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Abstract: This study aimed to evaluate the knowledge of the interdependence and mutual influence
among components of the morphofunctional basic capability profile of follicular cells. In a 1-month
experiment, 4 groups of male albino rats were involved: Group 1 (control)—in conditions of a standard
vivarium diet; Group 2—in conditions of an iodine deficiency; Group 3—in conditions of a potentiated
iodine deficiency; and Group 4—in conditions of hyperthyroidism. The shape of the cells, the contour
and condition of their lateral membranes, the shape of the nuclei, the contour of the karyolemmata, and
the condition of the central and marginal chromatin were analyzed using electron micrographs. The
author’s methods were applied. Additionally, a Pearson correlation analysis and the process of creating
graphic correlation portraits were employed. The main significance of the normal functioning of
follicular cells is played by associations of unaltered lateral membranes, oval nuclei, and fine-grained
central and narrow, unfragmented, highly dense marginal chromatin with other components of the profile.
The following associations support the functioning of follicular cells under unfavorable conditions: (1)
in the case of iodine deficiency—cuboidal and prismatic cells, fine-grained and sparse central chromatin,
and narrow and wide marginal chromatin with other components of the profile; (2) in potentiated iodine
deficiency—highly wavy karyolemmata, fine-grained and sparse central chromatin, and narrow marginal
chromatin with other components of the profile; and (3) in hyperthyroidism—cylindrical nuclei and
dense central chromatin with other components of the profile. An analysis of the correlation portraits of
the morphofunctional basic capability deepens our understanding of the characteristics of
interrelationships and interdependencies between follicular cell components under euthyroidism,
hypothyroidism, and hyperthyroidism. When thyroid homeostasis is disturbed, the functioning of
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follicular cells occurs, taking changes in the primary functional balance, the formation of compensatory
and adaptive mechanisms, and the attainment of a new state of functional balance into account.

Keywords: thyroid; follicular cell; cytophysiology; euthyroidism; hypothyroidism; hyperthyroidism;
correlation analysis; correlation portrait

1. Introduction

Thyroid hormones play a crucial role in maintaining the body’s physiological balance [1,2].
Hypothyroidism, most commonly caused by iodine deficiency, is the most widespread thyroid
disorder [3]. It leads to both physical and cognitive impairments, as manifested through a wide range
of clinical symptoms [4]. Another prevalent thyroid pathology is hyperthyroidism, in which an
increased functional activity of the thyroid gland induces dysfunction in other endocrine organs [5,6]
and leads to the associated pathology [7]. The significant prevalence of thyroid disorders [§—10] and
the steady increase in their various nosological forms [11,12] are largely determined by the unique
embryological, histological, and anatomical characteristics of the thyroid gland, as well as its high
sensitivity to external factors [13—15]. Given the vital importance of the thyroid gland for overall
homeostasis [16,17], studying the specific mechanisms of thyroid pathology [18] represents a major
global medical and social challenge [19], the resolution of which—especially in the post-COVID
era—requires a multidisciplinary approach [20-23]. This challenge can be addressed by
re-examining the problem through in-depth research into the functioning of follicular cells [24]. The
production of thyroid hormones is a complex, multilevel process that simultaneously involves
hormone synthesis, secretion, capillary transport, and the energy supply necessary to sustain these
activities [25]. Thus, investigating thyroid hormone production transcends the boundaries of any
single medical discipline; consequently, mathematical modeling is a promising approach, as it allows
researchers to reveal the interdependence of different phenomena and physiological states [26,27].
According to the general systems theory [28], the main goal in diagnosing the state of any system is
to identify the relationships among its individual features, their combinations, and their connection
to the overall system state. We regard the follicular cell as a complex, non-entropic system whose
subsystems, or domains, can be viewed as profiles of capabilities. The proposed mathematical
approach involves characterizing the cellular components within these domains under conditions of
euthyroidism, hypothyroidism, and hyperthyroidism [29]. This approach can be applied in the
development of diagnostic expert systems [30] to identify the causes of hormone production
disorders and to formulate recommendations for their correction. Currently, there is a pressing need
to explore integrative approaches to understand the functioning of follicular cells. One promising
method for this research is analyzing their morphofunctional basic capability profile. The aim of the
article was achieved.
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2. Materials and methods
2.1. Study design and methods

Forty nonlinear male albino rats, with an initial body weight of 140—160 g, were housed under
standard vivarium conditions for 30 days in the summer. They received their food mixture once a day
in the morning; access to distilled water was freely available. All nutrients were supplied in the
amounts recommended for animals of this species and weight.

Rats in Group 1 (control) were fed standard chow. Rats in groups 2, 3, and 4 consumed a
semi-synthetic, isocaloric starch-casein diet (see Table 1). The protein source was acid casein (Lactalis,
Ukraine), and carbohydrates were provided by corn starch (Intercorn CPI, Ukraine). Fats, phytosterols,
polyunsaturated fatty acids, and a-tocopheryl acetate were supplied via organic cold-pressed unrefined
sunflower oil (Ecorod, Ukraine) at a dose of 5.0 ml per 100 g of dry feed. Water-soluble vitamins were
dissolved in distilled water and added to the diet immediately before preparation. Essential macro- and
microelements were supplied with the classic salt mixture No. 12 by J.H. Jones & C. Foster [31], from
which potassium iodide was removed.

Table 1. Composition of the semi-synthetic isocaloric starch-casein diet.

Ingredients Weigh (g) Proteins (g) Fats (g) Carbohydrates (g)
Casein 20.3 17.9 0.3 null

Corn starch 64.2 0.64 null 55.36

Sunflower oil 11.5 null 11.48 null

Salt mixture 12° 4.0 null null null

Total 100.0 18.54 11.78 55.36

Note: * Under the conditions of the experiment, potassium iodide was removed.

Table 2. Experimental study organization.

Group Condition Background iodine content Substance to change the
condition, dose

1 euthyroidism did not determine absent

N=10

2 iodine deficiency 13-15 pg/kg body weight (equivalent absent

N=10 to 1.6—1.8 pg/rat/day)

3 potentiated iodine 13-15 pg/kg body weight (equivalent Thiamazole, 3 mg/kg body

N=10  deficiency to 1.6—1.8 pg/rat/day) weight

4 hyperthyroidism 13-15 pg/kg body weight (equivalent Thyroidin, 15 mg/100 g body

N=10 to 1.6—1.8 pg/rat/day) weight

Rats in Group 2 were in hypothyroid conditions. The drug Mercazolil, Pharm Comp “Zdorovye”
Ukraine (INN: Thiamazole), at a dose of 3 mg/kg body weight, was added to the iodine-deficient diet
to induce a potentiated iodine deficiency (Group 3). Since the current approach to modeling biomedical
experiments involves the use of natural substances [32], desiccated thyroid extract was used as a dietary
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supplement to induce hyperthyroidism. Thyroidin substance, Uralbiopharm JSC, Russia (INN:
Thyroidin) [33], was administered at a dose of 15 mg/100 g body weight (Group 4). Histomorphological
studies determined the doses. The organization of the study is presented in Table 2.

After the experimental phase, the rats were decapitated under ether anesthesia, and their thyroid
glands removed and carefully separated from the connective tissue. The samples were prepared by the
routine method; an LKB 8800 ultramicrotome (Sweden) and a Selmi TEM-100-01 electron
microscope (Ukraine) were used.

The study focused on electron micrographs of ultrathin (4—6 um) sections of the thyroid gland.
The morphological pattern of experimental thyroid tissue was described based on the classical works
of Petrovici & Lupulescu [34,35] and others. The obtained results served as the basis for the author’s
method [36]. This method involves clustering ultrastructural components within a selected domain of
cellular function. The following integrative characteristics were selected as key components of the
basic morphofunctional profile of follicular cells: cell shape, contour of lateral membranes, presence
or absence of degenerative alterations of cell membranes, nuclear shape, contour of the nuclear
membrane, and chromatin condition. The ranked components of the profile of the morphofunctional
basic capability of follicular cells are presented in Table 3.

Table 3. The morphofunctional basic capability profile of the follicular cell.

Cluster Component of profile Morphological status Symbol
Cell shape cell flattened Al
cuboidal A2
prismatical A3
Lateral membrane moderately wavy A4
highly wavy AS
unaltered A6
degeneratively altered A7
Nucleus shape nucleus rounded Cl
oval C2
cylindrical C3
irregular C4
Karyolemma moderately wavy C5
highly wavy Cé6
Central chromatin homogeneous C7
fine-grained C8
lumpy C9
sparse C10
dense Cl11
spotted (unevenly dense) C12
Marginal chromatin narrow, fragmented, highly dense C13
narrow, unfragmented, highly dense Cl4
wide, highly dense C15

AIMS Medical Science Volume 13, Issue 1, 67-88.



71

To describe the variety of chromatin visual types, we grouped them into two categories: (1)
general appearance—homogeneous, fine-grained, or lumpy; and (2) structural characteristics—sparse,
dense, highly dense, or spotted.

To mathematically validate the conclusions of the study, the linguistic descriptions were
converted into numerical equivalents using another author’s method [37]. The method is based on
the concept of fuzzy logic about the possibility of such a transformation [38]. The electron
microscopic pattern is compared with two controls: the norm and uncorrected experimental
pathology. According to the principle of phase interval, the electron microscopic pattern is compared
with two controls: the norm and the uncorrected experimental pathology. Then, it is evaluated on a
5-point scale (0 to 4 points) [36].

2.2. Statistical analysis

A bivariate correlation analysis was performed to identify statistically significant associations
between the follicular cell components. Typically, a multivariate analysis requires large sample sizes,
strict assumptions about variable distributions, and a clearly specified model. Cluster analysis methods
aim to group observations into homogeneous categories based on their similarity. A correlation analysis
was selected as the most appropriate method because it offers a simple and interpretable way to identify
and quantify relationships among follicular cell components, thus enabling the reliable and transparent
determination of statistically significant pairwise correlations. The process of studying the relationship
between follicular cell components involved transforming qualitative and binary data (linguistic
characteristics of follicular cells) into quantitative parameters by evaluating the arithmetic mean (M) and
Pearson’s correlation coefficients (7). A statistical analysis was performed using IBM SPSS Statistics,
version 31 (IBM, Chicago, IL), and Microsoft Excel. The obtained r-coefficients were interpreted
according to the Chaddock scale [39]. We deemed the correlations to be the most significant when they
were very strong (0.91<r <1.00) and strong (0.71 <r < 0.90). Additionally, we took marked correlations
(0.51 <£r<0.70) and moderate correlations (0.31 <r < 0.50) into account for additional analyses.

The observed correlations were graphically represented as correlation portraits [37]. The to
interpret correlation portraits was the knowledge of classical cytophysiology regarding the functions
of cellular ultrastructures and their electron-microscopic characteristics [40—42].

2.3. Ethics approval of research

The Bioethics Committee of the Private Higher Educational Institution “Lviv Medical University”
approved the experimental design. During observation and euthanasia, bioethical principles were
observed in accordance with the European Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes (Strasbourg, 1986), and Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010.

3. Results and discussion

The results of the pairwise Pearson correlation analysis between the components of the
morphofunctional basic capability profile of follicular cells are presented in Figures 1, 2, 3, and 4.
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We refer to the “actual” components of the correlation portrait as the components of the
implementing cells of the studied domain, between which associations were identified.

3.1. A descriptive analysis of electron micrographs of follicular cells in intact nonlinear male albino
rats (Group 1)

Follicular cells are cuboidal. Their lateral membranes are uneven, with protrusions and
depressions. The nuclei are usually rounded and located in the basal part of the cells, though they are
sometimes oval. The contours of the karyolemmata are uneven due to the presence of protrusions of
various sizes and shapes. Central chromatin is fine-grained and homogeneous. Marginal chromatin is
narrow, unfragmented, and highly dense.

AIMS Medical Science Volume 13, Issue 1, 67-88.
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mm Very strong association

mm Marked association

mm Strong association
= Moderate association

Figure 1. List of r-coefficients representing interrelationships between components of the morphofunctional basic
follicular cells under normal dietary iodine intake. Note: See the meaning of the symbols in Table 3.

AIMS Medical Science

A | A2 | A3 A4 A5 A6 A7 c1 c2 c3 | ca | cs Cc6 c7 cs8 c9 | c10 | c11 | c12 | c13 | c1a | cr5
A1

A -0.408 -0.408 0.408
A3

A4 0.645 0.000

AS -0.612 0791 0.250 0.408 0.250 m
i -0.408 0.791 | 0.250 0.250 -0.250

w -
<1 0.667 0645 | -0.408 | -0.612 _0.408 -

c2 0.612 0791 | 1.000 | 0.250 -0.408 0.250 0.250
c3 0.000

c4

c5 -0.667 0.645 | 0408 | 0.612 1.000 | 0.408 _0.408 -

c6 0.873 0.845 | 0535 | -0.802 0.764 | 0535 0.764 0434

cr 0.612 0791 | -1.000 | -0.250 0.408 | -1.000 0.408 | 0535 -0.250 -0.250 -0.250
cg -0.408 0791 | 0250 | 1.000 0612 | 0.250 0.612 | -0.802 | -0.250 -0.250

c9

c10

i -0.408 0.000 | 0250 | -0.250 20612 | 0.250 0612 | 0134 | 0250 | -0.250 -0.250
c12

c13

Bh -0.408 0791 | 0250 | 1.000 0612 | 0.250 0.612 | 0.802 | 0250 | 1.000 -0.250

c15

capability profile of
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Figure 2. List of r-coefficients representing interrelationships between components of the morphofunctional basic capability profile of

mm Very strong association

mm Marked association

mm Strong association

mm Moderate association

follicular cells under iodine deficiency. Note: See the meaning of the symbols in Table 3.

AIMS Medical Science

A1 A2 A3 A4 A5 A6 A7 c1 c2 c3 ca c5 c6 c7 cs c9 c10 c11 | €12 c13 c14 c15
A1
A2 0.423 | 0.134 0.327 | -0.218 -0.218 | 0.000 | 0.429
A3 0.845 0.500 | 0.000 0.000 | 0.000 0.000 | 0.500 | 0.423
A4 0.873 0.645 0.000 | 0.408 0.167 | 0.167 0.167 | 0.000
A5
A6 0.535 0.791 0.612 0.000 | 0.250 -0.250 | -0.250 -0.408
A7 0.873 0.645 1.000 0.612 0.000 | 0.408 0.167 | 0.167 0.167 | 0.000
c1 0.423 0.500 0.000 0.000 0.000 0.000 | 0.000 0.000 | -0.423 ( 0.000 0.000
c2 0.134 0.000 0.408 0.250 0.408 | -0.791 0.250 | 0.250 0.408 0.408 | 0.000 0.408 10.408
c3
c4 0.535 0.000 0.612 0.250 | 0.612 | 0.000 | 0.250 -0.408 -0.408 0.134
c5 0.535 0.000 0.612 0.250 | 0.612 | 0.000 | 0.250 1.000 -0.408 -0.408 0.134
c6
c7 0.327 0.000 0.167 0.408 | 0.167 | 0.645 | -0.612 0.612 | 0.612 -0.327 | 0.167 0.167
c8 0.218 | 0.000 0.167 0.612 0.167 | -0.645 | 0.408 -0.408 | -0.408 -0.667 0.167 0.167
c9
c10 0.218 | 0.000 0.167 0.612 0.167 | -0.645 | 0.408 -0.408 | -0.408 -0.667 | 1.000 0.167 0.167
c1 0.000 0.500 0.000 0.791 0.000 | 0.000 | 0.000 0.791 | -0.791 -0.645 | 0.645 0.645 0.423 | 0.000 0.000
c12 0.429 0.423 0.764 0.802 0.764 | -0.423 | 0.535 0.134 | 0.134 -0.327 | 0.764 0764 | 0.423 |
c13 0.873 0.645 1.000 0.612 1.000 | 0.000 | 0.408 0.612 | 0.612 0.167 | 0.167 0.167 | 0.000 | 0.764
c14
c15 0.873 0.645 1.000 0.612 1.000 | 0.000 | 0.408 0.612 | 0.612 0.167 | 0.167 0.167 | 0.000 | 0.764 | 1.000
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Figure 3. List of r-coefficients representing interrelationships between components of the morphofunctional basic capability profile of
follicular cells under potentiated iodine deficiency. Note: See the meaning of the symbols in Table 3.

AIMS Medical Science

mm Very strong association

mm Marked association

mm Strong association

mu Moderate association

A1 A2 A3 A4 A5 A6 A7 Cc1 Cc2 C3 C4 C5 C6 c7 ce c9 Cc10 c1 C12 C13 C14 C15
A1
A2
A3 -0.250 -0.250 0.000 | 0.250 | -0.375 0.250
A4
A5 -1.000 0.250 0.250 0.000 | -0.250 | 0.375 -0.250
A6
A7 1.000 -1.000 -0.250 -0.250 0.000 | 0.250 | -0.375 0.250
C1 0.612 -0.612 0.612 -0.408 0.000 -0.408 0.408 | -0.102 0.408 ( -0.218
Cc2
Cc3
C4
C5
Cc6 -0.250 0.250 -0.250 | -0.408 0.000
c7 -0.791 0.791 -0.791 | 0.000 0.000 0.000 -0.500 | 0.000 | 0.395 0.000 | 0.000
cs -0.250 0.250 -0.250 | -0.408 1.000 0.000
c9 0.000 0.000 0.000 | -0.645 0.791 -0.500 0.791 0.395 0.000
Cc10 0.250 -0.250 0.250 | 0.408 -1.000 0.000 -1.000 -0.791
c11 -0.375 0.375 -0.375 | -0.102 0.875 0.395 0.875 0.395 | -0.875
Cc12 -0.535 0.535 -0.535 | -0.873 0.802 0.000 0.802 0.845 | -0.802 | 0.535 0.429
C13 0.250 -0.250 0.250 | 0.408 -1.000 0.000 -1.000 -0.791 | 1.000 | -0.875 -0.802
C14 -0.802 0.802 -0.802 | -0.218 0.535 0.845 0.535 0.000 | -0.535 | 0.802 0.429 | -0.535
C15
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A1 A2 A3 A4 A5 A6 A7 c1 c2 c3 c4 cs c6 c7 cs co c1o | cn c12 | le13 c14 c15
A2
A3
A4
A5 0.250 0.204 | 0.408 -0.408 0.250 | 0.408 0.250 | 0.000 -0.408 | 0.408
A6 0.686 0.294 -0.080 0.080 -0.080 -0.320 0.080 | -0.080
A7 0.612 0.408 | -0.080 -0.167 0.000
c1
c2
c3 0.612 -0.408 | 0.080 | -1.000 0.167
c4
cs5 0.250 0.250 | 0784 | -0.612 0.612 -0.408
cé 0.612 0.408 | -0.080 | 1.000 -1.000 -0.612 -0.167
c7
cs
co 0.612 0.612 | -0.320 | -0.167 0.167 0.408 | -0.167 -0.408 0.167 | -0.167
c10
c11 -0.250 0.250 | 0784 | -0.612 0.612 1.000 | -0.612 -0.408
c12 0.791 0.000 | -0.930 | 0.000 0.000 0.791 | 0.000 0.645 0.791 0.000 0.000
c13
c14 0.612 -0.408 | 0.080 | -1.000 1.000 0.612 | -1.000 0.167 0.612 | 0.000
c15 0.612 0.408 | -0.080 | 1.000 -1.000 20.612 | 1.000 -0.167 0.612 | 0.000 -1.000

B Very strong association

mm Marked association

mm Strong association

@ Moderate association

Figure 4. List of r-coefficients representing interrelationships between components of the morphofunctional basic capability profile of
follicular cells under hyperthyroidism. Note: See the meaning of the symbols in Table 3.

AIMS Medical Science
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3.1.1.  Analysis of the correlation portrait structure of the morphofunctional basic capability profile
of follicular cells in intact nonlinear male albino rats (Group 1)

The “actual” components of the correlation portrait are A2, A4, A5, A6, C1, C2, C5, C6, C7, C8,
and C14 (see Figure 5), between which the following correlations are observed: very strong —7 (of
which 3 are negative); strong—13 (of which 9 are negative); marked—19 (of which 10 are negative);
moderate—10 (of which 7 are negative). The moderate predominance of negative correlations in the
architectonics of the portrait (59.2% versus 40.8%) gives the structure an overall balance, which is
determined by its ability to change against the background of stability, which is provided by 8 very
strong and strong positive associations.

- Very strong positive association

----- very strong negative association

- strong positive association

’ 4 * «« strong negative association

Cl12 4 s, & —— marked positive association

. ++ marked negative association
moderate positive association
moderate negative association

C11

Figure 5. Correlation portrait of the morphofunctional basic capability of follicular cells
under normal dietary iodine intake.

A set of associations of varying strengths and directions between the profile components indicates
the presence of favorable conditions for thyroid hormone production. The most important among them
are the very strong positive associations of unaltered lateral membranes (A6) and fine-grained central
chromatin (C8), as well as narrow, unfragmented, highly dense marginal chromatin (C14); moreover,
there is a marked association in the same direction between follicular cells of cuboidal shape (A2) and
moderately wavy lateral membranes (A4). Other significant correlations in this group include the
following: marked positive associations between A2 and rounded nuclei (C1) and homogeneous
central chromatin (C7); associations between A4 and Cl; associations between unaltered lateral
membranes (A6) and moderately wavy karyolemmata (C5); and associations between C5 and C8 and
C14. Moreover, this category of correlations includes the following group of moderate associations:
(1) moderate positive — between rounded nuclei (C1) and homogeneous central chromatin (C7), and
between oval nuclei (C2) and moderately wavy karyolemmata (C5); (2) moderate negative — between

AIMS Medical Science Volume 13, Issue 1, 67-88.
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cells of cuboidal shape (A2) and dense central chromatin (C11), as well as narrow, unfragmented,
highly dense marginal chromatin (C14).

A key feature of the portrait is the examination of the adaptive mechanisms of follicular cells.
These are the connections between the components of the profile, which are promising to understand
the fundamental foundations of cytophysiology. We include a large group of positive associations,
among which are the following: a very strong association between highly wavy lateral membranes
(AS5) and oval nuclei (C2); a strong association between cells of cuboidal shape (A2) and highly
wavy karyolemmata (C6); a marked association between C6 and homogeneous central chromatin
(C7); and moderate associations involving moderately wavy karyolemmata (C5), A5, and C2. At the
same time, most adaptation mechanisms are represented by negative correlations, including the
following: a very strong association between highly wavy lateral membranes (A5) and homogeneous
central chromatin (C7); an association between rounded nuclei (C1) and CS5; a strong association
between highly wavy karyolemmata (C6) and unaltered lateral membranes (A6); marked
associations between C1 and dense central chromatin (C11), and narrow, unfragmented, highly dense
marginal chromatin (C14); and moderate associations between cubic-shaped cells (A2), unaltered
lateral membranes (A6), and fine-grained central chromatin (C8), as well as between rounded (C1)
and oval (C2) nuclei. In our opinion, the observed correlations help maintain the stable functioning
of hormone-producing cells.

Thus, under standard vivarium feeding conditions, the following profile components are of great
importance for the normal hormone-producing activity of follicular cells: unaltered lateral membranes,
oval-shaped nuclei, fine-grained central chromatin, and narrow, unfragmented, highly dense marginal
chromatin. The connection between cuboidal cells and moderately wavy lateral membranes appears
to be less functionally significant. In contrast, correlations between cells with unaltered or highly
wavy lateral membranes and other profile components demonstrate how follicular cells adapt to
changing conditions.

3.2. A descriptive analysis of electron micrographs of follicular cells in nonlinear male albino rats
under conditions of iodine deficiency (Group 2)

The follicular cells are cylindrical, and the nuclei of most cells are oval and located in the basal
part of the cell. The contours of the nuclei are moderately wavy. Central chromatin appears as small,
diffusely arranged grains of a moderate electron density. Larger areas of rarefied chromatin are found
next to smaller regions of compacted chromatin, thus defining the motley structure of the nucleus.
Marginal chromatin is often weakly expressed. Irregularly shaped nuclei with wide, highly
compacted, unfragmented marginal chromatin may be observed. The phenomena of cell
disintegration are present to a slight or moderate degree. The general morphological pattern indicates
a reduced functional activity.

3.2.1. Analysis of the correlation portrait structure of the morphofunctional basic capability profile
of follicular cells in nonlinear male albino rats under conditions of iodine deficiency (Group 2)

The “actual” components of the correlation portrait are A2, A3, A4, A7, C4, C5, C8, C10, C13,

and C15 (see Figure 6), between which the following correlations were observed: very strong—S8 (all
positive); strong—17 (3 of them are negative); marked—33 (6 of them aqre negative); and moderate—

AIMS Medical Science Volume 13, Issue 1, 67-88.



79

20 (7 of them are negative). The portrait’s architectonics are characterized by symmetry. Its rigidity
stems from the significant predominance of positive associations (79.5%) over negative ones, thus
providing it with stability under adverse conditions. A very strong positive association between
moderately wavy lateral membranes (A4) and degeneratively altered lateral membranes (A7), and a
strong positive association between A7 and cuboidal cells (A2), indicate that the functioning of
follicular cells occurs against the background of thyroid homeostasis disturbance. Additional signs of
functional load include a very strong positive association between moderately wavy karyolemmata
(C5) and irregularly shaped nuclei (C4), as well as marked positive associations between A2 and C4,
between cells of prismatic shape (A3) and degeneratively altered lateral membranes (A7), and between
A7 and C4. Additionally, this is indicated by a marked positive association between homogeneous (C7)
and dense (C11) central chromatin.

= VEry strong positive association

----- very strong negative association

- strong positive association

----- strong negative association

—— marked positive association

----- marked negative association
moderate positive association
moderate negative association

Figure 6. Correlation portrait of the morphofunctional basic capability of follicular cells
under iodine deficiency.

At the same time, we identified correlations that suggest mechanisms by which follicular cells
adapt to activity under adverse conditions. The main ones we consider have a very strong positive
association between the lateral cell membranes that show signs of degeneration (A7) and narrow,
fragmented, highly dense, and wide, highly dense marginal chromatin (C13 and C15, respectively).
Additionally, adaptation mechanisms consist of a set of high, mostly positive associations. These
include the following connections: between C13 and C15 and spotted (unevenly compacted) central
chromatin (C12); between follicular cells of cuboidal and prismatic shape (A2 and A3, respectively);
between A2, narrow, fragmented, highly compacted (C13), and wide, highly dense (C15) marginal
chromatin; between A6, dense (C11), and spotted (C12) central chromatin; and connections between
C12, fine-grained (C8), and sparse (C10) central chromatin.

AIMS Medical Science Volume 13, Issue 1, 67-88.
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Information about sufficient thyroid hormone production is important, as supported by the
varying strengths and directions of correlations between the components of the profile. These include
very strong positive associations between moderately wavy lateral membranes (A4), narrow,
fragmented, highly dense (C13), and wide, highly dense (C15) marginal chromatin, as well as between
fine-grained (C8) and sparse (C10) central chromatin. Additionally, there are strong positive
associations between cuboidal cells (A2) and A4, as well as between prismatic cells (A3) and unaltered
lateral membranes (A6). This group of correlations also includes marked positive associations as
follows: between A4 and A6; between A6, fine-grained (C8), sparse (C10) central chromatin, narrow,
fragmented, highly dense (C13), and wide, highly dense (C15) marginal chromatin; and moderate
positive associations between cells of cuboidal shape (A2) and rounded nuclei (C1), and between oval
nuclei (C2) and moderately wavy lateral membranes (A4), C8, C10, C13, and C15.

Thus, the correlations between lateral cell membranes with signs of degeneration, irregularly
shaped nuclei, dense and unevenly dense (spotted) central chromatin, and other components of the
profile indicate a change of functional balance in follicular cells in hypothyroidism caused by a dietary
iodine deficiency. The main mechanisms by which follicular cells adapt to functioning under
unfavorable conditions involve specific correlations between cubic-shaped cells, prism-shaped cells,
highly condensed marginal chromatin of varying widths (either narrow or wide), and various structural
components of the profile. Evidence of the preserved functional activity in follicular cells is
demonstrated by characteristic associations among moderately wavy or unaltered lateral membranes,
cubic-shaped cells, moderately wavy karyolemmata, and central chromatin that appears homogeneous,
fine-grained, and sparse.

3.3. A descriptive analysis of electron micrographs of follicular cells in nonlinear male albino rats
under conditions of potentiated iodine deficiency (Group 3)

The follicular epithelium consists of tall, cylindrical cells. Occasionally, cells with destroyed
apical membranes and cytoplasm that enter the follicle cavity are observed. Some follicular cells have
apical membranes that protrude into the follicle cavity in the form of a cushion, where vacuoles are
formed. The structure and degree of electron density of the vacuole contents are similar to those of the
intrafollicular colloid. The nuclei of follicular cells are rounded and located in the basal part of the
cells. They have wavy, clear contours. The central chromatin appears as small lumps; against the
background of its predominantly homogeneous structure, it often forms cloud-like condensations. The
marginal chromatin is narrow and occasionally fragmented. The overall morphological profile
indicates a reduced level of hormonal activity.

3.3.1. Analysis of the correlation portrait structure of the morphofunctional basic capability profile
of follicular cells in nonlinear male albino rats under conditions of potentiated iodine deficiency
(Group 3)

The “actual” components of the correlation portrait are A3, A5, A7, C1, Cé, C7, C8, C9, C10,
Cl11, C12,C13, and C14 (see Figure 7), between which the following associations were observed: very
strong—9 (6 of them are negative); strong—22 (11 of them are negative); marked—12 (6 of them are
negative); and moderate—11 (5 of them are negative). A certain asymmetry, with a predominance of
chromatin correlations, characterizes the architectonics of the portrait. Meanwhile, the nearly uniform
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distribution of correlations into very high and high categories by strength and into positive and negative
categories by direction indicates the system’s ability to maintain the equilibrium, adapt to changes, and
continue its activity under the adverse conditions of a potentiated iodine deficiency.

A group of positive and negative correlations with very high and high values indicates disorders
of the functional activity of follicular cells. A very strong positive associations is observed between
prism-shaped cells (A3) and cells with degeneratively altered membranes (A7). Strong associations of
the same direction include the connections between highly wavy karyolemmata (C6), lumpy chromatin
(C9), and spotted central chromatin (C12), as well as the connection between C12 and C9. Negative
correlations, which are signs of impaired hormone production, include a very strong association
between fine-grained central chromatin (C8) and sparse central chromatin (C10), as well as the
following strong associations: between C10 and C9; dense central chromatin (C11) and narrow,
fragmented, highly dense marginal chromatin (C13); and the connections between C13 and both C9
and C11.

- Very strong positive association

----- very strong negative association

= strong positive association

..... strong negative association

—— marked positive association

----- marked negative association
moderate positive association
moderate negative association

Figure 7. Correlation portrait of the morphofunctional basic capability of follicular cells
under potentiated iodine deficiency.

At the same time, a complex of correlations that differ in direction and strength indicates
mechanisms that promote thyroid hormone production. In particular, the mechanisms of activation of
follicular cells under conditions of a high functional load include the following: a very strong positive
association between highly wavy karyolemmata (C6) and fine-grained central chromatin (C8); strong
positive associations between highly wavy lateral membranes (A5), homogeneous central chromatin
(C7), and narrow, unfragmented, highly dense marginal chromatin (C14); and relationships of such
strength and direction between fine-grained (C8), dense (C11), and spotted (C12) central chromatin,
as well as between C11 and C14.
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An important set of negative associations also points to mechanisms by which follicular cells
adapt to functions under conditions of disturbed thyroid homeostasis. In particular, we observed the
following: very strong associations between highly wavy karyolemmata (C6), sparse central chromatin
(C10), narrow, fragmented, highly dense marginal chromatin (C13); and strong associations between
C13 and spotted central chromatin (C12), and between narrow, unfragmented, highly dense marginal
chromatin (C14), prism-shaped cells (A3), and degeneratively altered lateral membranes (A7). The
important components for forming correlations were A3, A5, A7, C1, C6, C9, C11, C13, and C14.

Positive and negative correlations of varying strengths provide evidence of the continuation of
the hormone-producing activity of follicular cells under adverse conditions of potentiated iodine
deprivation. An important aspect is the following positive associations: (1) a very strong association
between prism-shaped cells (A3) and degeneratively altered lateral membranes (A7), and between
sparse central chromatin (C10) and narrow, fragmented, highly dense marginal chromatin (C13); (2) a
strong association between homogeneous central chromatin (C7) and narrow, unfragmented, highly
dense marginal chromatin (C14), and between fine-grained chromatin (C8) and lumpy central
chromatin (C9); (3) a marked association between rounded nuclei (C1) and prism-shaped cells (A3);
(4) a moderate association between rounded nuclei (C1) and C13; and (5) the very strong negative
association between highly wavy lateral membranes (A5) and A3 and A7. Moreover, the marked
positive association between rounded nuclei (C1) and A3 was favorable, as well as a moderate
association between C1 and narrow, fragmented, highly dense marginal chromatin (C13).

Thus, in potentiated hypothyroidism—caused by iodine deficiency and aggravated by the intake
of thyrostatic drugs—a correlation exists between prism-shaped cells and cells with degeneratively
altered lateral membranes, as well as between lumpy and spotted chromatin located near the center of
the nucleus, thus indicating a disruption in hormone production. Under these conditions, the range of
adaptive mechanisms expands. The main mechanisms are the connections between the nuclear
characteristics, such as its rounded shape, highly wavy karyolemma, fine-grained and sparse central
chromatin, and narrow, fragmented and unfragmented, highly dense marginal chromatin. The normal
functioning of follicular cells is primarily supported by chromatin association.

3.4. A descriptive analysis of electron micrographs of follicular cells in nonlinear male albino rats
under conditions of drug-induced hyperthyroidism (Group 4)

The follicular epithelium is composed of flattened cells, and their lateral membranes are mostly
highly wavy. The intrafollicular colloid is dense. The nuclei are elongated (cylindrical) and located in
the basal part of the cells. The contours of the karyolemmata are clear and predominantly highly wavy.
The central chromatin is dense and spotted. The marginal chromatin is narrow, unfragmented, and
highly dense. The overall morphological pattern indicates an increased hormonal activity. The
observed morphological pattern is indicative of elevated hormonal activity.

3.4.1. Analysis of the correlation portrait structure of the morphofunctional basic capability profile
of follicular cells in nonlinear male albino rats under conditions of drug-induced hyperthyroidism

(Group 4)

The “actual” components of the correlation portrait are A6, A7, C3, C5, C6, C11, C12, C14, and
C15 (see Figure 8), between which the following associations were observed: very strong—12 (7 of
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them are negative); strong—5 (2 of them are negative); marked—19 (10 of them are negative); and
moderate—=8 (5 of them are negative). The portrait architectonics are quite symmetrical. A significant
percentage (40%) of nuclear component associations is due to chromatin associations. The presence
of 17 strong and very strong associations out of 44 significant correlations, as well as their nearly even
distribution between positive (20) and negative (24) ones, indicates the system’s stability and ability
to adapt to changes. Functional overload in follicular cells under hyperthyroidism is evidenced by a
very strong positive association between highly wavy karyolemmata (C6) and degeneratively altered
lateral membranes (A7), as well as with wide marginal chromatin (C15). Additionally, there is a strong
negative correlation between A7 and narrow, unfragmented, and highly dense marginal chromatin
(C14). The marked positive correlation between lumpy chromatin (C9) and spotted central chromatin
(C12), as well as with highly wavy lateral membranes (AS), suggests unfavorable conditions for
follicular cell function. This is further supported by negative associations of the same strength between
flattened cells (A1) and unaltered lateral membranes (A6), and between degeneratively altered lateral
membranes (A7) and moderately wavy karyolemmata (C5).

At the same time, follicular cells have sufficient reserves for physiological hormone production
under conditions of hyperthyroidism, which is indicated by the following: a very strong negative
association between the unaltered lateral membranes (A6) and spotted central chromatin (C12); a
strong positive association between A6 and moderately wavy karyolemmata (C5); and marked and
moderate associations among profile components. Marked associations include the following: positive
associations between cells of flattened shape (A1), narrow, unfragmented, highly dense marginal
chromatin (C14), and cylindrical nuclei (C3); between moderately wavy karyolemmata (C5) and C3
and C14; and negative correlations of the same strength between C5, highly wavy karyolemmata (C6)
and wide marginal chromatin (C15). Instead, moderate correlations are primarily negative connections.
For example, there is a correlation between C3 and highly wavy lateral membranes (AS5), as well as
between unaltered lateral membranes (A6) and lumpy central chromatin (C9).

— yery strong positive association
----- very strong negative association

Cl —— strong positive association
C1 ¥ Al " 7 7 P AN RS PO S o G L L strong negative association
. —— marked positive association
Al % AN N N L S Ty A e marked negative association
C11 > moderate positive association
moderate negative association
Cl0e
c9

Figure 8. Correlation portrait of the morphofunctional basic capability of follicular cells
under hyperthyroidism.
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It is essential to note that follicular cells have evolved adaptive mechanisms to function under
adverse conditions. We believe that signs of adaptation include very strong positive associations
between cylindrical nuclei (C3) and narrow, unfragmented, highly dense marginal chromatin (C14), as
well as between moderately wavy karyolemmata (C5) and dense central chromatin (C11). Negative
associations of the same strength are also manifestations of adaptation. These associations are observed
between the following: the cylindrical nuclei (C3) and the degeneratively altered lateral membranes
(A7); a highly wavy karyolemmata (C6) and narrow, unfragmented, highly dense marginal chromatin
(C14); between C14 and wide marginal chromatin (C15); and between unaltered lateral membranes
(A6) and spotted central chromatin (C12).

Thus, hyperthyroidism is characterized by a complex configuration of correlations, including
connections between signs of impaired hormone production, normal hormone production, and
compensatory mechanisms. Functional disorders are characterized by connections between
morphologically altered components of the profile, including cells of flattened shape and altered lateral
membranes, as well as highly wavy karyolemmata, cylindrical nuclei, and lumpy and spotted central
chromatin. The ability of follicular cells to function under hyperthyroid conditions is indicated by
connections between morphologically unaltered components, such as moderately wavy karyolemmata
and unaltered lateral membranes. The primary implementers of adaptive mechanisms are chromatin
connections of varying degrees of condensation with other profile components.

4. Conclusions

The study of follicular cells under both normal and pathological conditions through the analysis of
correlations between components of the morphofunctional basic capability profile significantly
broadens and deepens the scope of scientific research. This approach enhances our understanding of the
mutual influences and interdependencies among cellular components, thus contributing to the formation
of objective knowledge about the follicular cell’s activity as a cybernetic, self-regulating system.

An analysis of the relationships among components in the correlation portraits of follicular cells’
morphofunctional basic capability revealed that, under thyroid homeostasis, specific correlations exist
between the individual profile components. In the presence of functional disorders, these relationships
may serve as the foundation for adaptive mechanisms. We refer to such correlations as “reserve” and
believe they warrant further investigations.

When thyroid homeostasis is disturbed, the follicular cell activity proceeds through three
concurrent processes: (1) functioning in accordance with existing pathological changes; (2) realization
of compensatory and adaptive mechanisms; and (3) resolving functional disorders by establishing a
new functional balance that allows continued normal operation.

The relationships between the components of the morphofunctional basic capability profile that
provide mechanisms for the adaptation of follicular cells to adverse conditions (hypothyroidism,
potentiated hypothyroidism, and hyperthyroidism) vary depending on the specific condition. Under
iodine deficiency, the main functional load during follicular cell activity is borne by the cell and its
nucleus. This is indicated by the characteristics of cuboidal and prism-shaped cells, whose central
chromatin appears as fine-grained and sparse, while the marginal chromatin is either narrow or wide.
In conditions of a potentiated iodine deficiency, adaptive mechanisms involve interactions between
the following nuclear structures: a wavy karyolemma, fine-grained and sparse central chromatin, and
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narrow, unfragmented marginal chromatin. Under hyperthyroid conditions, the primary adaptive
mechanisms involve a connection between the cylindrical nucleus and dense central chromatin.
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