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ORIGINAL ARTICLE

* Corresponding address:
György Csaba
Department of Genetics, Cell- and
Immunobiology, Semmelweis
University, Nagyvárad tér 4, POB 370,
1445 Budapest, Hungary
Phone/Fax: +36 1 210 2950
E-mail: csaba.gyorgy@med.
semmelweis‑univ.hu

Provocation of life functions at a unicellular
eukaryote level by extremely low doses of
mammalian hormones: Evidences of hormesis

GYÖRGY CSABA*

Department of Genetics, Cell- and Immunobiology, Semmelweis University, Budapest, Hungary

Received: April 08, 2019 • Accepted: May 15, 2019  

ABSTRACT

Hormones, characteristic to higher ranked animals, are synthesized, stored, and secreted by unicellular
eukaryote animals. The unicells also have receptors for recognizing these materials and transmit the
message into the cells for provoking response. The hormones are effective in very low concentrations
(down to 10–21 M) and opposite effects of lower and higher concentrations can be observed. However,
sometimes linear concentration effects can be found, which means that hormesis exists, nevertheless
uncertain, as it is in the phase of formation (evolutionary experimentation). Hormesis, by transformation
(fixation) of cytoplasmic receptor-like membrane components to receptors in the presence of the given
hormone, likely helps the development of unicellular endocrine character and by this the evolution of
endocrine system. The effect by extremely low concentrations of hormones had been forced by the watery
way of unicellular life, which could establish the physiological concentrations of hormones in the blood of
higher ranked animals. This means that hormetic low doses are the normal, effective concentrations and
the high concentrations are artificial, consequently could be dangerous.
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INTRODUCTION
Classically interpreting, a hormone is a molecule secreted by endocrine glands, transported by
the blood circulation and evokes response in a specific target organ [1]. Later, the definition
“endocrine glands” has been modified to endocrine cells, as many hormone-producing units
are not organ-like entities; blood circulation has been modified to some fluid, or has been
omitted, considering the case of paracrine effects, and the “specific target organ” has been
changed to target cells, which can be anywhere in an organism (e.g., embedded into cell mass
with other specificity). It was also cleared that hormones and endocrine system can be present
not only in mammals and vertebrates, but just at unicellular eukaryote level and hormones
characteristic to mammals are produced and effective also at a unicellular level [2–6].
Considering the organ systems of mammals (men), perhaps the most essential differences
in the attitude of organ systems happened in the case of the neuroendocrine system and
hormones. A lot of new, non-glandular hormones have been observed, declared to hormones,
and inserted into the thesaurus of neuroendocrine system; in addition, the new hormones
could have therapeutic use. It was cleared that molecules recorded earlier in another category,
e.g., vitamins (vitamins A and D) are hormones [7] and many sexual-hormone-like molecules
appeared in the environment (and are effecting in the mammalian organisms) as hormone-
like endocrine disruptors [8]. The mentioned facts resulted in the simplest definition [9] of a
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hormone: it is an intercellular messenger, and considering
this, it could be present in the unicellular world and started
from this level they have an important role as mediators of
evolutionary phenomena [10].

In this review, the synthesis (production) of hormones
characteristic to mammals and the role of their very low
concentrations at a unicellular eukaryote level are presented
and discussed [11–14]. In addition, the machinery, which is
needed for their hormone production as well as for the
hormone reception, is introduced [15, 16]. The unicellular
ciliate, Tetrahymena, is a suitable model for demonstrating the
new facts; however, other unicellulars are also included in
them.

FACTS

On hormones in unicellulars

Unicellular eukaryotes synthesize hormones, characteristic to
higher ranked animals [2, 5]. Tetrahymena pyriformis,
Neurospora crassa, and Aspergillus fumigatus contain (pro-
duce) substances, similar to mammalian insulins [5].
T. pyriformis also synthesizes neurotransmitters [17] and
paramecium synthesizes atrial natriuretic peptide [18, 19].
In addition, T. pyriformis synthesizes steroid hormones, as
dehydroepiandrosterone (DHEA), DHEA sulfate, testoster-
one, and estradiol [20, 21]. The presence of sex hormones
was demonstrated also earlier [22]. Trypanosoma cruzi and
Tetrahymena synthesize melatonin [23, 24] and unicellulars
in general produce opiates [15]. The unicellulars also have
receptors for these hormones and are activated by them.
The receptors, which are not present (e.g., steroid hormone
receptors), can be developed by the presence of the target
hormone. In addition, the presence of the target hormone
provokes hormonal imprinting [25–28], which usually
enhances the reaction capability of the cells to further
presence of the given hormone.

On hormesis in case of unicellulars

Biogenic amines (serotonin and catecholamines) stimulate
the phagocytic capacity of Tetrahymena thermophila [29] at
0.1–1.0 μM concentrations (optimal concentrations).
Histamine and serotonin contents of T. pyriformis were
studied under the effects of the same hormones and insulin
in different concentrations between 10–6 and 10–21 M, for
30 min [30]. Histamine at the higher ranges elevated the
serotonin content, whereas serotonin in the lower ranges
(down to 10–21 M) decreased its histamine level. Insulin
between 10–6 and 10–21 M increased the histamine level.
Histamine influenced the insulin level only in 10–6 M
concentration. Insulin did not affect the serotonin content
at all, whereas serotonin increased the insulin level at each
concentration studied. The effect of these hormones, includ-
ing endorphin, gonadotropin, oxytocin, and epidermal
growth factor (EGF), was also studied for the insulin binding
of T. pyriformis in femtomolar (10–15 M or 0.001 IU

concentrations) and it was found that six of the seven
hormones promptly decreased the hormone-binding capaci-
ty except EGF, and in cases of endorphin, serotonin, insulin,
and oxytocin, the reduction was enormous [31]. The effect of
six hormones (histamine, serotonin, insulin, EGF, oxytocin,
and gonadotropin) was studied on the histamine, serotonin,
adrenocorticotropin (ACTH), endorphin, and triiodothyro-
nine synthesis (content) of T. pyriformis in 10–9 and
10–12 M concentrations or 0.1 and 0.001 IU/ml. These
picomolar concentrations, which can also be present in natural
conditions, influenced the amount of other hormones inside
the cells. Insulin was the only hormone, which influenced the
concentration of other hormones in one direction, elevating
them, whereas the others behaved individually and there
were situations in which the two concentrations behaved
in opposite direction [32]. Fluorescein isothiocyanate-
insulin binding by T. pyriformis was studied in the presence
of insulin, endorphin, serotonin, or histamine at 10–6 to
10–21 M and endorphin, serotonin, and insulin reduced the
hormone binding down to 10–18 M [33].

When the imprinting effect of insulin and serotonin was
studied to five parameters (insulin binding, insulin synthesis,
swimming behavior, cell growth, and chemotaxis) of Tetra-
hymena in the long run, 10–15 M imprinter concentration
was as effective as 10–6 M. [34].

Tetrahymena populations were treated with 10–15 or
10–6 g/ml concanavalin A (which is bound by insulin
receptors) and the cells’ ACTH, histamine, serotonin, endor-
phin, and triiodothyronine contents were measured. The
extremely low concentration of ConA rather elevated the
hormone contents than the higher dose [35].

In T. pyriformis, phagocytosis is stimulated byminute doses
of many hormones and endocrine disruptors and there is not
individual-specific reaction [36]. However, low concentrations
of histamine are stimulating phagocytosis, whereas high
concentrations decrease it [37]. In T. thermophila, the ciliary
regeneration was stimulated by micromolar concentrations
of serotonin and catecholamines, whereas millimolar concen-
trations had little effect or was ineffective [38]. Phagocytosis in
T. thermophila is inhibited by nanomolar concentrations of
opiates [39]. Atrial natriuretic peptide influences cell
division in T. pyriformis with a positive effect in 10–12 M
concentration [19].

Considering chemotactic effects of steroid hormones, tes-
tosterone is chemoattractant in a wide range of concentrations,
whereas progesterone and dexamethasone are found only in
two concentrations (10–5 or 10–6 mg/ml). Hydrocortisone
and estradiol were chemorepellent in each concentration [40].

Growth-promoting activity in T. pyriformis is
concentration-dependent in case of insulin and histamine
[41]. Insulin elevated cell count in each concentration;
however, histamine at 10–5 M concentration elevated, at
10–6 M concentration was neutral, and at 10–7 M concen-
tration diminished cell count [41].

Diiodotyrosine treatment of T. pyriformis is effective
between 10–9 and 10–15 M concentrations, but ineffective
at 10–18 M. However, this latter dose executes imprinting,
which can be observed 1, 2, and 4 weeks later [42].
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DISCUSSION

There are some opinions that hormetic processes are observ-
able at prokaryotic level [4]; however, the data are not
convincing. Nevertheless, the facts unanimously show that
hormesis is working also at a unicellular eukaryote level. This
call attention that (1) hormesis is an ancient phenomenon
and (2) it can be basically observed at a cellular and not only
in organ and organismic level, although experiments in in
vitro (tissue culture) conditions are extraordinarily low. It
seems likely that the effects in very low concentrations had
been enforced by the watery milieu, where these unicellular
eukaryotes are living and in which the concentrations of
active ingredients must be extremely low, considering their
dissolutions.

As hormesis in higher phylogenetic levels seems to be a
general principle (as it is shown also by chemotaxis experi-
ments), when the biphasic effect was independent of both
target tissue and chemoattractant agent [43] at unicellular
level, there is some uncertainty. Although in most cases
mentioned in “Facts,” the stronger effect of lower concen-
tration of hormones is more effective and there are some
exceptions, when the linear principle is valid. This is under-
standable, if the elementary character of the process in this
case is taking into consideration and this also points to the
evolution of hormesis from the trial to the certitude
(generalization).

It is very difficult to declare that certain materials are
harmful or beneficial in case of unicellulars; however, these
notions are not decisive from the aspect of hormesis [44].
Nevertheless, the biphasic dose responses to the hormone-
like materials, which can be observed in higher ranked
animals [45, 46], occur also in Tetrahymena.

According to Andersen and Barton [47], “both switching
and homeostasis are regulated by controlling concentrations of
hormone-receptor complexes” and it seems to be likely that
this is also valid in the case of unicellular level, so highly non-
linear dose–response curves can be observed. Among the
facts was shown some examples on the opposite effect of low
and high hormone concentrations, which is a basic element
of hormesis in mammals (men). This could mean that the
effects of hormesis are similar both at unicellular and
multicellular levels and some of these effects have a defending
role during phylogeny, from the beginning, when the hor-
metic doses played the main role and this was (and it is)
natural.

At a unicellular level, there are hormones (signal mole-
cules) and receptors (receivers) as products of the unicell
[3, 12]; however, there is not a real (mammalian-like)
endocrine system, as hormones find the receivers by chance,
without a gene-controlled conciliation. There are also not
data on feedback mechanisms, which are important for the
endocrine system. These problems are only theoretical and
are solved during the evolution. However, the changes during
evolution could also alter the effects of hormesis in different
phases of the process. This can change the details [16, 48],
but the basic process is similar and it settles the hormesis into
an evolutionary frame [49].

It can be supposed that there is no evolution without stress
effects. However, it is very difficult to survive crude stress in
case of unicellulars and this is right in the event of the
hormonal system [50, 51]. Hormesis helps to develop a
training of unicells to later stress effects. As stress
(e.g., higher salt concentrations, alcohol, and formaldehyde
treatment) can alter hormone synthesis of unicellulars [52],
the meeting with the low concentrations trains the cells and
helps their survival.

The unicells have hormone receptors, which are similar (at
least in Tetrahymena) to the membrane hormone
receptors of higher ranked animals [53] and the effect of
hormones through these receptors can help the life of
Tetrahymena in endangered conditions [54, 55]. Other inves-
tigations made likely that membrane-located hormone is the
binding site for a hormone, insulin [56, 57]. This means that
an evolutionary experimentation is taking place, which leads
to the receptor formation at a unicellular level [6]. According
to Koch et al. [58], there is a continuous exchange between the
cytoplasmic and membrane components, which, in case of the
presence of the hormone, could be fixed in the membrane, as
receptor [50, 58, 59]. In addition, there are receptors, which
can be found intracellularly (e.g., inside the nucleus) and in the
plasma membrane alike, having the same structure and
binding capacity. This is characteristic to the steroid receptors;
however, these receptors activate a fast response in the plasma
membrane, whereas they activate prolonged response in the
nucleus [60, 61]. These processes could help the usefulness of
hormesis at this low level of evolution and could give the basis
for later hormetic phenomena.

For evolution, for the taking the necessary step into the
next phase, time is needed and at least suboptimal conditions
for life. Hormesis helps the endurance of noxious stresses and
trains the cells to tolerate; otherwise, it results in unbearable
stresses. In addition, at the unicellular level, the cells are not
equipped with more complicated tools for survival, so horm-
esis seems to be the most suitable tool for helping the survival
and evolution [62, 63]. Genes are selected by meeting with
hormetic doses to direct synthesis of proteins against stress
(heat-shock proteins, antioxidant enzymes, and antiapopto-
tic proteins) or influence behavioral responses to environ-
mental stressors.

Unicellulars (Tetrahymena) show the general adaptation
syndrome, which was the basis of stress theory by Selye
[64, 65], giving a general response to stressors [66–68]. It
seems to be likely that hormetic effects can influence the
process and this could have a role in the evolutionary adapta-
tion to toxic impacts [69]. The existence and functions of
mammalian (human) endocrine system can be deduced to a
unicellular level, and hormesis also can be found in this study;
this means that hormetic effects could be contributed to the
formation of the present-time mammalian endocrine system.

As it was mentioned, unicells are living in a watery milieu,
the high dissolution of materials is produced by them and
this could force the enhancement of receptor sensitivity and
the positive effect of very low doses. This could remain also in
case of higher ranked animals as physiological concentration.
The use of high doses artificial, however, as these were used
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in experiments and human therapy, classified the molecules,
and their opposite effects in low concentrations have been
surprising. If their classification would have been inverse,
according to the effects of low doses, the opposite effects of
high doses would not be unexpected [70].
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on phagocytosis and enzyme secretion of Tetrahymena
pyriformis. Acta Biol Hung 50, 325–334 (1999).

38. Castrodad, F. A., Renaud, F. L., Ortiz, J., Phillips, D. M.:
Biogenic amines stimulate regeneration of cilia in Tetrahymena
thermophila. J Protozool 35, 260–264 (1988).

39. De Jesus, S., Renaud, F. L.: Phagocytosis in Tetrahymena
thermophila: Naloxon-reversible inhibition by opiates. Comp
Biochem Physiol C 92, 139–142 (1989).

40. Kőhidai, L., Katona, J., Csaba, G.: Effects of steroid hormones
on five functional parameters of Tetrahymena: Evolutionary
conclusions. Cell Biochem Funct 21, 19–26 (2003).

41. Hegyesi, H., Csabas, G.: Time- and concentration dependence
of the growth-promoting activity of insulin and histamine in
Tetrahymena. Application of the MTT-method for the deter-
mination of cell proliferation in a protozoan model. Cell Biol
Int 21, 289–293 (1997).

42. Csaba, G., Németh, G., Vargha, P.: Influence of hormone
concentration and time factor on development of receptor
memory in a unicellular (Tetrahymena) model system. Comp
Biochem Physiol B 73, 357–360 (1982).

43. Calabrese, E. J.: Cell migration/chemotaxis: Biphasic dose
responses. Crit Rev Toxicol 31, 615–624 (2001).

44. Calabrese, E. J., Baldwin, L. A.: Defining hormesis. Hum Exp
Toxicol 21, 91–97 (2002).

45. Calabrese, E. J.: Opiates: Biphasic dose-response. Crit Rev
Toxicol 31, 585–604 (2001).

46. Calabrese, E. J.: 5-Hydroxytriptamine (serotonin): Biphasic
dose responses. Crit Rev Toxicol 31, 553–561 (2001).

47. Andersen, M. E., Barton, H. A.: Biological regulation of
receptor-hormone complex concentrations in relation to dose-
response assessments for endocrine-active compounds. Toxicol
Sci 48, 38–50 (1999).

48. Baker, M. E.: Flavonoids as hormones. A perspective from an
analysis of molecular fossils. Adv Exp Med Biol 439, 249–267
(1998).

49. Calabrese, E. J., Baldwin, L. A.: The hormetic dose-response
model is more common than the threshold model in
toxicology. Toxicol Sci 71, 246–250 (2003).

50. Kovács, P., Nozawa, Y., Csaba, G.: Induction of hormone
receptor formation in the unicellular Tetrahymena. Biosci Rep
9, 87–92 (1989).

51. Torday, J. S.: On the evolution of development. Trends Dev
Biol 8, 17–37 (2014).

52. Calabrese, E. J., Mattson, M. P.: How does hormesis impact
biology, toxicology and medicine? NPJ Aging Mech Dis 3,
13–18 (2017).

53. Christensen, S. T., Guerra, C. F., Awan, A., Wheatley, D. N.,
Satir, P.: Insulin receptor-like proteins in Tetrahymena
thermophila ciliary membranes. Curr Biol 13, R50–R52 (2003).

54. Christensen, S. T.: Insulin rescues the unicellular eukaryote
Tetrahymena from dying in a complete synthetic medium. Cell
Biol Int 17, 833–837 (1993).
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