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Abstract

The review is presented for description of physiologic and cellular stress types, together with stress phenomena, factors, 
reactions, mediators and outcomes. The high complexity of stress phenomena is outlined, discussing various details of HPA 
axis beyond its classical general scheme. Some ontogenetic and chronobiologic aspects of stress are presented, and stressful 
procedures of cell culturing are mentioned. It is proposed that future research efforts should be directed especially to 
borderline area between physiologic and cellular stress and to the comparisons of their subtypes. 
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Abbreviations: GC: Glucocorticoids; HSP: Heat Shock 
Proteins; HPA: Hypothalamic-Pituitary-Adrenal; CRF/
CRH: Corticotropin-Releasing Factor or Hormone; ACTH: 
Adrenocorticotropic Hormone; AVP: Arginine Vasopressin; 
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Introduction

It is highly improbable that Hans Selye, a founder of stress 
concept, could preview all the different types of stress. His 
first publication about stress appeared in 1936, and Selye’s 
research continued till the eighties in the last century, when 
the great advances of biochemistry and molecular biology 
were already well established, since the DNA discovery in 
1953. However, the elaboration of the paradigm of cellular 
stress occurred only in later period, close to transition from 
the 2nd to 3rd millennium.

Nevertheless, the hormonal investigations including 
catecholamines (adrenaline and noradrenaline, or 
epinephrine and norepinephrine) have allowed already 
during the first decades of 20th century to formulate the 
pioneering ideas about participation of these bio regulators 
as mediators of body reactions to adverse stimuli, primarily 
due to the works of Walter B. Cannon. On the other hand, since 
the discovery of corticosteroids at the end of forties, Hans 
Selye and other researchers began to describe in the next 
decades their contribution as mediators of stress reactions 
as well. Moreover, it appears that Hans Selye was the first to 
differentiate mineralo - and glucocorticoids (GC) [1].

Really, catecholamines and GC are considered at present 
as principal hormonal mediators of so called physiologic or 
systemic stress reactions, whereas for cellular stress such 
mediators include stress proteins, first of all heat shock 
proteins (HSP), metallothioneins and annexins [2]. However, 
our main goal in this mini-review is to show that as a matter of 
fact, stress reactions are much more complex and therefore, 
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they surely deserve continued research efforts in near future, 
especially at the borderline of physiologic and cellular stress. 
We shall begin this essay from some definitions and concept-
forming ideas.

Stress Phenomena: Involvement of Various 
Aspects

Figure 1 describes schematically, what are the 
components of stress. First of all, stress is generated during 
the interactions of adverse environment with live beings, 
and stress phenomena are the consequences of life events. 
In human populations these events include environmental 
accidents (earthquakes, floods and other extreme climatic 
events), military conflicts, epidemics etc. On the family 
level such events are the loss or taking care of the 1st degree 
relatives, marital conflicts and violence, divorce and others. 
In the interaction of environment and human or animal body 
it is important to differentiate stress factors (or stressors) 
that cause in turn stress reactions.

Figure1: General scheme of stress phenomena.

First of all, in humans stress factors include both 
real and imaginable threats associated with psychosocial 
stress, such as low socioeconomic position, together with 
financial and alimentary insecurity, as well as unstable or 
criminal neighborhood [3]. Stressors include also job strains, 
especially if an employment is related to dangerous aspects 
like those in police and military professions or to necessity 
of shift work and excessive work in general Arandelovic M, 
et al. [4], as for medical personal during the last pandemics 
of Covid-19.

On the other hand, in humans and animals stress 
reactions are revealed in complex physiologic responses 
including nervous, cardiovascular and respiratory systems, 

and these reactions are mediated not only by catecholamines 
and GC, but also by many other bioregulators, especially 
cytokines. Finally, stress reactions lead to stress outcomes 
that may include homeostatic restoration, together with 
hormetic enhancement, but also allostatic load and overload 
that result respectively in pre-disease (for example, pre-
hypertension, pre diabetes) and in disorders clinically 
manifested, or in the extreme cases in partial or total 
invalidation and even death [5].

Let’s discuss now these components, as referred to 
cellular stress. Adverse environment for human and animal 
cells may include physical factors (mechanical and electrical 
trauma, excessively high and low temperatures, ultraviolet 
and other types of radiation), various chemical factors 
(extreme pH values, altered osmolarity, ions of heavy metals, 
oxidants etc.) and biological factors (for example, viral 
invasion).
 

Cellular stress reactions are directed to defense of 
principal cell components, first of all proteins and nucleic 
acids [6]. HSP are necessary for preventing protein 
denaturation, whereas proteolytic mechanisms are 
employed when protein renaturation cannot be performed. 
On the other hand, metallothioneins are executing essential 
function of neutralizing heavy metal ions like Cd2+. At least 
two stress proteins, heme oxygenase and thioredoxin are 
important for antioxidant defense, whereas polyamines 
(spermine, spermidine and putrescine) are chemical 
chaperones performing the defense of correct conformations 
and structure of DNA and various types of RNA [7]. Cell stress 
reactions have rather high energetic cost, therefore they are 
tightly linked to principal metabolic intracellular regulators, 
such as mTOR and AMPK (the last one sensitive to decrease 
in the ratio ATP/AMP) Reiling JH, et al [8], as well as to cell 
growth, both hyperplastic and hypertrophic. Now we shall 
discuss the complexity of various stress phenomena.

Physiologic and Cell Stress as Highly 
Complex Phenomena

Beginning again from physiologic stress, we should 
outline at first the principal role of hypothalamic-pituitary-
adrenal (HPA) axis that is considered as the best studied 
in endocrinology till the present moment [9]. This axis 
is composed basically of corticotropin-releasing factor 
or hormone (CRF/CRH), especially in hypothalamic 
paraventricular nucleus, adrenocorticotropic hormone 
(ACTH) or simply corticotropin in anterior pituitary gland 
and GC in adrenal cortex.

The classical scheme of hormonal regulation includes 
the stimulation of ACTH release by CRF and of GC (cortisol in 
humans and corticosterone in rats) production by ACTH, as 
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well as inhibitory actions of GC on CRF and ACTH secretion 
by means of negative feedback influence (Figure 2). However, 
a lot of questions still remain unanswered. At first, CRF 
is not the only stimulator of ACTH release. For example, 
in ewes arginine vasopressin (AVP) has more important 
corticotropin-releasing action, as compared to CRF itself, 
and in humans and rats AVP contributes to this activity by its 
greater increase in the cases of chronic stress [10].

Figure 2: General scheme of classical HPA axis, modified 
by the involvement of cytokines.

On the other hand, in adrenal cortex ACTH from pituitary 
gland appears to interact with CRF and ACTH locally produced 
by adrenal medulla [11-14]. By the way, local production of 
central components of HPA axis is characteristic not only for 
adrenals, but also for the skin and immunocytes, whereas 
GC is produced locally by epithelial thymic cells [15]. How 
centrally (and peripherally) driven and locally produced 
hormonal components of HPA axis interact with each other, 
is an important issue for future research, but exactly here 
another complication emerges.

In fact, various bioregulators among cytokines and 
interleukins (IL), especially IL-1, IL-6 and tumor necrosis 
factor (TNF), are deeply involved in regulation of all the parts 
of HPA axis [16-20]. Therefore, at present IL-1, for example, 
may be considered as intrinsic its component [21]. In 
addition, leptin interacts with both GC and pro-inflammatory 
cytokines, probably contributing to their catabolic effects 
[22,23].

Unfortunately, we cannot discuss here all the hormones, 
biogenic amines, neuropeptides and eicosanoids like 
prostaglandins involved in the control of HPA activity. 
However, we must mention an important peculiarity of 
its regulation, namely the difference for HPA functions in 
acute and chronic stress, since in the last one the levels of 
circulating GC may decrease, so it is not easy to understand, 

how chronic stress can result in adverse consequences.

First of all, both excess and deficit of GC can be 
detrimental, because of higher secretion of pro-inflammatory 
cytokines in the last case. On the other hand, not only the 
levels of GC are important, but also cumulative exposure 
(GC concentration multiplied by the time of action) that 
obviously may be higher in chronic stress. Nevertheless, 
the processes of down-regulation or desensitization of GC 
receptors (GR) are poorly understood, especially as related 
to their molecular mechanisms.

In addition, the existence of two types of corticosteroid 
receptors, of mineralocorticoids (MR) and GR, complicates 
the discussion of GC actions even more, since natural GC are 
able to bind to both receptor types, and the balance between 
such binding (MR/GR) may be quite important for regulation 
of HPA function [24].

On the other hand, there exist two enzymes, types 1 and 
2 of 11beta-hydroxysteroid dehydrogenase (11b-HSD) that 
are responsible for pre-receptor metabolism of natural and 
some synthetic GC, with their inter conversion between the 
active (like cortisol) and inactive (cortisone) forms [25]. 
But only at present this topic becomes the area of intensive 
research that will probably result in the creation of novel and 
very interesting drugs in near future.

What for cellular stress, only just recently it became clear 
that intracellular HSP may be released, and their extracellular 
counterparts can interact with various cytokines. Moreover, 
it is admitted that interactions of more than 100 stress 
proteins with more than 100 cytokines are hardly to be 
studied and described [26]. Nevertheless, considering that 
stress proteins are evolutionarily ancient, being present 
already in prokaryotes and unicellular eukaryotes, whereas 
GC are characteristic only for vertebrate species, it is clear 
that cellular stress has a priority over physiologic one.

However, another components of HPA axis (CRF, ACTH) 
or similar bioregulators are present already in at least some 
invertebrate species Stefano GB, et al. [27]; Di Giannantonio 
M, et al. [28], therefore their role in stress phenomena should 
be studied further. The next item of our journey among the 
stress phenomena will be ontogenetic one.

Stress Factors and Reactions in Ontogeny

For a long time during the last century our understanding 
of this topic was quite rudimentary. The situation began 
to change drastically with the advent of the concept of 
developmental origins of health and disease (DOHaD) at the 
transition from the 2nd to 3rd millennium. The rare combination 
of epidemiologic data with results obtained on experimental 
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models of laboratory animals has led to emergency of ideas 
about the participation of GC as mediators of biological 
programming/imprinting and embedding phenomena in the 
ontopathogeny of chronic non-infectious diseases.

In a rather characteristic mode, these phenomena occur 
when stress factors and similar processes (malnutrition, 
infections) or exogenous GC in excess cause intrauterine 
growth restriction (IUGR) or somatic growth retardation 
in postnatal period, especially if combined with posterior 
compensatory, catch-up growth processes. At present the 
estimations are alarming ones, as follows:
	IUGR can occur in at least 8% and up to 35% of human 

gestations, depending on the country, and in many cases 
acute or chronic stress phenomena may be involved 
[29,30].

	At least one third of antenatal GC use may occur without 
proper necessity for such treatment, since in these cases 
the prematurity is mild or even absent [31].

	More than a half of all children world-wide are exposed 
to different types of stress [32].

	What for exogenous GC use, especially early postnatal 
treatment with them is criticized, since it may provoke 
life-long consequences, probably related, unfortunately, 
to permanent alterations in various organs, including 
the lungs and kidneys, heart and liver and particularly 
the brain.

We became involved in these studies already 30 years 
ago, when higher sensitivity to GC of macromolecular 
biosynthesis in cultured pituitary cells of neonatal rats 
was shown, as compared to more mature animals [33]. In 
subsequent investigations we confirmed the capacity of 
neonatally administered dexamethasone, one of the most 
potent synthetic GC, to provoke irreversible (or only partially 
reversible) growth retardation of rats in vivo [34].

Our recent multiple evaluations have clearly 
demonstrated the involvement of exo- and endogenous GC 
in pathogenic mechanisms of various age-related disorders, 
especially cardiometabolic and neuropsychiatric ones 
Goudochnikov VI, et al. [35], what resulted in the inclusion 
of stress and GC to central positions in the ontopathogenic 
model.

Although the progress in this area, as a whole, is quite 
substantial, nevertheless there are still important lacunes. 
First of all, the role of stress and GC in periconception and 
early embryonal periods was not well studied yet. However, 
on sheep it has been clearly shown already that short 2-day 
dexamethasone treatment in early gestation is sufficient to 
cause the biological programming of postnatal hypertension 
[36,37]. Importantly enough, the period of GC treatment in 
this case corresponds to 8-week pregnancy in humans, when 

many women even don’t know yet that they are pregnant and 
therefore, they can use exogenous GC inadvertently [38].

Although it is clear enough that in early embryonal 
period hormonal mechanisms are not mature yet [39], 
nevertheless the possibility remains of non-direct GC 
influence via placenta and its hormones [40,41]. In this 
regard, the experiments on cultures of human induced 
pluripotent stem cells demonstrated clearly the effects of 
GC and other hormones on this cell type [42]. These studies 
open very interesting perspectives for understanding the 
hormonal effects in early gestation.

What for the role of stress and GC in aging, there exist also 
many nice possibilities to explore, particularly as referred 
to programming/imprinting phenomena determining long-
term, sometimes life-long consequences, as interconnection 
between development and aging. However, we cannot forget 
that interspecies differences are particularly large for the 
brain and neuro behavior, since only some animals like 
primates have the central nervous system relatively close 
to humans, and even in these cases the similarity is not 
great, therefore psychometric tests should be performed by 
psychologists in human volunteers exclusively. In this regard, 
another (and final) topic to discuss will be chronobiologic 
one, where the specialists in psychology are also engaged.

The Role of Biorhythms in Stress-Related 
Aspects

Although circadian rhythms of GC are well known 
since the fifties of the last century, due to pioneering works 
of Franz Halberg and other researchers, nevertheless the 
molecular mechanisms of such biorhythms were clarified 
only in recent decades, together with discovery of a complex 
of genes, important for chronobiological area. At present it 
is well established that in humans the circadian peak and 
nadir of GC occur shortly after awakening in the morning 
and in late evening respectively. This corresponds well to 
one of the principal GC functions for providing energetic 
supply to the whole body. In rats the peak and nadir of 
circadian GC rhythms occur, on the contrary, in the evening 
and morning respectively, according to main activities at 
night in this species. However, it means that interactions of 
GC with melatonin, the pineal hormone strictly dependent 
on darkness, may be completely different in humans and 
rats, but unfortunately, this important peculiarity was not 
considered yet in studies using experimental models on rats.

Moreover, interactions of circadian GC rhythms with 
sleep-wake cycles were not well studied yet, although it is 
already clear that due to delayed adaptation of the first, the 
shift workers and persons travelling by transmeridional 
flights are exposed to circadian peak GC levels during 
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inappropriate times of the day (or night). Therefore, they 
may be subjected to all the adverse consequences of chronic 
GC excess, like higher risk of some cardiometabolic and 
neuropsychiatric disorders [43]. Of course, in the cases 
of shift work the outcomes will depend also on personal 
chronotype, but obviously, in any case such outcomes may be 
worse in advanced age categories, what is important, e.g., for 
“graying” nursing professionals in at least some European 
countries.

Although the principal biological clock of human 
and animal body, hypothalamic suprachiasmatic nucleus 
(SCN) does not possess GR and therefore, is insensitive to 
circulating GC Nader N, et al. [44], nevertheless GC continue 
to be considered as important synchronizers of peripheral 
oscillators, together with SCN [45]. However, a lot of research 
should be done in near future, as referred to interactions 
of circadian GC rhythms with ultradian and infradian 
oscillations.

Conclusion

In addition to physiologic and cellular, acute and chronic 
stress, there are many other types and subtypes, for example, 
immunologic and inflammatory, surgical and occupational, 
oxidative and replicative ones. In this regard, cell culturing 
procedures also represent various stressor types that are not 
always considered by cell biology researchers [46]. Moreover, 
quite scarce publications affirm the maintenance of at least 
some biorhythms in cell cultures that can be influenced by 
rather stressing routine techniques, such as subculturing, 
medium change etc.

The mini-review presented here does not pretend to be 
comprehensive one. In contrast, it could provide some new 
ideas for those who are involved in only one paradigm, even if 
it is a multidisciplinary one, like DOHaD. The high complexity 
of stress phenomena is surely challenging, but we hope that 
comparisons between stress types can help in confronting 
this problem, really difficult to resolve.
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