiting the more 
prominent activity when administered at comparable doses [9].

Therefore, the study was aimed to assess the effects of the 
ACTH(6-9)-Pro-Gly-Pro peptide on the free-radical oxidation 
processes in rats subjected to chronic restraint stress (CRS).

METHODS

Animals

The experiment involved 55 male Wistar rats weighting 280–300 g.
The temperature of 22 ± 2 °C, humidity of 60 ± 5%, and the 
12-hour light/dark cycle (light on from 8:00 to 20:00) were 
maintained in the room where the animals were kept. The 
animals were provided ad libitum access to food and water. The 
rats were divided into five groups, 11 rats per group: 1 — intact 
animals (administration of normal saline (NS) with no stress 
applied), 2 — control group (CRS + NS), 3 — CRS + ACTH(6-9)-
Pro-Gly-Pro 5 μg/kg, 4 — CRS + ACTH(6-9)-Pro-Gly-Pro 50 μg/kg,
5 — CRS + ACTH(6-9)-Pro-Gly-Pro 500 μg/kg.

Chronic restraint stress

The CRS model was modeled by placing the rats in the tight 
transparent plastic boxes with ventilation holes, the size of which was 
adjusted individually for each animal. The animals were subjected to 
stress for 2 h (from 11:00 to 13:00) during 14 days (Fig. 1) [10].

Peptide

The N-terminal analog of ACTH, ACTH(6-9)-Pro-Gly-Pro 
(His-Phe-Arg-Trp-Pro-Gly-Pro), synthesized in the Institute of 
Molecular Genetics of the National Research Centre “Kurchatov 
Institute” (RAS), was used during the study, which was 
dissolved in NS and administered intraperitoneally at a dose of 
5, 50 and 500 μg/kg daily 12–15 min before stress exposure in 
a volume of 1 mL per 1 kg of body weight. Intact animals and 
controls received equivalent amounts of NS on a daily basis. 
The peptide doses and the procedure for administration, used 
during the experiment, were selected in accordance with the 
available literature data on their efficacy [9, 11].

Blood serum collection

The animals were euthanized 24 h after the final stress 
exposure by blood withdrawal from the right ventricle of the 

heart after performing parasternal bilateral thoracotomy under 
ether anesthesia using the S-Monovette vacuum system with 
procoagulant (SARSTEDT; Germany). A total of 7.0–7.5 mL of 
blood was collected; the vacuum system needle position was 
assessed visually. The blood samples collected were centrifuged 
at 1500 g for 15 min. The serum obtained was distributed in 
200 μL aliquotes in the clean individual microtubes, frozen at 
–20 °С, and then stored at –80 °С for further study. Aliquotes 
were thawed at room temperature for 4 h prior to analysis.

Assessing the intensity of free radical processes and the 
stress response intensity  

The nucleic acid metabolite 8-oxo-2'-deoxyguanosine 
(8-OHdG) was selected as a marker of oxidative damage to 
cellular DNA, it was assessed by enzyme immunoassay (ELISA) 
using the DNA/RNA Oxidative Damage (High Sensitivity) 
ELISA Kit (589320, Cayman Chemical; USA). Moreover, the 
concentration of extracellular superoxide dismutase (SOD3) 
was defined by ELIZA using the ELISA Kit For Superoxide 
Dismutase 3, Extracellular (SEA117Ra, Cloud-Clone Corp.; 
USA); thiobarbituric acid reactive substances (TBARS) were 
assessed by fluorimetric method using the TBARS (TCA 
Method) Assay Kit (700870, Cayman Chemical; USA).

To evaluate the stress response intensity, corticosterone 
serum levels were defined by enzyme immunoassay using the 
Corticosterone ELISA kit (ADI-900-097, Enzo Life Sciences; 
USA). 

All the assays were performed in accordance with the 
manufacturers' procedures. Absorbance and fluorescence were 
registered and analyzed using the Varioskan Flash advanced 
spectral scanning multimode reader (Thermo Fisher Scientific; 
USA) and the SkanIt software (Thermo Fisher Scientific; USA).

Statistical analysis

Statistical processing of the data obtained was performed 
using v.4.1.0 of R language [12] in the RStudio Desktop 
v. 1.4.1717 integrated development environment (RStudio, 
PBC; USA; https://www.rstudio.com). The Shapiro–Wilk test 
was used for the normality hypothesis test, and equality of 
variances was tested using the Levene’s test. In case of the 
hypothesis confirmation, two groups were compared using 
the Welch's t-test, and four groups were compared using one-
way ANOVA with post hoc Newman–Keuls test. In case of the 
hypothesis rejection, the Mann–Whitney U test was used for 
two groups, and the Kruskal–Wallis test with post hoc Dunn's 
test were used for four groups. The Benjamini–Hochberg 
procedure was applied to reduce the false discovery rate. The 
differences were considered significant when p < 0.05. 

RESULTS

The study found that CRS resulted in oxidative stress (Fig. 2). 
Thus, a significant increase in the levels of 8-OHdG by 18.4% 
(p = 0.01) along with the significant decrease in the levels of 
SOD3 by 14.3% (p = 0.01) against the background of CRS 
were observed. However, the concentration of TBARS did not 
change (p = 0.43).

At the same time, it has been shown that ACTH(6-9)-Pro-Gly-
Pro corrects the CRS-induced  oxidative stress. The significant 
differences in the serum 8-OHdG levels (p = 0.0004) between 
the controls, subjected to stress, and the animals, receiving the 
peptide, have been revealed. However, no significant differences in 
the levels of SOD3 (p = 0.2) have been found.
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Fig. 1. Study design
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The post hoc analysis has found that the serum 8-OHdG 
levels significantly decreased by 19.8% (p = 0.03) and 30% 
(p = 0.001), respectively, after the ACTH(6-9)-Pro-Gly-Pro 
administration at a dose of 5 and 50 μg/kg. However, peptide 
administration at a maximum dose of 500 μg/kg had no effect 
on the 8-OHdG levels (p = 0.72).

Based on the data obtained, it was also found that the 
significant increase in the levels of corticosterone by 27% 
(p = 0.009) was observed in the CRS model. The use of 
ACTH(6-9)-Pro-Gly-Pro resulted in significanly altered levels 
of the hormone (p = 0.003). The post hoc analysis showed 
that ACTH(6-9)-Pro-Gly-Pro administration at a dose of 5, 50, 
500 μg/kg resulted in the significant decrease in the levels of 
corticosterone by 34.9% (p = 0.004), 16.4% (p = 0.04), and 
28.6% (p = 0.01), respectively.

DISCUSSION

The effects of the ACTH(6-9)-Pro-Gly-Pro peptide on the free-
radical oxidation processes in rats against the background of 
CRS were assessed during the study. The free-radical oxidation 
markers, which were used in the study, were selected based on 
their diagnostic and pathophysiology value. Thus, 8-OHdG is 
a reliable biomarker of the generalized and cellular oxidative 
stress, and an important indicator of oxidative brain damage in 
acute ischemic stroke, atherosclerosis, cardiovascular diseases, 
neurodegenerative disorders, such as Alzheimer's disease and 
Parkinson's disease, as well as in mental disorders, such as 
schizophrenia, etc. [13]. The other selected marker of oxidative 
stress is malondialdehyde (MDA), resulting from peroxidation of 
polyunsaturated fatty acids, which is used as an indicator of the 
reactive oxygen species-mediated damage to cell membranes. 
The levels of MDA are measured by TBARS assessment 
[14]. SOD is a first-line antioxidant, which initiates activation 
of protection against the reactive oxygen species [15]. Three 

isoforms of SOD have been reported, however, extracellular 
SOD3 is a predominant antioxidant enzyme of blood serum, 
and the role of SOD3 is not confined to free-radical scavenging, 
but also involves the impact on the immune response and cell 
signaling [16]. Consequently, ELISA was used as a reliable and 
specific research method, allowing one to identify this exact 
isoform of the enzyme, in order to evaluate the SOD3 level 
changes in the conditions of CRS and peptide administration.

The study found that CRS resulted in significantly increased 
concentrations of the DNA/RNA free-radical oxidation products 
in blood serum of experimental animals. These results were 
obtained in the similar C57BL/6J murine model of chronic 
stress [17]. Furthermore, CRS resulted in the decreased SOD3 
levels. It should be noted that free-radical oxidation activation 
and the decrease in the SOD3 concentration occurred against 
the background of the elevated corticosterone blood levels. It is 
known that elevated corticosterone levels are accompanied by 
a decline in the antioxidant enzyme system activity [18]. Thus, 
the chronic stress model, which was used in the study, induced 
activation of the free radical oxidation processes. 

It was found that CRS caused no significant changes in 
the levels of TBARS. However, there are contradictory data in 
the literature regarding the serum levels of this marker under 
prolonged stressor exposure. Thus, in a number of studies, 
chronic stress resulted in significantly increased serum 
concentrations of TBARS [19, 20]. However, the changes 
observed occurred against the background of chronic 
unpredictable stress, characterized by exposure to stressors of 
various intensity, while we used a model involving exposure to 
monotonous stress. At the same time, there are some papers, 
reporting no significant changes in the serum levels of TBARS 
in the experimental conditions similar to ours, regardless of the 
significantly increased MDA concentration in the organs and 
tissues [18, 21]. It is also important to mention that, despite 
their speed and simplicity, fluorometric and spectrophotometric 
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Fig. 2. Effects of the ACTH(6-9)-Pro-Gly-Pro peptide on the intensity of free-radical processes and stress response intensity against the background of CRS.
* — p < 0.05, significance level of the differences compared with the control group not subjected to stress (based on Welch's t-test); # — p < 0.05, significance level of 
the differences compared with the control group (based on Mann–Whitney U-test); $ — p < 0.05, significance level of the differences compared with the control group 
subjected to stress (based on one-way ANOVA with post hoc Newman–Keuls test); semi-bold bar — median; box — interquartile range.
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methods for TBARS assessment are not always reliable in 
heterogeneous systems due to the potential of aldehydes 
other than MDA to produce derivatives, absorbing light in the 
same wavelength range [14]. At the same time, the lack of 
significant changes in the serum concentrations of TBARS may 
be also due to the increase in the activity of the antioxidant 
mechanisms, unexplored during our study, by the end of the 
experiment. Therefore, clarifying the mechanisms, underlying 
alterations in the free-radical oxidation processes, identified 
during our study, requires further identification of a number of 
additional markers in blood serum.

ACTH(6-9)-Pro-Gly-Pro, administered at a dose of 5 and 50 
μg/kg, reduced the intensity of free-radical oxidation processes, 
as reflected in the significantly decreased 8-OHdG levels. In this 
regard, it should be pointed out that ACTH(4-7)-Pro-Gly-Pro
(Semax), which is similar to ACTH(6-9)-Pro-Gly-Pro based 
on its structural and functional properties, administered at 
comparable doses, has a cytoprotective effect on the neurons 
of the brain in the conditions of ischemia, in particular, due 
to the elevated neuronal expression of BDNF [6, 22, 23]. 
Considering the fact that stroke involves activation of oxidative 
stress [24, 25], correction of free-radical oxidation processes 
by administration of ACTH(6-9)-Pro-Gly-Pro, found during our 
study, may be also of some significance for cytoprotection. 

Furthermore, the mechanisms, underlying cytoprotective 
effects of the peptide, may be associated with modulation 
of NF-κB activity and activation of the redox-sensitive NRF2 
signaling pathway, which have been defined when studying 
the protective effects of ACTH(6-9)-Pro-Gly-Pro on the SH-
SY5Y cells in the conditions of hydrogen peroxide-induced 
cytotoxicity [26]. 

Moreover, it is well known that hypothalamic-pituitary-
adrenal axis, involved in both production and release of cortisol, 
is capable of increasing oxidative stress due to modulation of the 
reactive oxygen species production together with mitochondrial 
calcium homeostasis. However, cortisol levels correlate positively 
with plasma 8-OHdG concentrations [27]. Given the neurotropic 
activity, exhibited by ACTH(6-9)-Pro-Gly-Pro [9], it can be 
assumed that the anti-stress effects of the substance may be 
also associated with modulation of stress response in the central 
nervous system, as evidenced by simultaneous decrease in the 
levels of cortisol and 8-OHdG, observed during our study.

The differences in the effects of ACTH(6-9)-Pro-Gly-Pro 
depending on the dose, in particular, the lack of activity when 
using the maximum dose (500 μg/kg), is typical for  regulatory 
peptides [5, 9]. Thus, as it has been shown for melanocortins, 
the signal is transduced from MCR via interaction with adenylyl 
cyclase and activation of the cAMP signaling pathway [28]. 
However, the signal transduction pathways may depend on the 
ligand concentration and the transduction may involve other 
secondary messenger systems, which may affect the effects 
direction and severity. For example, the signal from MС3R may 
be transmitted via phosphoinositol pathway [29], and the signal 
transduction from MС5R may involve Jak/STAT [30].

CONCLUSIONS

The study showed that in animals, chronic (14-day) restraint 
stress resulted in activation of the free-radical oxidation 
processes. Administration of ACTH(6-9)-Pro-Gly-Pro at a dose 
of 5 и 50 μg/kg reduced the intensity of stress response and 
inhibited the stress-induced free-radical oxidation processes. 
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Our findings and the data of other studies, focused on the 
effects of the N-terminal ACTH analogs, indicate the need for 
further investigation of the mechanisms underlying the effects of 

those on the stress-induced free-radical oxidation with the use 
of more complex evaluation of the wider range of prooxidant 
and antioxidant system markers.
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