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Abstract: Endocrine disruptors are exogenous compounds that pollute the environment and have
effects similar to hormones when inside the body. One of the most widespread endocrine disruptors
in the wild is the pesticide dichlorodiphenyltrichloroethane (DDT). Toxic doses of DDT are known
to cause cell atrophy and degeneration in the adrenal zona fasciculata and zona reticularis. Daily
exposure in a developing organism to supposedly non-toxic doses of DDT have been found to impair
the morphogenesis of both the cortex and the medulla of the adrenal glands, as well as disturbing
the secretion of hormones in cortical and chromaffin cells. Comparison of high and very low levels
of DDT exposure revealed drastic differences in the morphological and functional changes in the
adrenal cortex. Moreover, the three adrenocortical zones have different levels of sensitivity to the
disruptive actions of DDT. The zona glomerulosa and zona reticularis demonstrate sensitivity to both
high and very low levels of DDT in prenatal and postnatal periods. In contrast, the zona fasciculata is
less damaged by low (supposedly non-toxic) exposure to DDT and its metabolites but is affected by
toxic levels of exposure; thus, DDT exerts both toxic and disruptive effects on the adrenal glands, and
sensitivity to these two types of action varies in adrenocortical zones. Disruptive low-dose exposure
leads to more severe affection of the adrenal function.

Keywords: endocrine disruptor; DDT; adrenal gland; mineralocorticoids; glucocorticoids; sex hor-
mones; epinephrine; morphogenesis; transcriptional regulation

1. Endocrine Disruptors

Endocrine disruptors are exogenous compounds found in soil, water, air, and food.
They produce hormone-like effects once they enter the body, even in very low doses,
and disrupt the endogenous hormonal homeostatic mechanisms of regulation of the vital
processes of living organisms. Endocrine disruptors are a global problem [1-3]. The term
“endocrine disruptors” was introduced into the scientific literature in 1993 [4]. Shortly
after the Endocrine Society published documents such as the 2012 Statement of Principles
titled “Endocrine-Disrupting Chemicals and Public Health Protection”, letters were sent
to the European Commission (March 2013) and the Secretariat for the Strategic Approach
to International Chemicals Management (June 2013) calling for the introduction of an
evidence-based approach to endocrine disruptors, which further contributed to raising
awareness of these compounds and improving the understanding of the problem [5]. En-
docrine disruptors include various classes of anthropogenic chemicals, such as pesticides
(DDT and its metabolites), polychlorinated biphenyls [6-9], bisphenol A [10,11], polybro-
mide diphenyl ethers [12-14], phthalates [15]; and other compounds, such as hormone-like
substances of plant origin, which are contained in food [16,17]; various compounds used
in the production of consumer and plastic goods; and other industrial environmental
pollutants [18,19]. An elevated incidence of endocrine and immune disorders and cancers,
particularly in childhood, as well as quicker onset of puberty and the impairment of re-
productive functions point to endocrine and anthropogenic factors rather than just genetic
factors [20-23].
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2. Dichlorodiphenyltrichloroethane (DDT)

One of the most common endocrine disruptors found in the environment in both or-
ganisms and food is the pesticide dichlorodiphenyltrichloroethane (DDT). DDT is a contact
insecticide affecting the insect’s nervous system. The toxicity level can be appreciated by
the fact that fly larvae die after being exposed to a dose of less than 1 ng of DDT. During
World War 11, the use of DDT against malaria vectors saved millions of people from malaria,
which was noted in the World Health Organization (WHO) report in 1973 [24]. Since the
1960s, about 400,000 tons of DDT have been used annually around the world, with 70-80%
of that being used in agriculture. The relatively low acute toxicity for humans and animals
and the low price (0.6 $/kg) of DDT have facilitated its intensive and unrestricted use [5];
however, its negative effects were soon recognized. For example, it has been proven that
DDT has a toxic effect on the microbial flora of sea and river water, fish, amphibians, and
birds. In 1970, Sweden was the first country to ban the use of DDT. The reasons for this
were the persistence, bioaccumulation, and carcinogenicity of DDT [25-27]. In 2006, WHO
decided to continue the use of DDT for malaria control in 12 countries around the world.
Among them are India, North Korea, and some Southern African countries [28].

Today, 4000 to 5000 tons of DDT are used annually around the world to combat malaria
and visceral leishmaniasis. India is currently the largest DDT consumer. In recent years, the
production of this insecticide has even increased in some countries, such as India, North
Korea, and China [29-31]. Due to its high resistance to decomposition, various doses of
DDT and its metabolites are reported across all continents and in all oceans [32-35]. Its
high solubility in fats and low solubility in water are the reasons for the DDT retention
in adipose tissue. This fact was clearly demonstrated in a study of the distribution of
DDT and its main metabolites DDD and DDE in young rats. It had already been reported
that DDT and its metabolites accumulate in the liver, thymus, and brain, although the
highest concentrations can be found in adipose tissue [36-38]. Most people around the
world are still exposed to DDT through food. The highest levels of contamination are
found in meat, fish, poultry, eggs, cheese, butter, and milk, since DDT easily accumulates
in animal fat. It remains a widespread food contaminant that can be found in significant in
areas where DDT production and use continue, as well as in areas where it was previously
produced [39,40].

3. History of Investigations on Affection of the Adrenal Glands by Subtoxic and Toxic
Doses of DDT

Investigations on the effects of DDT on the adrenal glands began in the 1940s. These
studies included evaluations of the structural and functional changes to the adrenal cortex
in various animal species. It should be noted that these studies only investigated toxic and
sublethal doses. The ability of the DDT metabolite DDE to cause degeneration, cell death,
and atrophy of the cortex was found in dogs [41,42], although further studies showed
that these effects are typical only for dogs, while in rats, mice, rabbits, and monkeys, such
manifestations were not observed [43]. The administration of DDT to Japanese quails
caused increased mass of the adrenal gland, as well as expansion of the cortex. At the same
time, the size of the nuclei of the cortical and medullary cells did not change. The lipid
composition of the adrenal cortex also remained unchanged. The observed changes were
thought to occur due to adrenocortical hyperplasia [44]. Studies of o,p’-DDT have shown
that a dose of 50 mg/kg causes cell atrophy and degeneration in the zonae fasciculata and
reticularis of the human adrenal cortex [45]; thus, it was found that the toxicity mechanism
of o,p’-DDT is different from that of DDE, although their metabolisms are partly the
same. Based on the data obtained, DDE isomers were introduced in the treatment of
hypercortisolism and adrenal tumors in humans. The administered doses ranged from
7 to 285 mg/kg/day, although the therapeutic effect was observed at 100 mg/kg/day
administered over many weeks [46,47]. This treatment was accompanied by severe physical
and mental disorders, which decreased after the drug was no longer administered. There
have been few studies on the effects of DDT and its residues on the zonae glomerulosa and
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reticularis, which were often contradictory. Specifically, some studies showed decreased
aldosterone production when exposed to o,p-DDD and methylsulfonyl-DDE and increased
androstenedione synthesis when exposed to methylsulfonyl-DDE but not o,p-DDT [48],
while in other studies it was found that these compounds, when incubated with sections of
the adrenal glands, do not bind either with cells of the zona glomerulosa or with cells of the
medulla [49]. These results contradict the previously obtained data on the mechanisms of
action of DDT as an insecticide. It is known that it has neuroparalytic action and affects both
neurons and glial cells present in the medulla [50]. A few researchers have attempted to link
the effects of DDT on the body with the development of Parkinson’s disease, based on the
higher content of DDT metabolites in the brain tissues of the deceased who suffered from
this disease [51]. In vitro experiments have shown that subtoxic doses of DDT metabolites
increase the release of dopamine from synaptosomes and reduce its reuptake due to a
decrease in the membrane dopamine transporter, as well as suppression of the vesicular
monoamine transporter in a neurogenic lineage [52].

It is known that the adrenal cortex, in addition to mineralocorticoids and glucocor-
ticoids, also secretes sex hormones. In this regard, the analysis of the effects of DDT and
its metabolites on the endocrine function of the gonads that produce steroid hormones
is of particular interest; however, in the literature, the information on the effects of DDT
and its metabolites on steroidogenesis and reproductive function is ambiguous and even
contradictory in some respects. The earliest studies indicated that DDT causes estrogen-like
effects. These are manifested in the suppression of the growth of the testes and the devel-
opment of secondary sexual characteristics in young male chickens. It has been shown
that changes in the testes are visible not only in the seminiferous tubules but also in the
interstitial tissue [53,54]. Studies carried out on two groups of male rats receiving DDT
with food at doses of 50 and 100 mg/kg of body weight showed dose-dependent decreases
in the testes and sperm motility [55]. At the same time, there was a decrease in the mass
of seminal vesicles in addition to a decrease in testosterone production. Increases in the
concentrations of luteinizing and follicle-stimulating hormones were noted in the serum.
The authors regarded these changes to be a result of DDT’s action on the organs of the male
reproductive system. At the same time, when DDT was administered in doses that had
gonadotropic effects on the testes of male chickens and rats, many of them died on the first
day of the experiment; thus, by the beginning of the 2010s, the effects of subtoxic and toxic
doses of DDT on the body were well-studied, although there was almost no research on
the effects of exposure to low doses of DDT.

4. Studies on the Effects of Low Doses of DDT on the Adrenal Glands

Since endocrine disruptors are agonists and antagonists of natural hormones, studies
of the chemical interactions of DDT and the overall effects of DDT and its metabolites on
the endocrine organs of animals and humans are of particular relevance. At the same time,
it is known that during pregnancy, DDT and its metabolites can penetrate the placental
barrier and affect the developing fetus [56-59]. The disruptor and its metabolites are also
found in breast milk [60,61]. Accordingly, exposure to low doses of DDT begins at the
embryonic stage; therefore, it is relevant to study constant low-dose exposure to DDT
during all stages of the body’s development.

There is also ongoing research on the effects of endocrine disruptors on the transcrip-
tional control of morphogenetic processes in endocrine organs [62,63].

4.1. Disorders of Adrenal Gland Secretion Induced by Low Doses of DDT
4.1.1. Disruption of Adrenal Medulla Hormone Secretion by Low-Dose Exposure to DDT

Histological examination of the adrenal glands exposed to low doses of DDT revealed
morphological and functional changes resulting from the redistribution of the venous
outflow from the medulla to the cortex, due to the presence of anastomoses among their
microcirculatory beds [64]. It is known that this redistribution occurs during the acute
stress response, when it is necessary to intensify the transport of catecholamines to the
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liver through the portal vein system. This manifests in vasodilation of the microcirculatory
vessels of the zona glomerulosa and outer zona fasciculata, stasis of erythrocytes, and even
rupture of capillaries [65]. Evaluation of the epinephrine concentration in the systemic
circulation and investigation of the secretory processes in the rat adrenal medulla revealed
decreased functional activity of chromaffin cells, both in puberty and post-pubertal peri-
ods [64]. In rats that were developmentally exposed to low doses of DDT, pronounced
and prolonged blood overflow and hemorrhages in the zona glomerulosa and outer zona
fasciculata were associated with decreased catecholamine blood levels; thus, the redirec-
tion of blood to the portal vein through the cortex was an attempt to compensate for
the insufficient production of catecholamines by the medulla, aimed at acceleration of
gluconeogenesis in hepatocytes [64]. Further studies showed significant suppression of
the thyrozine hydroxylase production in chromaffin cells after prolonged exposure to
low doses of DDT [66]. These investigations clearly demonstrated the ability of low-dose
exposure to DDT to change the cytophysiology of chromaffin cells and disruption of the
adrenal medulla function.

4.1.2. Disruption of Adrenal Cortex Hormone Secretion by Low-Dose Exposure to DDT

Low-dose exposure to DDT causes significant changes in the functioning of the adrenal
cortex in rats. Developmental exposure resulted in a moderate increase in serum corti-
costerone levels and a significant decrease in the aldosterone concentration [67,68]. The
concentration of female sex steroids produced in the zona reticularis, especially of estra-
diol, was significantly reduced [67,68]. Due to the sensitivity of zona reticularis and zona
glomerulosa cells to ACTH, there was increased production of corticosterone via feedback
mechanisms in the synthesis of hormones in ACTH-dependent zones [69-72]. An increase
in the concentration of progesterone and its main metabolite, corticosterone, in addition to
reduced production of mineralocorticoids and sex steroids, indicates a stimulating effect of
the endocrine disruptor on steroidogenesis in the cells of the zona fasciculata. A distinctive
feature of rats exposed to low doses of DDT in prenatal and postnatal development was an
increase in the level of 17-hydroxyprogesterone, whose concentration in the blood serum
of rats is normally extremely low [68]. This suggests that the effect of the disruptor does
not reduce the hydroxylation of progesterone; therefore, a decrease in the production of
sex steroids is associated with the later stages of their synthesis dysfunction [68], meaning
the revealed changes are due to both the direct disruptor effect of DDT and the reaction of
the hypothalamus—pituitary complex.

For this reason, the timing of exposure to the disruptor is an important factor. In rats
exposed to disruptive doses of DDT starting from the day they were born, the concentra-
tions of steroid hormones in the systemic circulation were significantly different from those
of rats exposed prenatally. During puberty, postnatally exposed rats showed a decreased
level of corticosterone and increased levels of aldosterone, estradiol, estrone, and testos-
terone [68]; thus, changes in the production of steroid hormones in postnatally exposed rats
were diametrically opposite to those exposed both prenatally and postnatally. A common
feature was that the concentrations of glucocorticoids and mineralocorticoids, as well as
sex hormones, were directly correlated. This also suggests a regulating effect of ACTH.
The decrease in the concentration of corticosterone was accompanied by the decrease in the
level of its precursor progesterone, which indicates the suppression of steroidogenesis in
the cells of the zona fasciculata. At the same time, the level of 17-hydroxyprogesterone did
not differ from that of the control group, which in addition to an active conversion into sex
steroids, also indicates that DDT does not interfere with the hydroxylation of progesterone.
The level of glucocorticoid production was the only parameter that returned to normal
levels after puberty. In rats exposed both prenatally and postnatally, the antiandrogenic
effect of DDT was more pronounced, leading to an increase in estradiol production [73].
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4.2. Changes in the Fine Structure of Adrenal Cells after Low-Dose Exposure to DDT
4.2.1. Ultrastructural Changes of Chromaffin Cells

Adrenal chromaffin cells of pubertal rats exposed to DDT prenatally and postnatally
demonstrated decreased numbers of mitochondria, especially under the plasmalemma.
Another observation was a lower number of secretory granules containing epinephrine
and reduced size of the mitochondria in norepinephrine-producing cells [74,75]. In the
rats exposed to DDT from the first day after birth, destructive changes in mitochondria
and a decrease in their number were observed, as well as a decrease in the number
of secretory granules in the cytoplasm. The revealed changes were most pronounced in
norepinephrine-producing cells. In the rats exposed to DDT both prenatally and postnatally,
increased numbers of primary lysosomes in adrenal chromaffin cells and focal hemorrhages
were found [76]. In the rats exposed to DDT postnatally only, the signs of increased
synthetic activity and the formation of secretory granules, but not their release, were
revealed [76]. This suggested that DDT disrupts the mechanisms of secretory material
release from chromaffin cells due to a decrease in the number of mitochondria involved in
the exocytosis of granules [74]. A comparison of blood catecholamine concentrations and
the ultrastructure of chromaffin cells in rats exposed to DDT both pre- and postnatally vs.
only in the postnatal periods showed that the disruption already begins during prenatal
development. This leads to earlier onset of changes and the development of compensatory
reactions, and accordingly a higher level of catecholamines after puberty. Consequently,
prenatal exposure to DDT affects the rate of chromaffin tissue production in adrenals more
than secretory machinery in the chromaffin cells.

4.2.2. Ultrastructural Changes of Zona Glomerulosa Cells

Unlike chromaffin cells, adrenocortical cells do not store synthesized hormones in
the cytoplasm within secretory granules. The main subcellular compartments for the
assessment of steroid-producing cell activity are the mitochondrial apparatus and lipid
inclusions in the cytoplasm. It is known that the structure of mitochondria is one of the main
indicators of secretory activity of corticosterocytes [77]. The study of secretory processes
in the adrenal zona glomerulosa in rats exposed to DDT pre- and postnatally showed the
typical signs of hypofunction in the pubertal period—a decrease in cell size, a sharp increase
in lipid inclusions in the cytoplasm, and a decrease in the percentage of mitochondria with
a swollen matrix [75]. Consequently, a decrease in aldosterone production in rats was
associated with a decrease in the steroidogenic activity of corticosterocytes. This decrease
was largely due to microcirculatory disorders leading to hypoxia, which is a known factor
in the reduction of the functional activity of corticosterocytes [69].

After sexual maturation, rats show an increase in the production of aldosterone, in
addition to a decrease in the size of the zona glomerulosa [78]. This happens due to partial
reorganization of steroidogenesis, the mitochondrial apparatus; specifically, the replace-
ment of large mitochondria with a larger number of smaller mitochondria [79]. Prenatal
and postnatal exposure to low doses of DDT slowed the reorganization of mitochondria,
and despite active growth of zona glomerulosa in the postpubertal period, the level of al-
dosterone in exposed rats remained low [67]. Exposure to DDT in the postnatal period only
allowed more rapid reorganization of mitochondria, which allowed increased production
of the hormone [80].

4.2.3. Ultrastructural Changes of Zona Fasciculata Cells

Rats exposed to DDT both pre- and postnatally demonstrate different changes in
the fine structure during pubertal age. In the outer zona fasciculata, dystrophic changes
and cell death were registered, especially in areas with microcirculation disorders. In
the inner zona fasciculata the cells were larger, had larger nuclei, and a greater number
of mitochondria, including those with a swollen matrix, as well as a more developed
endoplasmic reticulum [81]. On the other hand, in postnatally exposed rats, the cells
were smaller and the edema of the mitochondrial matrix was more pronounced, which
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seemed to be the main reason for their size increase. Examination of the fine structure
and serum levels of corticosterone showed that suppression of hormone production was
due to microcirculation disorders and cell death in the outer part of the zona fasciculata.
Adequate production of corticosterone was supported by compensatory upregulation of
steroidogenesis due to increases in mitochondria numbers and activation of steroidogenic
enzymes in the cells of the inner zona fasciculata [81]; thus, the changes in rats that were
only postnatally exposed to DDT reflect an earlier stage, while in rats exposed to the
disruptor in both pre- and postnatal periods, a later stage of changes in steroidogenesis
occurs due to structural cell changes.

4.2 4. Ultrastructural Changes of Zona Reticularis Cells

Exposure to low doses of DDT in the prenatal and postnatal periods resulted in
low steroidogenic activity of reticularis cells, despite their enlargement and a significant
increase in the number of mitochondria [82]. After puberty, an acceleration of mitochondrial
rearrangement was noted in compensation for the slowdown in the development of the
zona reticularis; thus, low doses of DDT affect both the development of the zona reticularis
and the structural support of secretory processes in its cells [83]. The data obtained showed
that the disruptive effect of low doses of DDT on steroidogenesis in adrenocortical zones is
not selective, in contrast to the action of toxic doses, which cause cell necrosis only in the
zona fasciculata [49].

5. Dysmorphogenetic Disorders in the Adrenal Glands Induced by Low-Dose
Exposure to DDT

The ability of disruptors to exert hormone-like effects due to structural similarity
with molecules of endogenous hormones can significantly alter morphogenetic processes,
especially if the disruptor mimics the action of steroid hormones that have receptors in
the nucleus and directly regulate the transcription of various genes. DDT, therefore, can
disturb the onset and the rates of the main morphogenetic processes, such as proliferation,
apoptosis, and differentiation, in adrenal glands of the embryo. Studies have identified
several signaling pathways, the activation of which plays an important role in the prenatal
and postnatal development of the adrenal glands. These are the canonical 3-catenin/Wnt
signaling and Sonic Hedgehog signaling, the two key pathways that regulate cell prolifer-
ation, growth, and differentiation [84]. The latter is most active in the embryonic period;
after birth it regulates the renewal and differentiation of pluripotent cells in the cortex in
cooperation with the canonical Wnt [85-87].

Wnt (wingless-like MMTYV integration site) is a family of morphogenic signals acting
through a highly conserved, ancient evolutionarily pathway involved in embryonic devel-
opment, regeneration processes, and maintenance of the cellular composition of organs.
There are three known Wnt signaling pathways: two non-canonical (planar cell polarity
and Wnt/Ca?") and canonical 3-catenin/Wnt signaling [88,89]. Furthermore, 3-catenin
acts as a coactivator and transmitter of extracellular signals for the activation of target genes.
In addition to its role as a transcription factor, 3-catenin is also involved in the formation of
intercellular contacts, together with x-catenin and E-cadherin. A few studies have shown
that these supramolecular complexes are targets for canonical Wnt, while switches of the
adhesive and transcriptional functions of 3-catenin have also been revealed [90-93]. The
roles of canonical Wnt signaling in the postnatal development of structural and functional
zones of the adrenal cortex are different, even the though age dynamics of the expression
of the B-catenin transcription factor, for which penetration into the nucleus activates Wnt
signaling, are the same in the zona glomerulosa, zona fasciculata, and zona reticularis [94].
Wnt signaling plays a key role in the development and differentiation of cells in the zona
glomerulosa [95,96]. In contrast, growth and regeneration in the zona fasciculata require
inhibition of Wnt signaling, since it suppresses the differentiation of its cells [97-99]. The
role of canonical Wnt signaling in the development and functioning of the zona reticu-
laris is very poorly understood. Single reports have shown that zona reticularis cells also
express [3-catenin in the postnatal period and that the percentage of cells with nuclear
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localization of (3-catenin during adrenal growth is stable, in contrast to the content in the
outer cytoplasmic membranes [94].

The impact of low doses of DDT below maximum permissible levels in food from
the first day of prenatal development changes the morphogenetic processes in the adrenal
glands. The mechanism of these changes is a disruption of transcriptional regulation,
mainly in terms of proliferative processes. Morphogenetic processes in the medulla are
less sensitive to the prenatal effects of the disruptor. At the same time, the adrenal cortex
demonstrates sensitivity to both prenatal and postnatal effects, especially in the zona
glomerulosa and zona reticularis. The zona fasciculata is less susceptible to the dysmor-
phogenetic action of low doses of DDT and its metabolites, in contrast to the action of toxic
doses. Destructive and reparative processes in the rat adrenal cortex during puberty to
a large degree are the result of microcirculation disorders. The disrupting affection from
the beginning of the prenatal period causes the more rapid development of trophic cell
disorders in the outer part of the zona fasciculata than after postnatal exposure, promoting
a reactive increase in secretory activity in the deeper layers and then an increase in the
number of mitochondria as a compensatory change to the disrupting effects of DDT. This
is facilitated by the suppression of canonical Wnt signaling [80,100,101]. Prenatal exposure
to the disruptor leads to significantly retarded development of the zona reticularis and
zona glomerulosa. The relative hyperplasia of the zona glomerulosa, which develops after
puberty, indicates a slowdown in its growth, which is due to the inhibition of the canonical
Wnt signaling by DDT [100,102]. In the zona reticularis, the rate of development slows
down to a greater extent, as evidenced by the lower degree of its development both during
and after puberty [101]. In contrast to the zona glomerulosa and zona fasciculata, DDT
increases the production of 3-catenin and its content in the outer membranes of reticularis
cells, but not translocation into the nucleus [103]. In addition to the canonical Wnt signal-
ing, the dysmorphogenetic effect of DDT implicates disruption of age-related dynamics in
the expression of Oct4 and Shh factors responsible for maintaining cell pluripotency and
transdifferentiation, which also affect the levels of hormone production and reduce the
regenerative potential of the cortex [103,104].

As such, the effect of low, disruptive doses of DDT on a developing organism causes
changes in the postnatal morphogenesis of the adrenal cortex and medulla in rats and
disrupts their secretory activity both during puberty and in adulthood.

6. Comparison of the Effects of Exposure to Toxic and Disruptive Doses of DDT

Low-dose exposure to DDT in prenatal and postnatal periods causes a lag in the
development of the adrenal zona glomerulosa and zona reticularis and the acceleration
of their development after reaching puberty, but does not affect the rate of development
of the zona fasciculata [80]. These data show significant differences in the effects of toxic
and disruptive doses on rodent adrenal glands (Figures 1 and 2), since toxic doses of
DDT induce degenerative and necrotic changes in the zona fasciculata, but not in the
zona glomerulosa and zona reticularis [45,48,49,105,106]. Consequently, steroid-producing
cells of the zona fasciculata are more sensitive to the toxic effects of DDT, while the zona
glomerulosa and zona reticularis are more sensitive to the disrupting effects.
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Figure 2. Changes in the morphogenesis and secretory activity of the adrenal cortex after exposure

to toxic and disruptive doses of DDT.

7. Conclusions

An important breakthrough in methodological approaches to the study of endocrine
disruptors was a recognition of the failure of toxicological approaches; thus, the determi-
nation of threshold doses needs to be abandoned in favor of separating the toxic effects
from the disruptive action of low doses. Hormones can act in concentrations ranging from
ng/mL to pg/mL. Accordingly, endocrine disruptors cannot have a safe dose, and ex-
tremely low levels of exposure, corresponding to the background effects on the body, need
to be studied. The significant differences in the effects of exposure to toxic and low doses of
DDT on adrenal glands are obvious. Moreover, daily low-dose exposure over time results
in more severe affection of the adrenal glands than prolonged exposure to subtoxic and
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toxic doses. Consumption of the endocrine disruptor DDT in doses below the maximum
permissible levels in food products still changes the morphogenetic processes in adrenal
glands. The mechanisms of these changes include impaired transcriptional regulation of
primarily proliferative processes. The adrenal cortex demonstrates sensitivity to both the
prenatal and postnatal effects of the disruptor, especially its zona glomerulosa and zona
reticularis. The data obtained indicate the severity of disruption of adrenal growth and
function due to low doses of DDT and its harmful effects both pre- and postnatally. Dys-
function of the adrenal glands and subsequent dysregulation of the physiological functions
of organs and systems by their hormones may result in dysmorphogenetic and functional
disorders. These disorders may trigger various pathological processes, primarily due to
dysfunction of the immune, reproductive, and cardiovascular systems.

Author Contributions: E.P.T., conceptualization, original draft preparation, writing—review and
editing. V.V.Y.,, data curation, visualization, text translation. S.V.N., data curation and preparation of
the figures. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research Institute of Human Morphology, under the state
assignment “Investigation of the Morphogenesis and Secretory Activity of the Adrenal Glands in
Conditions of Prenatal and Postnatal Effects on the Body of Endocrine Disruptors”, reg. number
AAAA-A17-117013050048-6.

Institutional Review Board Statement: The investigation was approved by Ethics committee of A.P.
Avtsyn research institute of human morphology (protocol N8a).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Zoeller, R.T.; Brown, T.R.; Doan, L.L.; Gore, A.C.; Skakkebaek, N.E.; Soto, A.M.; Woodruff, T.J.; Vom Saal, ES.V. Endocrine-
disrupting chemicals and public health protection: A statement of principles from The Endocrine Society. Endocrinology 2012, 153,
4097-4110. [CrossRef] [PubMed]

Guillette, L.J., Jr. Endocrine disrupting contaminants—Beyond the dogma. Environ. Health Perspect. 2006, 114 (Suppl. 1), 9-12.
[CrossRef] [PubMed]

Vasseghian, Y.; Hosseinzadeh, S.; Khataee, A.; Dragoi, E.-N. The concentration of persistent organic pollutants in water resources:
A global systematic review, meta-analysis and probabilistic risk assessment. Sci. Total. Environ. 2021, 796, 149000. [CrossRef]
[PubMed]

Colborn, T.; Saal, ES.V.; Soto, A.M. Developmental effects of endocrine-disrupting chemicals in wildlife and humans. Environ.
Health Perspect. 1993, 101, 378-384. [CrossRef] [PubMed]

Gore, A.C.; Chappell, V.A; Fenton, S.E.; Flaws, J.A.; Nadal, A.; Prins, G.S.; Toppari, J.; Zoeller, R.T. EDC-2: The Endocrine
Society’s second scientific statement on endocrine-disrupting chemicals. Endocr. Rev. 2015, 36, E1-E150. [CrossRef]

Kodavanti, PR.S. Neurotoxicity of persistent organic pollutants: Possible mode(s) of action and further considerations. Dose
Response 2005, 3, 273-305. [CrossRef] [PubMed]

Mullerova, D.; Kopecky, J.; Matejkova, D.; Muller, L.; Rosmus, J.; Racek, J.; Sefrna, F.; Opatrna, S.; Kuda, O.; Matejovic, M. Negative
association between plasma levels of adiponectin and polychlorinated biphenyl 153 in obese women under non-energy-restrictive
regime. Int. ]. Obes. 2008, 32, 1875-1878. [CrossRef]

Dickerson, S.M.; Cunningham, S.L.; Patisaul, H.B.; Woller, M.J.; Gore, A.C. Endocrine disruption of brain sexual differentiation by
developmental PCB exposure. Endocrinology 2011, 152, 581-594. [CrossRef]

Castellani, F.; Manzoli, L.; Martellucci, C.A.; Flacco, M.E.; Astolfi, M.L.; Fabiani, L.; Mastrantonio, R.; Avino, P.; Protano, C.; Vitali,
M. Levels of polychlorinated dibenzo-p-dioxins/furans and polychlorinated biphenyls in free-range hen eggs in central italy and
estimated human dietary exposure. J. Food Prot. 2021, 84, 1455-1462. [CrossRef]

Palioura, E.; Kandaraki, E.; Diamanti-Kandarakis, E. Endocrine disruptors and polycystic ovary syndrome: A focus on Bisphenol
A and its potential pathophysiological aspects. Horm. Mol. Biol. Clin. Investig. 2014, 17, 137-144. [CrossRef]

Molina, A.M.; Abril, N.; Lora, A.].; Huertas-Abril, P.V.; Ayala, N.; Blanco, C.; Moyano, M. Proteomic profile of the effects of
low-dose bisphenol A on zebrafish ovaries. Food Chem. Toxicol. 2021, 156, 112435. [CrossRef]

Lema, S.C.; Dickey, ].T; Schultz, LR.; Swanson, P. Dietary exposure to 2,2’ 4 4'-tetrabromodiphenyl ether (PBDE-47) alters thyroid
status and thyroid hormone-regulated gene transcription in the pituitary and brain. Environ. Health Perspect. 2008, 116, 1694-1699.
[CrossRef]


http://doi.org/10.1210/en.2012-1422
http://www.ncbi.nlm.nih.gov/pubmed/22733974
http://doi.org/10.1289/ehp.8045
http://www.ncbi.nlm.nih.gov/pubmed/16818240
http://doi.org/10.1016/j.scitotenv.2021.149000
http://www.ncbi.nlm.nih.gov/pubmed/34273825
http://doi.org/10.1289/ehp.93101378
http://www.ncbi.nlm.nih.gov/pubmed/8080506
http://doi.org/10.1210/er.2015-1010
http://doi.org/10.2203/dose-response.003.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18648619
http://doi.org/10.1038/ijo.2008.169
http://doi.org/10.1210/en.2010-1103
http://doi.org/10.4315/JFP-21-126
http://doi.org/10.1515/hmbci-2014-0003
http://doi.org/10.1016/j.fct.2021.112435
http://doi.org/10.1289/ehp.11570

Toxics 2021, 9, 243 10 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Szabo, D.T.; Richardson, V.M.; Ross, D.G.; Diliberto, ].J.; Kodavanti, PR.S.; Birnbaum, L.S. Effects of perinatal PBDE exposure on
hepatic phase I, phase II, phase III, and deiodinase 1 gene expression involved in thyroid hormone metabolism in male rat pups.
Toxicol. Sci. 2009, 107, 27-39. [CrossRef]

Costa, L.G.; de Laat, R.; Tagliaferri, S.; Pellacani, C. A mechanistic view of polybrominated diphenyl ether (PBDE) developmental
neurotoxicity. Toxicol. Lett. 2014, 230, 282-294. [CrossRef] [PubMed]

Fisher, ].S. Environmental anti-androgens and male reproductive health: Focus on phthalates and testicular dysgenesis syndrome.
Reproduction 2004, 127, 305-315. [CrossRef]

Kimura, E.; Kohda, M.; Maekawa, E; Fujii-Kuriyama, Y.; Tohyama, C. Neurons expressing the aryl hydrocarbon receptor in the
locus coeruleus and island of Calleja major are novel targets of dioxin in the mouse brain. Histochem. Cell Biol. 2021, 156, 147-163.
[CrossRef]

Dogan, M.E,; Tiirkmen, N.B.; Tashdere, A.; Sahin, Y.; Ciftci, O. The protective effects of capsaicin on oxidative damage-induced by
2,3,7 8-tetrachlorodibenzo-p-dioxin in rats. Drug Chem. Toxicol. 2021, 1, 8. [CrossRef]

Yaglova, N.V.; Yaglov, V.V. Endocrine disruptors are a novel direction of endocrinologic scientific investigation. Ann. Russ. Acad.
Med. Sci. USA 2012, 67, 56-61. [CrossRef]

Hamid, N.; Junaid, M.; Pei, D.-S. Combined toxicity of endocrine-disrupting chemicals: A review. Ecotoxicol. Environ. Saf. 2021,
215,112136. [CrossRef]

Street, M.E.; Angelini, S.; Bernasconi, S.; Burgio, E.; Cassio, A.; Catellani, C.; Cirillo, F.; Deodati, A.; Fabbrizi, E.; Fanos, V.; et al.
Current knowledge on endocrine disrupting chemicals (EDCs) from animal biology to humans, from pregnancy to adulthood:
Highlights from a national Italian meeting. Int. ]. Mol. Sci. 2018, 19, 1647. [CrossRef] [PubMed]

World Health Organization. Possible Developmental Early Effects of Endocrine Disruptors on Child Health; WHO: Geneva, Switzerland,
2012; p. 93.

Ozen, S.; Darcan, S. Effects of environmental endocrine disruptors on pubertal development. J. Clin. Res. Pediatr. Endocrinol. 2011,
3, 1-6. [CrossRef]

De Roos, A.J.; Schinasi, L.H.; Miligi, L.; Cerhan, J.R.; Bhatti, P.; Mannetje, A.; Baris, D.; Benavente, Y.; Benke, G.; Clavel, J.;
et al. occupational insecticide exposure and risk of non-Hodgkin lymphoma: A pooled case-control study from the InterLymph
Consortium. Int. J. Cancer 2021, 149, 1768-1786. [CrossRef]

DDT and Its Derivatives: Environmental Aspects; United Nations Environment Programme: Nairobi, Kenya; The International
Labour Organisation: Geneva, Switzerland; The World Health Organization: Geneva, Switzerland, 1973.

Longnecker, M.P. Invited commentary: Why DDT matters now. Am. ]. Epidemiology 2005, 162, 726-728. [CrossRef] [PubMed]
Eskenazi, B.; Chevrier, J.; Rosas, L.G.; Anderson, H.A.; Bornman, M.S.; Bouwman, H.; Chen, A.; Cohn, B.A ; de Jager, C.; Henshel,
D.S.; et al. The Pine River statement: Human health consequences of DDT use. Environ. Health Perspect. 2009, 117, 1359-1367.
[CrossRef] [PubMed]

Chen, D.; Grimsrud, TK; Langseth, H.; Barr, D.B.; Bassig, B.A ; Blair, A.; Cantor, K.P.; Gammon, M.D.; Lan, Q.; Rothman, N.; et al.
Prediagnostic serum concentrations of organochlorine pesticides and non-Hodgkin lymphoma: A nested case-control study in
the Norwegian Janus Serum Bank Cohort. Environ. Res. 2020, 187, 109515. [CrossRef] [PubMed]

Sharma, B.M.; Bharat, G.K.; Chakraborty, P.; Martinik, J.; Audy, O.; Kuku¢ka, P; Pfibylova, P.; Kukreti, PK.; Sharma, A.; Kalina,
J.; etal. A comprehensive assessment of endocrine-disrupting chemicals in an Indian food basket: Levels, dietary intakes, and
comparison with European data. Environ. Pollut. 2021, 288, 117750. [CrossRef]

Anand, N.; Chakraborty, P; Ray, S. Human exposure to organochlorine, pyrethroid and neonicotinoid pesticides: Comparison
between urban and semi-urban regions of India. Environ. Pollut. 2021, 270, 116156. [CrossRef]

He, Y;; Guo, C,; Ly, J.; Deng, Y.; Xu, J. Occurrence, sources, and ecological risks of three classes of insecticides in sediments of the
Liaohe River basin, China. Environ. Sci. Pollut. Res. 2021, 1, 10. [CrossRef]

Negatu, B.; Dugassa, S.; Mekonnen, Y. Environmental and health risks of pesticide use in Ethiopia. J. Health Pollut. 2021, 11,
210601. [CrossRef]

Bachman, M.].; Keller, ].M.; West, K.L.; Jensen, B.A. Persistent organic pollutant concentrations in blubber of 16 species of
cetaceans stranded in the Pacific Islands from 1997 through 2011. Sci. Total. Environ. 2014, 488-489, 115-123. [CrossRef]
Bouwman, H.; Govender, D.; Underhill, L.; Polder, A. Chlorinated, brominated and fluorinated organic pollutants in African
Penguin eggs: 30 years since the previous assessment. Chemosphere 2015, 126, 1-10. [CrossRef] [PubMed]

Galgowska, M.; Pietrzak-Fiecko, R. The level of selected organochlorine compounds residues in popular edible mushrooms from
north-eastern Poland. Food Chem. 2021, 353, 129441. [CrossRef] [PubMed]

Peng, S.; Kong, D.; Li, L.; Zou, C.; Chen, E; Li, M.; Cao, T.; Yu, C.; Song, J.; Jia, W.; et al. Distribution and sources of DDT and its
metabolites in porewater and sediment from a typical tropical bay in the South China Sea. Environ. Pollut. 2020, 267, 115492.
[CrossRef] [PubMed]

Achour, A.; Derouiche, A.; Barhoumi, B.; Kort, B.; Cherif, D.; Bouabdallah, S.; Sakly, M.; Ben Rhouma, K.; Touil, S.; Driss, M.R;
et al. Organochlorine pesticides and polychlorinated biphenyls in human adipose tissue from northern Tunisia: Current extent
of contamination and contributions of socio-demographic characteristics and dietary habits. Environ. Res. 2017, 156, 635-643.
[CrossRef]


http://doi.org/10.1093/toxsci/kfn230
http://doi.org/10.1016/j.toxlet.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24270005
http://doi.org/10.1530/rep.1.00025
http://doi.org/10.1007/s00418-021-01990-1
http://doi.org/10.1080/01480545.2021.1957912
http://doi.org/10.15690/vramn.v67i3.186
http://doi.org/10.1016/j.ecoenv.2021.112136
http://doi.org/10.3390/ijms19061647
http://www.ncbi.nlm.nih.gov/pubmed/29865233
http://doi.org/10.4274/jcrpe.v3i1.01
http://doi.org/10.1002/ijc.33740
http://doi.org/10.1093/aje/kwi277
http://www.ncbi.nlm.nih.gov/pubmed/16120697
http://doi.org/10.1289/ehp.11748
http://www.ncbi.nlm.nih.gov/pubmed/19750098
http://doi.org/10.1016/j.envres.2020.109515
http://www.ncbi.nlm.nih.gov/pubmed/32445944
http://doi.org/10.1016/j.envpol.2021.117750
http://doi.org/10.1016/j.envpol.2020.116156
http://doi.org/10.1007/s11356-021-15060-5
http://doi.org/10.5696/2156-9614-11.30.210601
http://doi.org/10.1016/j.scitotenv.2014.04.073
http://doi.org/10.1016/j.chemosphere.2014.12.071
http://www.ncbi.nlm.nih.gov/pubmed/25613517
http://doi.org/10.1016/j.foodchem.2021.129441
http://www.ncbi.nlm.nih.gov/pubmed/33725544
http://doi.org/10.1016/j.envpol.2020.115492
http://www.ncbi.nlm.nih.gov/pubmed/33254672
http://doi.org/10.1016/j.envres.2017.04.021

Toxics 2021, 9, 243 11 of 13

37.

38.

39.
40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

Jugan, J.; Lind, PM.; Salihovic, S.; Stubleski, J.; Kdrrman, A ; Lind, L.; La Merrill, M.A. The associations between p,p’-DDE levels
and plasma levels of lipoproteins and their subclasses in an elderly population determined by analysis of lipoprotein content.
Lipids Health Dis. 2020, 19, 1-10. [CrossRef] [PubMed]

Oyinloye, J.; Oyekunle, J.; Ogunfowokan, A.; Msagati, T.; Adekunle, A.; Nety, S. Human health risk assessments of organochlorine
pesticides in some food crops from Esa-Oke farm settlement, Osun State, Nigeria. Heliyon 2021, 7, e07470. [CrossRef]

World Health Organization. Pesticide Residues in Food—2016 Evaluations. Part 1I-Toxicological; WHO and FAO: Geneva, Italy, 2017.
Liang, C.-P; Sack, C.; McGrath, S.; Cao, Y.; Thompson, C.J.; Robin, L.P. US Food and Drug Administration regulatory pesticide
residue monitoring of human foods: 2009-2017. Food Addit. Contam. Part A 2021, 38, 1520-1538. [CrossRef]

Cueto, C.; Brown, ].H.U.; Richardson, A.P,, Jr. Biological studies on an adrenocorticolytic agent and the isolation of the active
components. Endocrinology 1958, 62, 334-339. [CrossRef]

Copeland, M.; Cranmer, M. Effects of o,p’-DDT on the adrenal gland and hepatic microsomal enzyme system in the beagle dog.
Toxicol. Appl. Pharmacol. 1974, 27, 1-10. [CrossRef]

Jukes, T.H. Effects of DDE. Nature 1995, 376, 545. [CrossRef]

Lehman, J.W.,; Peterle, T.J.; Mills, C.M. Effects of DDT on bobwhite quail (Colinus virginianus) adrenal gland. Bull. Environ. Contam.
Toxicol. 1974, 11, 407—414. [CrossRef]

Asp, V.; Ulleras, E.; Lindstrom, V.; Bergstrom, U.; Oskarsson, A.; Brandt, I. Biphasic hormonal responses to the adrenocorticolytic
DDT metabolite 3-methylsulfonyl-DDE in human cells. Toxicol. Appl. Pharmacol. 2010, 242, 281-289. [CrossRef]

Benecke, R.; Keller, E.; Vetter, B.; De Zeeuw, R.A. Plasma level monitoring of mitotane (o,p’-DDD) and its metabolite (o,p’-DDE)
during long-term treatment of Cushing’s disease with low doses. Eur. . Clin. Pharmacol. 1991, 41, 259-261. [CrossRef] [PubMed]
Kasperlik-Zaluska, A. Clinical results of the use of mitotane for adrenocortical carcinoma. Braz. |. Med. Biol. Res. 2000, 33,
1191-1196. [CrossRef] [PubMed]

Asp, V; Lindstrom, V.; Olsson, J.A.; Bergstrom, U.; Brandt, I. Cytotoxicity and decreased corticosterone production in adreno-
cortical Y-1 cells by 3-methylsulfonyl-DDE and structurally related molecules. Arch. Toxicol. 2008, 83, 389-396. [CrossRef]
[PubMed]

Lindhe, O.; Skogseid, B.; Brandt, I. Cytochrome P450-catalyzed binding of 3-methylsulfonyl-DDE and o,p’-DDD in human
adrenal zona fasciculata/reticularis. J. Clin. Endocrinol. Metab. 2002, 87, 1319-1326. [CrossRef]

Hartman, D. Neurophysiological Toxicology: Identification and Assesment of Human Neurotoxic Syndromes, 2nd ed.; Springer Science &
Business Media: New York, NY, USA, 1995; p. 266.

Ascherio, A.; Chen, H.; Weisskopf, M.G.; O'Reilly, E.; ScD, M.L.M,; Calle, E.E.; Schwarzschild, M.A.; Thun, M.]. Pesticide exposure
and risk for Parkinson’s disease. Ann. Neurol. 2006, 60, 197-203. [CrossRef] [PubMed]

Hatcher, ].M.; DeLea, K.C.; Richardson, J.R.; Pennell, K.D.; Miller, G.W. Disruption of dopamine transport by DDT and its
metabolites. Neurotoxicology 2008, 29, 682-690. [CrossRef]

Burlington, H.; Lindeman, V.E. Effect of DDT on testes and secondary sex characters of white leghorn cockerels. Exp. Biol. Med.
1950, 74, 48-51. [CrossRef]

Louis, G.M.B.; Smarr, M.M,; Sun, L.; Chen, Z.; Honda, M.; Wang, W.; Karthikraj, R.; Weck, J.; Kannan, K. Endocrine disrupting
chemicals in seminal plasma and couple fecundity. Environ. Res. 2018, 163, 64-70. [CrossRef]

Rhouma, K.B.; Tébourbi, O.; Krichah, R.; Sakly, M. Reproductive toxicity of DDT in adult male rats. Hum. Exp. Toxicol. 2001, 20,
393-397. [CrossRef]

Anand, M.; Taneja, A. Organochlorine pesticides residue in placenta and their influence on anthropometric measures of infants.
Environ. Res. 2020, 182, 109106. [CrossRef]

Yin, S.; Zhang, J.; Guo, F; Poma, G.; Covaci, A.; Liu, W. Transplacental transfer mechanism of organochlorine pesticides: An
in vitro transcellular transport study. Environ. Int. 2020, 135, 105402. [CrossRef]

Vizcaino, E.; Grimalt, J.; Somoano, A.F.,; Tardon, A. Transport of persistent organic pollutants across the human placenta. Environ.
Int. 2014, 65, 107-115. [CrossRef]

Zhu, Z.; Cao, F; Li, X. Epigenetic programming and fetal metabolic programming. Front. Endocrinol. 2019, 10, 764. [CrossRef]
El-Saeid, M.H.; Hassanin, A.S.; Bazeyad, A.Y. Levels of pesticide residues in breast milk and the associated risk assessment. Saudi
J. Biol. Sci. 2021, 28, 3741-3744. [CrossRef]

Witczak, A.; Pohorylo, A.; Abdel-Gawad, H. Endocrine-disrupting organochlorine pesticides in human breast milk: Changes
during lactation. Nutrients 2021, 13, 229. [CrossRef]

Zhang, X.; Cheng, C.; Zhang, G.; Xiao, M,; Li, L.; Wu, S.; Lu, X. Co-exposure to BPA and DEHP enhances susceptibility of
mammary tumors via up-regulating Esrl/HDAC6 pathway in female rats. Ecotoxicol. Environ. Saf. 2021, 221, 112453. [CrossRef]
[PubMed]

Fang, G.-Z.; Huang, G.-Y,; Ying, G.-G.; Qiu, 5.-Q.; Shi, W.-]; Xie, L.; Yang, Y.-Y.; Ma, D.-D. Endocrine disrupting effects of binary
mixtures of 173-estradiol and testosterone in adult female western mosquitofish (Gambusia affinis). Ecotoxicol. Environ. Saf. 2021,
208, 111566. [CrossRef] [PubMed]

Yaglova, N.; Tsomartova, D.; Yaglov, V. Effect of prenatal and postnatal exposure to low doses of DDT on catecholamine secretion
in rats in different period of ontogeny. Bull. Exp. Biol. Med. 2017, 163, 422—424. [CrossRef] [PubMed]

Dronjak, S.; Gavrilovic, L. Effects of stress on catecholamine stores in central and peripheral tissues of long-term socially isolated
rats. Braz. |. Med. Biol. Res. 2006, 39, 785-790. [CrossRef]


http://doi.org/10.1186/s12944-020-01417-1
http://www.ncbi.nlm.nih.gov/pubmed/33287856
http://doi.org/10.1016/j.heliyon.2021.e07470
http://doi.org/10.1080/19440049.2021.1934574
http://doi.org/10.1210/endo-62-3-334
http://doi.org/10.1016/0041-008X(74)90168-9
http://doi.org/10.1038/376545c0
http://doi.org/10.1007/BF01685295
http://doi.org/10.1016/j.taap.2009.10.018
http://doi.org/10.1007/BF00315440
http://www.ncbi.nlm.nih.gov/pubmed/1748144
http://doi.org/10.1590/S0100-879X2000001000008
http://www.ncbi.nlm.nih.gov/pubmed/11004719
http://doi.org/10.1007/s00204-008-0342-6
http://www.ncbi.nlm.nih.gov/pubmed/18651133
http://doi.org/10.1210/jc.87.3.1319
http://doi.org/10.1002/ana.20904
http://www.ncbi.nlm.nih.gov/pubmed/16802290
http://doi.org/10.1016/j.neuro.2008.04.010
http://doi.org/10.3181/00379727-74-17805
http://doi.org/10.1016/j.envres.2018.01.028
http://doi.org/10.1191/096032701682692946
http://doi.org/10.1016/j.envres.2019.109106
http://doi.org/10.1016/j.envint.2019.105402
http://doi.org/10.1016/j.envint.2014.01.004
http://doi.org/10.3389/fendo.2019.00764
http://doi.org/10.1016/j.sjbs.2021.04.062
http://doi.org/10.3390/nu13010229
http://doi.org/10.1016/j.ecoenv.2021.112453
http://www.ncbi.nlm.nih.gov/pubmed/34186418
http://doi.org/10.1016/j.ecoenv.2020.111566
http://www.ncbi.nlm.nih.gov/pubmed/33396095
http://doi.org/10.1007/s10517-017-3819-6
http://www.ncbi.nlm.nih.gov/pubmed/28853094
http://doi.org/10.1590/S0100-879X2006000600011

Toxics 2021, 9, 243 12 of 13

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.
85.
86.
87.

88.
89.

90.

91.

Timokhina, E.; Nazimova, S.; Tsomartova, D.; Yaglova, N.; Obernikhin, S.; Yaglov, V. Morphological and cytophysiological
changes in the adult rat adrenal medulla after prenatal and postnatal exposure to endocrine-disrupting DDT. Sovrem. Teh. Med.
2020, 12, 50. [CrossRef]

Yaglova, N.V.; Obernikhin, S.S.; Yaglov, V.V.; Tsomartova, D.A.; Nazimova, S.V.; Timokhina, E.P. Ultrastructural mechanisms of
impaired aldosterone synthesis in rats exposed to DDT during prenatal and postnatal development. Bull. Exp. Biol. Med. 2020,
170, 101-105. [CrossRef]

Yaglova, N.; Tsomartova, D.; Yaglov, V. Differences in production of adrenal steroid hormones in pubertal rats exposed to low
doses of the endocrine disruptor DDT during prenatal and postnatal development. Biochem. Suppl. Ser. B Biomed. Chem. 2018, 12,
80-86. [CrossRef]

Brock, B.J.; Waterman, M.R. Biochemical differences between rat and human cytochrome P450c17 support the different steroido-
genic needs of these two species. Biochemistry 1999, 38, 1598-1606. [CrossRef]

Bruder, E.D.; Nagler, A K.; Raff, H. Oxygen-dependence of ACTH-stimulated aldosterone and corticosterone synthesis in the rat
adrenal cortex: Developmental aspects. J. Endocrinol. 2002, 172, 595-604. [CrossRef] [PubMed]

Tezuka, Y.; Ishii, K.; Zhao, L.; Yamazaki, Y.; Morimoto, R.; Sasano, H.; Udager, A.M.; Satoh, E.; Turcu, A.F. ACTH stimulation
maximizes the accuracy of peripheral steroid profiling in primary aldosteronism subtyping. J. Clin. Endocrinol. Metab. 2021, 420.
[CrossRef]

Engels, M.; Pijnenburg-Kleizen, K.J.; Utari, A.; Faradz, S.M.H.; Oude-Alink, S.; Van Herwaarden, A.; Span, PN.; Sweep, F.C.;
Van Der Grinten, H.L.C. Glucocorticoid activity of adrenal steroid precursors in untreated patients with congenital adrenal
hyperplasia. J. Clin. Endocrinol. Metab. 2019, 104, 5065-5072. [CrossRef] [PubMed]

Yaglova, N.; Tsomartova, D.; Obernikhin, S.; Yaglov, V.; Nazimova, S.; Tsomartova, E.; Chereshneva, E.; Ivanova, M.; Lo-
manovskaya, T. Differential disrupting effects of prolonged low-dose exposure to dichlorodiphenyltrichloroethane on androgen
and estrogen production in males. Int. J. Mol. Sci. 2021, 22, 3155. [CrossRef] [PubMed]

Garcia-Sancho, J.; De Diego, A.M.G.; Garcia, A.G. Mitochondria and chromaffin cell function. Pflugers Arch. 2012, 464, 33—41.
[CrossRef]

Villanueva, J.; Viniegra, S.; Gimenez-Molina, Y.; Garcia-Martinez, V.; Exposito-Romero, G.; del Mar Frances, M.; Garcia-Sancho, J.;
Gutiérrez, L.M. The position of mitochondria and ER in relation to that of the secretory sites in chromaffin cells. J. Cell Sci. 2014,
127, 5105-5114. [CrossRef] [PubMed]

Yaglova, N.; Tsomartova, D.; Yaglov, V.; Obernikhin, S.; Nazimova, S. Altered secretion of adrenomedullary a-cells in rats after
developmental exposure to low-dose dichlorodiphenyltrichloroethane. Clin. Exp. Morphol. 2018, 27, 30-34. [CrossRef]

Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145-1159. [CrossRef] [PubMed]
Pignatelli, D.; Pinto, P.; Magalhaes, M. The development of the adrenal gland zona glomerulosa in the rat. A morphological,
immunohistochemical and biochemical study. Mol. Cell. Endocrinol. 1998, 140, 163-168. [CrossRef]

Yaglova, N.; Obernikhin, S.; Yaglov, V.; Timokhina, E.; Nazimova, S.; Tsomartova, D. Age-dependent changes of mitochondrial
structure regulate steroidogenic activity of rat adrenal cortical cells. Clin. Exp. Morphol. 2020, 9, 64-70. [CrossRef]

Yaglova, N.V.; Obernikhin, S.S.; Yaglov, V.V,; Nazimova, S.V.; Timokhina, E.P. Cellular mechanisms of impaired mineralocorticoid
and glucocorticoid production by endocrine disruptor DDT. J. Belarusian State Univ. Biol. 2021, 1, 12-19. [CrossRef]

Yaglova, N.V,; Tsomartova, D.; Obernikhin, S.; Nazimova, S.; Yaglov, V. Changes in secretory activity of adrenal zona fasciculata
cells in pubertal rats exposed to low doses of DDT in different periods of ontogeny. Bull. Exp. Biol. Med. 2018, 166, 283-286.
[CrossRef]

Tsomartova, D.A.; Yaglova, N.V.; Yaglov, V.V.; Obernikhin, S.S.; Nazimova, S.V.; Sledneva, Y.P. Morphological changes of the
reticular zone of the cortex of adrenal glands and of the secretory activity of its corticosterocytes in the pubertal period in
rats developing at the influence of the endocrinal disruptor dichlorodiphenyltrichloroethane. Morphol. Newsl. 2018, 26, 22-25.
[CrossRef]

Timokhina, E.P; Yaglov, V.V.; Obernikhin, S.S.; Yaglova, N.V,; Nazimova, S.V.; Tsomartova, D.A. Role of reorganization of
mitochondria structure in age-dependent changes of adrenal cortex function. ]. Belarusian State Univ. Biol. 2020, 3, 13-18.
[CrossRef]

Val, P; Swain, A. Gene dosage effects and transcriptional regulation of early mammalian adrenal cortex development. Mol. Cell.
Endocrinol. 2010, 323, 105-114. [CrossRef] [PubMed]

Katoh, M.; Katoh, M. Wnt signaling pathway and stem cell signaling network. Clin. Cancer Res. 2007, 13, 4042-4045. [CrossRef]
Roop, D.; Toftgard, R. Hedgehog in Wnterland. Nat. Genet. 2008, 40, 1040-1041. [CrossRef]

Alvarez-Medina, R.; Cayuso, J.; Okubo, T.; Takada, S.; Marti, E. Wnt canonical pathway restricts graded Shh/Gli patterning
activity through the regulation of Gli3 expression. Development 2008, 135, 237-247. [CrossRef]

Ramakrishnan, A.-B.; Cadigan, K.M. Wnt target genes and where to find them. F1000Research 2017, 6, 746. [CrossRef] [PubMed]
Voloshanenko, O.; Schwartz, U.; Kranz, D.; Rauscher, B.; Linnebacher, M.; Augustin, I.; Boutros, M. 3-catenin-independent
regulation of Wnt target genes by RoR2 and ATF2/ATF4 in colon cancer cells. Sci. Rep. 2018, 8, 1-14. [CrossRef] [PubMed]
Baum, B.; Georgiou, M. Dynamics of adherens junctions in epithelial establishment, maintenance, and remodeling. J. Cell Biol.
2011, 192, 907-917. [CrossRef] [PubMed]

Brembeck, F.H.; Schwarz-Romond, T.; Bakkers, J.; Wilhelm, S.; Hammerschmidt, M.; Birchmeier, W. Essential role of BCL9-2 in
the switch between beta-catenin’s adhesive and transcriptional functions. Genes Dev. 2004, 18, 2225-2230. [CrossRef]


http://doi.org/10.17691/stm2020.12.2.06
http://doi.org/10.1007/s10517-020-05013-2
http://doi.org/10.1134/S1990750818010122
http://doi.org/10.1021/bi9821059
http://doi.org/10.1677/joe.0.1720595
http://www.ncbi.nlm.nih.gov/pubmed/11874708
http://doi.org/10.1210/clinem/dgab420
http://doi.org/10.1210/jc.2019-00547
http://www.ncbi.nlm.nih.gov/pubmed/31090904
http://doi.org/10.3390/ijms22063155
http://www.ncbi.nlm.nih.gov/pubmed/33808818
http://doi.org/10.1007/s00424-012-1074-2
http://doi.org/10.1242/jcs.160242
http://www.ncbi.nlm.nih.gov/pubmed/25300794
http://doi.org/10.31088/2226-5988-2018-27-3-30-34
http://doi.org/10.1016/j.cell.2012.02.035
http://www.ncbi.nlm.nih.gov/pubmed/22424226
http://doi.org/10.1016/S0303-7207(98)00045-8
http://doi.org/10.31088/CEM2020.9.1.64-70
http://doi.org/10.33581/2521-1722-2021-1-12-19
http://doi.org/10.1007/s10517-018-4333-1
http://doi.org/10.20340/mv-mn.18(26).02.22-25
http://doi.org/10.33581/2521-1722-2020-3-13-18
http://doi.org/10.1016/j.mce.2009.12.010
http://www.ncbi.nlm.nih.gov/pubmed/20025938
http://doi.org/10.1158/1078-0432.CCR-06-2316
http://doi.org/10.1038/ng0908-1040
http://doi.org/10.1242/dev.012054
http://doi.org/10.12688/f1000research.11034.1
http://www.ncbi.nlm.nih.gov/pubmed/28649368
http://doi.org/10.1038/s41598-018-20641-5
http://www.ncbi.nlm.nih.gov/pubmed/29453334
http://doi.org/10.1083/jcb.201009141
http://www.ncbi.nlm.nih.gov/pubmed/21422226
http://doi.org/10.1101/gad.317604

Toxics 2021, 9, 243 13 of 13

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Brembeck, F.H.; Rosario, M.; Birchmeier, W. Balancing cell adhesion and Wnt signaling, the key role of beta-catenin. Curr. Opin.
Genet. Dev. 2006, 16, 51-59. [CrossRef] [PubMed]

Gumbiner, B.; Stevenson, B.; Grimaldi, A. The role of the cell adhesion molecule uvomorulin in the formation and maintenance of
the epithelial junctional complex. J. Cell Biol. 1988, 107, 1575-1587. [CrossRef]

Yaglova, N.V.; Tsomartova, D.A.; Obernikhin, S.S.; Nazimova, S.V.; Ivanova, M.Y.; Chereshneva, E.V.; Yaglov, V.V.; Lomanovskaya,
T.A. Transcription factors 3-catenin and Hex in postnatal development of the rat adrenal cortex: Implication in proliferation
control. Heliyon 2021, 7, e05932. [CrossRef]

Berthon, A.; Sahut-Barnola, I.; Lambert-Lang]lais, S.; De Joussineau, C.; Damon-Soubeyrand, C.; Louiset, E.; Taketo, M.M.; Tissier,
F.; Bertherat, J.; Lefrancois-Martinez, A.-M.; et al. Constitutive beta-catenin activation induces adrenal hyperplasia and promotes
adrenal cancer development. Hum. Mol. Genet. 2010, 19, 1561-1576. [CrossRef] [PubMed]

Berthon, A.; Drelon, C.; Ragazzon, B.; Boulkroun, S.; Tissier, F.; Amar, L.; Samson-Couterie, B.; Zennaro, M.-C.; Plouin, P--F.; Skah,
S.; et al. Wnt/3-catenin signalling is activated in aldosterone-producing adenomas and controls aldosterone production. Hum.
Mol. Genet. 2014, 23, 889-905. [CrossRef] [PubMed]

Walczak, EM.; Kuick, R.; Finco, I.; Bohin, N.; Hrycaj, S.M.; Wellik, D.M.; Hammer, G.D. Wnt signaling inhibits adrenal
steroidogenesis by cell-autonomous and non-cell-autonomous mechanisms. Mol. Endocrinol. 2014, 28, 1471-1486. [CrossRef]
[PubMed]

Yaglova, N.; Obernikhin, S.; Nazimova, S.; Yaglov, V. Developmental exposure to endocrine disruptor dichlorodiphenyl-
trichloroethane alters transcriptional regulation of postnatal morphogenesis of adrenal zona fasciculata. Saudi J. Biol. Sci. 2020, 27,
3655-3659. [CrossRef]

Yaglova, N.V,; Obernikhin, S.S.; Nazimova, S.V.; Yaglov, V.V.; Kosmachevskaya, O.V.; Topunov, A.F. Changes in transcriptional reg-
ulation of postnatal morphogenesis of the adrenal zona fasciculata caused by endocrine disruptor dichlorodiphenyltrichloroethane.
Bull. Exp. Biol. Med. 2020, 168, 797-801. [CrossRef]

Tsomartova, D.; Yaglova, N.; Yaglov, V. Changes in canonical 3-catenin/Wnt signaling activation in the adrenal cortex of rats
exposed to endocrine disruptor dichlorodiphenyltrichloroethane (DDT) during prenatal and postnatal ontogeny. Bull. Exp. Biol.
Med. 2018, 164, 493-496. [CrossRef]

Yaglova, N.V.; Tsomartova, D.A.; Obernikhin, S.; Nazimova, S.V. The role of the canonical Wnt-signaling pathway in morphogen-
esis and regeneration of the adrenal cortex in rats exposed to the endocrine disruptor dichlorodiphenyltrichloroethane during
prenatal and postnatal development. Biol. Bull. 2019, 46, 74-81. [CrossRef]

Tsomartova, D.A.; Yaglova, N.V.; Obernikhin, S.S.; Nazimova, S.V.; Yaglov, V.V. Secretion of adrenal zona glomerulosa cells in rats
exposed to low doses of dichlorodiphenyltrichloroethane during prenatal and postnatal development. Russ. Open Med. |. 2018, 7,
€0302. [CrossRef]

Yaglova, N.V.; Obernikhin, S.S.; Yaglov, V.V.; Nazimova, S5.V.; Timokhina, E.P,; Tsomartova, D.A. Low-dose exposure to endocrine
disruptor dichlorodiphenyltrichloroethane (DDT) affects transcriptional regulation of adrenal zona reticularis in male rats. Bull.
Exp. Biol. Med. 2021, 170, 682-685. [CrossRef]

Yaglova, N.; Obernikhin, S.; Tsomartova, D.; Nazimova, S.; Yaglov, V.; Tsomartova, E.; Chereshneva, E.; Ivanova, M.; Lo-
manovskaya, T. Impaired morphogenesis and function of rat adrenal zona glomerulosa by developmental low-dose exposure to
DDT is associated with altered Oct4 expression. Int. . Mol. Sci. 2021, 22, 6324. [CrossRef]

Jonsson, J.; Rodriguez-Martinez, H.; Brandt, I. Transplacental toxicity of 3-methylsulphonyl-DDE in the developing adrenal
cortex in mice. Reprod. Toxicol. 1995, 9, 257-264. [CrossRef]

Villa, R.; Orlandi, L.; Berruti, A.; Dogliotti, L.; Zaffaroni, N. Modulation of cytotoxic drug activity by mitotane and lonidamine in
human adrenocortical carcinoma cells. Int. . Oncol. 1999, 14, 133-138. [CrossRef] [PubMed]


http://doi.org/10.1016/j.gde.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16377174
http://doi.org/10.1083/jcb.107.4.1575
http://doi.org/10.1016/j.heliyon.2021.e05932
http://doi.org/10.1093/hmg/ddq029
http://www.ncbi.nlm.nih.gov/pubmed/20106872
http://doi.org/10.1093/hmg/ddt484
http://www.ncbi.nlm.nih.gov/pubmed/24087794
http://doi.org/10.1210/me.2014-1060
http://www.ncbi.nlm.nih.gov/pubmed/25029241
http://doi.org/10.1016/j.sjbs.2020.08.009
http://doi.org/10.1007/s10517-020-04805-w
http://doi.org/10.1007/s10517-018-4019-8
http://doi.org/10.1134/S1062359018060122
http://doi.org/10.15275/rusomj.2018.0302
http://doi.org/10.1007/s10517-021-05132-4
http://doi.org/10.3390/ijms22126324
http://doi.org/10.1016/0890-6238(95)00013-Z
http://doi.org/10.3892/ijo.14.1.133
http://www.ncbi.nlm.nih.gov/pubmed/9863019

	Endocrine Disruptors 
	Dichlorodiphenyltrichloroethane (DDT) 
	History of Investigations on Affection of the Adrenal Glands by Subtoxic and Toxic Doses of DDT 
	Studies on the Effects of Low Doses of DDT on the Adrenal Glands 
	Disorders of Adrenal Gland Secretion Induced by Low Doses of DDT 
	Disruption of Adrenal Medulla Hormone Secretion by Low-Dose Exposure to DDT 
	Disruption of Adrenal Cortex Hormone Secretion by Low-Dose Exposure to DDT 

	Changes in the Fine Structure of Adrenal Cells after Low-Dose Exposure to DDT 
	Ultrastructural Changes of Chromaffin Cells 
	Ultrastructural Changes of Zona Glomerulosa Cells 
	Ultrastructural Changes of Zona Fasciculata Cells 
	Ultrastructural Changes of Zona Reticularis Cells 


	Dysmorphogenetic Disorders in the Adrenal Glands Induced by Low-Dose Exposure to DDT 
	Comparison of the Effects of Exposure to Toxic and Disruptive Doses of DDT 
	Conclusions 
	References

