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CHANGES IN CYTOKINE PROFILE
OF MACROPHAGES INDUCED BY CHRONIC
STRESS IN INTACT AND TUMOR-BEARING RATS

Background. The prolonged psychoemotional stress results in the individual adaptive response ensured by the coor-
dinated interactions among the nervous, endocrine, and immune systems. A key role in this process is played by the
interaction between stress hormones and effector cells of innate immunity, particularly macrophages (Mph), which con-
stitute the first line of host defense. The aim of this study was to experimentally investigate the effects of stress hormones
on the cytokine spectrum produced by Mph of the intact and tumor-bearing rats. Materials and Methods. Wistar rats
with transplanted Guerin carcinoma were used in a study. To induce experimental chronic stress, animals received
dexamethasone or adrenaline (0.5 mg/kg body weight). Plasma levels of TNF-a, IL-6, and IL-10 were determined using
ELISA. Results. In the intact animals, prolonged exposure to stress hormones resulted in significant alterations in the
macrophage cytokine profile. Adrenaline administration was accompanied by a transient increase in TNF-a (p < 0.05)
along with a simultaneous decrease in IL-10 (p < 0.05); subsequently, TNF-a production was suppressed against
a marked increase in IL-10 synthesis. Dexamethasone induced an increased TNF-a production at later time points. In
rats bearing Guerin carcinoma, the most pronounced changes in TNF-a and IL-10 production were observed following
dexamethasone administration: on day 14, TNF-a levels significantly increased, followed by a sharp decline accompa-
nied by the elevated IL-10 levels, reflecting Mph polarization from the M1 to the M2 phenotype. This indicates the deve-
lopment of immunosuppression and correlates with the active tumor growth. A significant increase in IL-6 production
was observed on day 14 under both adrenaline and dexamethasone exposure. Subsequently, adrenaline suppressed IL-6
production, whereas dexamethasone stimulated it, which may indicate the development of glucocorticoid resistance and
paradoxical enhancement of inflammation. Conclusion. The prolonged exposure to stress hormones may create condi-
tions favorable for tumor progression through suppression of innate immune effectors and development of immunosup-
pression, as well as through paradoxical enhancement of inflammatory responses.
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modulatory effect on the functioning of individual | treatment outcomes. Prolonged psychoemotional
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stress leads to the formation of an individual adap-
tive response mediated by coordinated interactions
among the nervous, endocrine, and immune sys-
tems. A crucial role in this process is played by the
interactions between stress hormones and effector
cells of innate immunity, particularly macrophages
(Mph), which provide the first line of host defense.

The main mediators of stress are glucocorticoids
and catecholamines. Generally, stress hormones ex-
ert immunosuppressive effects by inhibiting in-
flammatory processes. However, recent studies in-
dicate the existence of more complex mechanisms.
Under prolonged stress exposure, immune cell re-
ceptors may lose sensitivity to regulatory signals,
leading to the paradoxical responses accompanied
by enhanced inflammation and development of
autoimmune disorders [1, 2].

Prolonged exposure to glucocorticoids and cat-
echolamines results in substantial alterations in
Mph functional activity. Stress hormones induce a
shift in macrophage polarization from the proin-
flammatory M1 phenotype to the anti-inflamma-
tory M2 phenotype. This shift is associated with the
suppression of cytotoxic and phagocytic activities
[3—5]. The changes in Mph polarization are ac-
companied by alterations in cytokine production,
characterized by the decreased synthesis of proin-
flammatory cytokines (TNF-qa, IL-1f, and IL-6)
and increased production of anti-inflammatory cy-
tokines (IL-10). In certain cases, prolonged cortisol
exposure may lead to glucocorticoid resistance,
characterized by a transition from immunosup-
pression to insensitivity to further hormonal regu-
lation. One mechanism of short-term cortisol-me-
diated anti-inflammatory action involves modula-
tion of the transcription factor NF-«B, which
regulates the expression of proinflammatory cyto-
kines (TNF-a, IL-1, IL-6), chemokines (e.g.,
CXCLS8), and adhesion molecules (e.g., ICAM-1).
NF-kB is considered a key mediator of inflamma-
tory responses; its downregulation reduces tran-
scription of proinflammatory genes and suppresses
inflammation. However, prolonged cortisol expo-
sure may reduce Mph receptor sensitivity or recep-
tor density, resulting in the sustained production of
the proinflammatory cytokines despite the elevated
cortisol levels and leading to uncontrolled systemic
inflammation [6—9].

Therefore, chronic stress can modulate immune
responses toward either suppression or uncon-
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trolled activation. This becomes particularly criti-
cal in the setting of tumor growth. Macrophages, as
key effectors of antitumor immunity, play signifi-
cant roles in angiogenesis, metastasis, and immu-
nosuppression [10, 11]. In our previous studies, the
prolonged exposure to adrenaline and dexametha-
sone caused profound impairment of the innate
immune effectors, including natural killer cells and
Mph. Initially, a transient activation phase was ob-
served, followed by sustained suppression of activ-
ity. Under prolonged stress hormone exposure,
Mph exhibited M2-like characteristics: decreased
cytotoxic activity, increased arginase activity, and
reduced NO production [12].

Based on these findings, the present study aimed
to investigate experimentally the effects of stress
hormones on the cytokine spectrum produced by
Mph of intact rats and tumor-bearing animals.

Materials and Methods

Animals. The study was carried out on male Wistar
rats, 2.5 months old, weighing 180—200 g, bred at
the vivarium of R.E. Kavetsky Institute of Experi-
mental Pathology, Oncology and Radiobiology of
the National Academy of Sciences of Ukraine
(IEPOR NASU). The animals were kept in the stan-
dard vivarium conditions with natural lighting and
provided with food and water ad libitum. The rats
were handled and kept in accordance with the stan-
dard international rules of biological ethics and the
European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other
Scientific Purposes [13]. The permission to con-
duct research was approved by the Bioethics Com-
mission of the IEPOR NASU (protocol No. 5 dated
06.05.2025). All animals underwent a preliminary
10-day quarantine before being involved in the
study. After the adaptation period, the animals
were weighed and divided into groups.

Tumor strain. Guerin carcinoma cells were ob-
tained from the Bank of Cell Lines from Human
and Animal Tissues of the IEPOR NASU. Tumor
cell transplantation (1 x 10° cells in physiological
solution) was performed subcutaneously in the pel-
vic region of the back.

Agents. Dexamethasone (i/v solution 4 mg/mL,
“Lekhim-Kharkiv”, Ukraine) and adrenaline (i/v
solution 1.82 mg/mL, “Zdorovya’, Ukraine) were
used as stress hormones and administered at a dose
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Fig. 1. Dynamics of the TNF-a/IL-10 ratio in the blood
plasma of the intact Wistar rats under prolonged exposure
to stress hormones
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Fig. 2. Dynamics of the IL-6 content in the blood plasma
of intact Wistar rats under prolonged exposure to stress
hormones

of 0.5 mg/kg of body weight. The agents were ad-
ministered for 12 days, starting from the 2nd day
after the transplantation of Guerin carcinoma, eve-
ry other day.

Experimental design. The study included the de-
termination of changes in the production of pro-
and anti-inflammatory cytokines by Mph of the in-
tact and tumor-bearing Wistar rats in the setting of
prolonged exposure to stress hormones. The doses
and schedules of drug administration to intact rats
and animals with tumors were the same.

6 groups were formed: “Intact control, IC” — in-
tact rats injected with physiologic solution (n = 15);
“IC + A” — intact rats injected with adrenaline
(n=15); “IC + D” — intact rats injected with dexa-
methasone (n = 15); “Tumor growth control,
TGC” — rats with Guerin carcinoma injected with
physiologic solution (n = 15); “Adrenaline” — rats
with tumors injected with adrenaline (n = 15);
“Dexamethasone” — rats with tumors injected with
dexamethasone (n = 15).

26

The peripheral blood samples from experimen-
tal animals were taken, placed in heparin tubes (In-
terVacTechnology, Estonia), and spun at 1,500 g
for 10 min. Plasma was collected, frozen, and
stored at -20 °C.

The levels of cytokines IL-6, IL-10, and TNF-a
in the peripheral blood plasma were measured on
the 7th, 14th, and 21st days of the experiment.

Assessment of cytokine levels. Cytokine levels in
the blood plasma samples were measured using
commercial test systems Rat TNF-a ELISA Kit; Rat
IL-6 ELISA Kit; and Rat IL-10 ELISA Kit (FineTest,
China) according to the instructions of the manu-
facturer. The immunoenzyme reactions were read
out at A = 450 nm using an automatic StatFax 2100
reader (USA). The levels of cytokines (pg/mL) in
rat blood plasma were determined using a calibra-
tion curve.

Statistical processing of the results was performed
using the standard methods of variational statistics
with GraphPad Prism 8.0.1 (Graphpad Software
Inc., USA). The significance of the differences be-
tween the groups was assessed using Student’s ¢-test
and was considered significant at p < 0.05.

Results and Discussion

The administration of adrenaline and dexametha-
sone to the intact rats was associated with changes
in Mph polarization and corresponding altera-
tions in cytokine production. The TNF-a/IL-10
ratio reflects the direction of Mph polarization.
Fig. 1 shows the dynamics of changes in the levels
of the TNF-a/IL-10 ratio in the blood plasma of
intact Wistar rats under prolonged exposure to
stress hormones.

On day 7, adrenaline administration induced a
transient increase in TNF-a levels (19.1 + 1.8 pg/mL
vs 10.3 = 1.5 pg/mL in controls, p < 0.05), accompa-
nied by a decrease in IL-10 (289.0 + 37.3 pg/mL vs
439.7 £ 39.4 pg/mL, p < 0.05). Subsequently, TNF-a
production was suppressed while IL-10 levels sig-
nificantly increased. Dexamethasone stimulated
TNF-a production on day 14 (22.2 + 4.2 pg/mL vs
10.3 £ 1.5 pg/mL in controls, p < 0.05), whereas
IL-10 remained at control levels. By day 21, cytokine
profiles in both hormone-treated groups corre-
sponded to the M2 phenotype.

A significant increase in IL-6 levels was observed
on day 14 under both adrenaline (53.3 + 3.1 pg/mL)
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and dexamethasone (61.3 + 7.5 pg/mL) exposure
compared with controls (22.9 + 1.4 pg/mL,
p < 0.05). Thereafter, IL-6 levels returned to con-
trol values (Fig. 2).

Thus, data on the production of pro- and an-
ti-inflammatory cytokines by intact rat Mph indi-
cated that prolonged exposure to stress hormones
is accompanied by significant changes in the func-
tional activity of these cells. The observed changes
imply the development of immunosuppression that
could negatively affect the formation of an antitu-
mor immune response.

In rats bearing Guerin carcinoma, similar dy-
namics of TNF-a and IL-10 production were ob-
served, with more pronounced effects following
dexamethasone administration (Fig. 3). On day 14,
TNEF-a levels significantly increased; by day 21,
TNF-a levels decreased below those of both intact
controls (2.2-fold) and tumor-bearing controls
(2.1-fold) (p < 0.05), indicating a shift toward M2
polarization and systemic immunosuppression.

The IL-6 production in tumor-bearing rats in-
creased significantly on day 14 following both
adrenaline and dexamethasone administration
(Fig. 4). Subsequently, adrenaline reduced IL-6 to
the TGC group levels, whereas prolonged dexa-
methasone exposure maintained the elevated IL-6
levels. On day 21, the IL-6 levels exceeded those
of intact rats by 1.6-fold, TGC by 3.5-fold, and
adrenaline-treated animals by 2.3-fold (p < 0.05
for all comparisons). Such data most likely indi-
cate a paradoxical increase in the inflammatory
process under the influence of glucocorticoids,
which may result in the development of autoim-
mune diseases or a more profound immunosup-
pressive state.

Notably, dexamethasone-treated animals demon-
strated accelerated tumor growth. Fig. 5 shows
data on the dynamics of growth of Guerin carcino-
ma in experimental rats of different groups. As can
be seen from the presented data, by day 14 of tu-
mor growth, the size of the primary tumor node
was small and nearly identical in rats of all groups
(the mean tumor weight ranged from 0.28 to
0.39 g), which may indicate the preservation of an-
titumor immune responses at this time point. Sub-
sequently, in the TGC and Dexamethasone groups,
a significant acceleration of tumor growth was ob-
served (6.13 £ 1.02 gand 4.67 £ 0.45 g, respective-
ly), coinciding with the marked suppression of
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Fig. 3. Dynamics of the TNF-a/IL-10 ratio in the blood
plasma of Wistar rats with Guerin carcinoma under pro-
longed exposure to stress hormones
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Fig. 4. Dynamics of the IL-6 content in the blood plasma
of Wistar rats with Guerin carcinoma under prolonged
exposure to stress hormones
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Fig. 5. Dynamics of Guerin carcinoma growth under con-
ditions of modeled chronic stress

Mph activity and the development of an immuno-
suppressive state.

Thus, prolonged exposure to adrenaline and
dexamethasone led to significant changes in the
functional activity of Mph as one of the main effec-
tors of natural antitumor resistance. However, the
action of these agents differed somewhat. The ac-
tivation of Mph in the intact rats under the influ-
ence of adrenaline occurred at earlier time points:
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already on day 7, a significant increase in TNF-a
production was observed, whereas the significant
activation under dexamethasone was detected on
day 14 of the experiment. This effect may be at-
tributed to the functional characteristics and lo-
calization of the respective hormonal receptors.
Surface membrane adrenergic receptors mediate
a more rapid response than intracellular glucocor-
ticoid receptors, whose activation involves gene
transcription and is therefore slower [14, 15].

At the same time, the most pronounced changes
in TNF-a and IL-10 production in both intact rats
and tumor-bearing animals occurred under dexa-
methasone exposure: on day 14, a significant in-
crease in TNF-a levels was observed, followed by
their sharp decline against a background of rising
IL-10 levels. This pattern reflects the dynamics of
Mph polarization from the pro-inflammatory M1
phenotype toward the anti-inflammatory M2 phe-
notype. Such a process indicates the formation of
immunosuppression, which correlated with active
tumor growth on day 21.

Noteworthy are the changes in the production of
another pro-inflammatory cytokine, IL-6. A signi-
ficant increase in IL-6 production in rats with
Guerin carcinoma was observed under the influ-
ence of both adrenaline and dexamethasone on day
14 of the experiment. Subsequently, adrenaline
contributed to the suppression of IL-6 production.
In contrast, prolonged dexamethasone exposure
was accompanied by stimulation of IL-6 produc-
tion: on day 21, the IL-6 levels exceeded those of
intact rats by 1.6-fold, control rats with Guerin car-
cinoma by 3.5-fold, and rats treated with adrena-
line by 2.3-fold (p < 0.05 for all groups). This may
indicate the development of glucocorticoid resis-
tance and paradoxical enhancement of the inflam-
matory process upon glucocorticoid exposure [6—
9]. According to the literature, since IL-6 is a key
activator of the STAT3 signaling pathway, its hyper-
production creates conditions favorable for tumor
progression [16—18], which we also demonstrated
in the Guerin carcinoma model.
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In addition, the more pronounced immunomo-
dulatory effect of dexamethasone may be associa-
ted with the differences in its pharmacodynamic
profile from cortisol and the greater potency in in-
fluencing Mph. In particular, dexamethasone has
a significantly higher affinity for glucocorticoid re-
ceptors than cortisol. On the one hand, this results
in more pronounced suppression of the Mph pro-
duction of pro-inflammatory cytokines (such as
TNF-a, IL-1B, and IL-6) and expression of indu-
cible nitric oxide synthase (iNOS), along with the
increased production of anti-inflammatory cyto-
kines (such as TGF-f1, IL-4, and IL-10) and en-
hanced arginase activity [19, 20]. On the other
hand, the higher affinity and binding strength of
dexamethasone to glucocorticoid receptors may
provoke a loss of receptor sensitivity. As a conse-
quence, a paradoxical enhancement of inflamma-
tion may develop even after discontinuation of the
agent, which we observed when assessing IL-6 pro-
duction dynamics in rats with the experimental tu-
mor process.

Thus, the use of adrenaline and dexamethasone
to model chronic stress—induced immunosuppres-
sion has demonstrated that prolonged hormonal
imbalance may create favorable conditions for the
accelerated tumor progression through both the
suppression of the activity of innate immune effec-
tors and the formation of immunosuppression, as
well as the development of a paradoxical inflamma-
tory response.
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[HCTUTYT eKCIlepyMeHTa/IbHOI aTOo/IOril, OHKOIOTI 1 pafio6iosorii
im. P.€. KaBenpkoro HAH VYkpainu, Knis, Ykpaina

SMIHV OVTOKIHOBOT O ITPO®IIIO MAKPO®ATIB,
IHOYKOBAHI XPOHIYHVMM CTPECOM
Y IHTAKTHUX IIYPIB TA TYXJIMHOHOCIIB

Cran nuraHHaA. HacmikoM TprBasoro cuxoeMoLifHOro HaBaHTaXXeHHs € (OPMyBaHHsI iHAMBITYaNTbHOI a/falITUB-
HOI peaxliil, AKa 3a0e3nevyeTbcsl KOOPAVHOBAHOIO B3a€EMOJI€I0 HEPBOBOI, eHIOKPUHHOI Ta iMyHHOI crcTeM. KimouoBy
POJIb Y IbOMY IIpolieci Bifiirpae B3aeMozis MiXX TOPMOHaMM CTpPeCy Ta KIiTMHAMU-edeKTOpaMy IPUPORHOL iMyHHOT
BifmoBizi (30kpema, Makpodaramn), ki 3abe3nedyroTh HepuLIy JIiHii0 3aXMUCTy OpraHiamy. MeTa gaHoi po60TI — eKc-
HepUMEHTATbHO ZOCTIAUTY BIUIMB TOPMOHIB CTPeCy Ha CIIEeKTP LIUTOKIHIB, IPOAYyKOBaHNX MaKpodaraMu iHTaKTHUX
LIypiB Ta TBAPMH 3 MOJENbHUM IYX/IMHHUM IIpoLiecoM. Marepianu Ta MmeTogu. JloCmipKeHHA IPOBOAN/IN Ha IIypax
ninii Wistar; K Mofie/lb MyXJIMHHOTO POCTY BMKOPMCTaHa KapuyHoMa lepeHa. [I1a cTBOpeHHA eKCIepyMeHTanbHOl
MoJiei XpOHIYHOTO CTpecy TBapMHAM BBOAVIIM JeKcaMeTa3oH abo appenanin (0,5 mr/kr Baru). PiBeHb IUTOKiHIB
TNF-a, IL-6 Ta IL-10 B mna3mi nepucdepudHoi KpoBi mypiB BusHayamu 3a gornomoroo ELISA. Pesympratu. B iH-
TaKTHUX TBApUH TPUBA/INI BIUIMB CTPECOPHMUX FOPMOHIB IPU3BOAMB IO 3HAYHMUX 3MiH CIIEKTPY LIMTOKIHiB, IpOAY-
KOBaHMX Makpodaramu. BeefieHHsI afipeHaiHy CYyNpPOBOKYBAIOCA TPAaHSUTOPHMM mifBuieHHsM Bmicty TNF-a
(p < 0.05) 3 ogHOvacHNMM 3MeHIeHHAM BMicTy IL-10 (p < 0.05); B mofanbIuoMy BinbyBanocs IpUrHideHHA IPORyKIii
TNF-a Ha 1711 cyTTeBOrO 3pocranus cunresy IL-10. [Jexcamerason o6ymosmoBaB 36inbienHa npopykuii TNF-a B
6inpi misHi TepMiHN. Y 11ypiB 3 kapuuHoMoro IepeHa Hait6inbin BupaxkeHi sMminy B npopykiii TNF-a ta IL-10 cmo-
cTepiranu mpu Aii fekcameTas3oHy: Ha 14-1y 106y — cytTeBe 36inpinenns pisHiB TNF-a, B moganbuiomy — ix cTpimMke
3HIDKeHHs Ha T/ 3pocTtanHs IL-10, mo Bigobpaxkae AuHAMIKY HO/APU3ALiHOrO CTaHy Makpodaris Bifg M1 go M2
¢denoTnmry. Takuit mpouec cBiguuTh po GOpMyBaHHA CTAHY IMYHOCYIpecii Ta KOPEIIO€E 3 aKTVBHUM POCTOM HOBO-
yrBOpeHHA. CyTTeBe 3pOCTaHHA PiBHIB Ipoaykuil IL-6 BinbyBanocs mix BIVIMBOM afipeHaliHy Ta JeKcaMeTa3OHY
Ha 14-Ty 00y ekcnepyuMeHTy. B nmopanpinoMy ajgpeHatiH CIpUAB NPUTHIYEHHIO JIOT0 MPOAYKILii, JleKcaMeTa3oH —
1i CTUMY/IIOBaHHIO, 10 MOXXe OYTV 03HAKOK0 (OPMYBAHHS CTAHY IIOKOKOPTUKOITHOI Pe3MCTEHTHOCTI Ta MapajoK-
CaJIbHOTO ITOCUJIEHH 3ala/IbHOTO NPOLIeCy Iifi BIVIMBOM IIIOKOKOPTHKOIAIiB. BucHoBKN. TpuBanuii BB TOPMOHIB
CTpecy MO>Ke CTBOPIOBATY CIIPUATIMBI YMOBU [/l HPUCKOPEHH:A IyX/IMHHOTO IPOLECY 32 PaXyHOK AK IPUTHiYeHHA
akTUBHOCTI epekTopiB HecrenmgpivHOro iMyHiTeTy Ta GOpMYBaHH: CTaHy iIMyHOCyIpecii, Tak i popMyBaHHA mapa-
JOKCaJIbHOIL peaKliil Mi/icCH/IeHHs 3alla/IbHOTO IPOoLeCy.

Kmrouogi cnoBa: xponiuHmit cTpec, kapiyuHoma [epena, Makpodary, UTOKIHM.

30 ISSN 1812-9269. Experimental Oncology 48 (1). 2026





