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INTRODUCTION 
Gestational diabetes (GD) – autoimmune disorder, 
caused by the destruction of β-cells of pancreatic 
islets by an immune-mediated process, has emerged 
as a global public health concern [1]. Formation of 
immunological tolerance to autoantigens is an im-
portant mechanism that prevents the development 
of autoimmune diseases (AIDs). Recently extrathymic 
expression in number of peripheral tissue -specific 
antigens (PTSAs), including such pancreatic antigens 
as insulin and proinsulin was found. Their ectopic 
transcription is regulated by autoimmune regulator 
(Aire) [2]. A lot of extrathymic Aire-expressing cells 
(eTACs) are found in lymphatic nodes and represent 
one of the critical factors of peripheral immunological 
tolerance (PIT) [3]. Stromal cells (fibroblast reticular 
cells, follicular dendritic cells and lymphatic endothe-
lial cells) of mesenteric lymph nodes (MLNs) express 
PTSAs [4], but their expression is regulated not only by 
eTACs, but by the regulator of transcription – deformed 

autoregulatory factor 1 (Deaf1) [5]. Consequently, Aire 
and Deaf1 are important differentiation regulators of 
inducible regulatory Т-cells (iTreg), which can express 
transcription factor Foxp3 [9, 10], their action realized 
through production of suppressor cytokines – IL10, 
IL13, IL35, TGFβ [6], perforin/granzyme-dependent cy-
tolysis of effector cells and depends on the expression 
of negative costimulatory molecules such as cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4). Yang S. 
et al. demonstrated ability of Aire to generate in the 
prenatal period (up to 10 days after birth inclusive) 
special population of FoxP3+Treg-cells, which remains 
stable in adults and mice [7].

GD can cause the immune disorders in offspring, 
because during pregnancy all immune mechanisms be-
come activated [8]. Thus, Li Q. et al. demonstrated that 
interleukin-1β expression could be higher in offspring 
spleen cells when mother suffering from GD [9]. This 
phenomenon linked to the activation of NLRP3-inflam-
masome – multimeric protein  belonging to the family 
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of nod-like receptors, NLRs [10]. Glyburide, parthenolide 
and glibenclamide are proposed as medications, which 
have possibillity to change activity of NLRP3-inflam-
masome e.g. [11]. Glibenclamide is the most prominent, 
because it not only maintains the adequate glycemic 
control, but also could dicrease hyperglycemia-associ-
ated long-term outcomes in GD [12].

THE AIM
The aim of the current study was to analyze the mRNA 
gene expression level of Aire, Deaf1, Foxp3, Ctla4, Il10, 
Nlrp3 and distribution of NLRP3+-cells in mesenteric 
lymph nodes (MLNs) of the offspring of rats with GD, 
both untreated and treated with glibenclamide and in 
conditions of insulin oral tolerance formation.

MATERIALS AND METHODS
The experimental animals, white Wistar male rats 
(n=160) were housed under standard conditions, with 
proper diet and water ad libitum at the animal facility 
of Zaporizhzhia State Medical University. Animal treat-
ment and all experimental procedures were performed 
in compliance with the European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and other Scientific Purposes. The study was approved 
by the Ethical Committee of Zaporizhzhia State Medical 
University.

Experimental study design comprised eight groups: 
one-month-old descendants of intact Wistar rats (group 
1; n=20); six-month-old descendants of intact Wistar 
rats (group 2; n=20); onemonth-old descendants of 
Wistar rats with gestational diabetes (GD) (group 3; 
n=20); six-monthold descendants of Wistar rats with 
GD (group 4; n=20); one-month-old descendants of 
Wistar rats with GD, treated with insulin (group 5; 
n=20); six-month-old descendants of Wistar rats with 
GD, treated with insulin (group 6; n=20); one-month-
old descendants of Wistar rats with GD treated with 
glibenclamide during pregnancy (group 7; n=20); six-
month-old descendants of Wistar rats with GD treated 
with glibenclamide during pregnancy (group 8; n=20).

Experimental GD was induced by a single intraper-
itoneal administration of streptozotocin (STZ) (Sigma 
Chemical, USA) at a dose of 45 mg/kg body weight 
on the 15th day of pregnancy. Immediately prior to 
the administration, STZ was dissolved in 0.1 M citrate 
buffer (pH 4.5).

Blood glucose concentration was determined on 
the 3rd day after STZ administration using the glucose 
oxidase method with BIONIME Rightest TM GM 110 
glucometer (Switzerland). Blood samples were taken 

from the tail vein. Animals with fasting glucose level 
of > 8.0 mmol/l were selected for study.

Glibenclamide («Pharmak», Ukraine) was administrat-
ed orally at a dose of 5 mg/kg for the 7 days to pregnant 
female rats after STZ administration.

Short-acting human insulin was administrate d orally 
using a pipette for the first 14 days of life (ACTRAPID® 
HM, NOVO NORDISK, Denmark) at a dose of 30 IU (1050 
µg=1,05 mg, 1 IU corresponds to 35 µg of anhydrous 
human insulin).

MLNs of experimental animals were studied using 
real-time reverse transcription polymerase chain reac-
tion (RT-PCR) techniques. Each rat was anaesthetized 
with ketamine hydrochloride at a dose of 100 mg/kg. 
An upper midline abdominal incision was made. All the 
MLNs identifiable along the line of the mesenteric blood 
vessels were carefully dissected off the mesentery.

Animal euthanasia was carried out by cardiac punc-
ture under deep anaesthesia, in accordance with the 
requirements of the Animal Care Committee.

MLNs were placed in the Bouin’s fluid, dehydrated 
with ethanol and embedded in paraffin. Molecular ge-
netic studies were performed on archival material hold 
in biobank up to 2 years. RNA was extracted from 15 µm 
histological samples. They were dewaxed in xylene and 
rehydrated with descending concentrations of ethanol 
(100 %, 96 %, 70 %). Total RNA was obtained using of 
«Trizol RNA Prep 100» (Isogen Lab LTD, Russia), that 
contains Trizol reagent (lysis reagent, which includes 
denaturing agent guanidine thiocyanate and phenol 
with pH = 4.0) and ExtraGene Е. 

For obtaining cDNA and its reverse transcription RT-1 
set «Syntol» (Russia) was used. The reaction mixture was 
taken in the volume of 25 µl  containing 1 µl of random-6 
primer, 2 µl total RNA, 8,5 µl deionized water, 12,5 µl 2,5x 
reaction mixture and 1 µl of reverse transcriptase MMLV-
RT. Reverse transcription was conducted at 45°С for 45 min. 
Inactivation of MMLV-RT was achieved at 92°С for 5 min.

To determine the level of mRNA Aire (NM_001106379.1), 
Deaf1 (NM_031801.1), Foxp3 (NM_001108250.1), 
IL10 (NM_012854.2), Ctla4 (NM_031674.1) and Nlrp3 
(NM_001191642.1) we used thermocycler CFX96™Re-
al-Time PCR Detection Systems («Bio-Rad Laboratories, 
Inc.», USA) with the set of reagents Maxima SYBR Green/
ROX qPCR MasterMix (2X) (ThermoScientific, USA). The 
final reaction mixture for amplification includes coloring 
SYBR Green, Maxima HotStartTaq DNA Polymerase, 0,2 
µl of forward and reverse specific primers, 1 µl cDNA. The 
reaction mixture brought to total volume 25 µl by adding 
deionized water. Specific primer pairs (5’-3’) for analysis of 
target and reference genes were selected by the software 
PrimerBlast (www.ncbi.nlm.nih.gov/tools/primer-blast) 
and synthesized by Metabion (Germany) (Table I).
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After initial denaturation at 95°C for 10 min amplifica-
tion was implemented in 45 cycles including following 
stages: denaturation – 95°С for 15 sec., annealing at 
59–61°С for 30–60 sec., elongation at 72°С for 30 sec. [13].

The reference gene was glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) gene. Normalized relative 
quantity of cDNA target genes was determined by 
the method ΔΔCt. Statistical data analysis of PCR were 
conducted using available software CFX Manager ™(Bio-
Rad, USA). Experiment included negative controls: no 
template controls (cDNA and mRNA) and no reverse 
transcriptase control. All amplification reactions were 
performed on individual samples three times.

Structure of Nlrp3+-cells population was analyzed in 
the serial histological sections of MLN. Serial sections of 

5 µm thick were made on a rotary microtome MICROM 
HR-360 (Microm, Germany), then they were dewaxed 
in xylene and rehydrated with descending concentra-
tions of ethanol (100 %, 96 %, 70 %), washed with 0.1 M 
phosphate buffer (pH=7,4) and colored with Nlrp3 
rabbit polyclonal antibodies (Cryopyrin, H-66) (Santa 
Cruz Biotechnology, USA, sc-66846) for 18 hours in a 
humid chamber at Т=4 оС. After washing with 0.1 M 
phosphate buffer, samples were incubated for 60 min 
at Т=37 оС with secondary antibody solution to rabbit 
IgG (Santa Cruz Biotechnology, USA), conjugated with 
FITC. After incubation, all sections were washed with 
0.1 M phosphate buffer and placed in a mixture of glyc-
erol phosphate buffer (1:9) for subsequent fluorescent 
microscopy. Histological sections were studied with the 

Table I. List of primers used for real-time PCR
Gene Primer Tm,0C Product length (bp) Exon junction

Aire F = GCCTAAAGCCAGTGATCCGA
R = TCTCTACCCTGGGTTCCCTTT

59.82
59.85 43 850/851

Deaf1 F = GCAGAGAGGAAGGAGCAGTC
R = GTGCACTCACTCATGGCCT

59.82
60 59 1605/1606

Foxp3 F = CGAGACTTGGAAGTCAGCCAC
R = TCTGAGGCAGGCTGGATAACG

60.94
61.91 61 214/215

IL10 F=AGTGGAGCAGGTGAAGAATGA
R=GACACCTTTGTCTTGGAGCTTATTA

59.02
59.06 49 445/446

Ctla4 F = TACAGTTTCCTGGTCACCGC
R = AGGACTTCTTTTCTTTAGCGTCCT

59.97
59.96 57 567/568

Nlrp3 F = AGCTAAGAAGGACCAGCCAG
R = CGTGCATGCATCATTCCACTC

59
60 40 713/714

GAPDH F = GCCTGGAGAAACCTGCCAAG
R =GCCTGCTTCACCACCTTCT

61
60 52 825/826

Table II. Normalized relative quantity of mRNA Aire, Deaf1 and Foxp3 genes in MLN cells
Target Sample Expression Fold Change Fold Regulations P

AIRE gd1 vs c1 0,12 -8.1 < 0.05

Deaf1 gd1 vs c1 1,20 1,20

Foxp3 gd1 vs c1 0,02 -50,0 < 0.05

AIRE gd6 vs c6 0,44 -2.3 < 0.05

Deaf1 gd6 vs c6 0,11 -9,2 < 0.05

Foxp3 gd6 vs c6 0,39 -2.5 < 0.05

AIRE gd1+ins vs gd1 13,2 13,2 < 0.05

Deaf1 gd1+ins vs gd1 11,5 11,5 < 0.05

Foxp3 gd1+ins vs gd1 5,2 5,2 < 0.05

AIRE gd6+ins vs gd6 2,0 2,0 < 0.05

Deaf1 gd6+ins vs gd6 1,2 1,2

Foxp3 gd6+ins vs gd6 3,3 3,3 < 0.05

*Fold-Change (2^(-Delta Delta CT)) is the normalized gene expression (2^(- Delta CT)) in the test sample (gd1, gd6, gd1+ins, gd6+ins) divided the 
normalized gene expression (2^(- Delta CT)) in the control sample. Fold-Regulation represents fold-change results in a biologically meaningful way. 
Normalized to reference gene GAPDH by the method ΔΔCt. c1, c6 – control 1 and 6 months; gd1, gd6 – offspring of the experimental GD rats; gd1+ins, 
gd6+ins – after insulin administrations.
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software Image J (NIH, USA),  than the morphometric 
and densitometric characteristics of immunopositive 
cells and were measured. We determined the absolute 
(number of cells per 1 mm2) and relative (%) density of 
different subsets of Nlrp3+-lymphocytes in cortex and 
medullary cords of MLNs.

STATISTICAL ANALYSIS
The experimental data were processed and anal-
ysed using the software STATISTICA 6.0 (StatSoftInc., 
№АХХR712D833214FAN5, USA). The distribution of 
data was analyzed by Kolmogorov -Smirnov criterion. 
The obtained values had a normal distribution, so the 
difference between the groups was analyzed using the 
Student’s t-criterion. All data were presented as M (mean) 
± m (standard error). A probability level (p value) of less 
than 0.05 was considered to be statistically significant.

RESULTS
Investigation of Aire gene expression in MLNs showed 
that in offspring of rats with GD there is a significant re-
duction of mRNA of autoimmune regulator by 8.1 times 
(p<0.05) in one month-old (group 3) and by 2.3 times 
(p<0.05) in six-month-old animals (group 4) vs group 
1 and 2 (Table II). mRNA content of transcription regu-
lator Deaf1 in one-month-old animals did not changed 
significantly, and in six-month-old descendants we 
observed its reduction by 9.2 times (p<0.05) vs group 
1 and 2 (Table II). As for mRNA of transcription factor 
Foxp3, there was revealed a significant decrease by 50.0 
times (p<0.05) in one-month-old rats (group 3), and by 
2.5 times (p<0.05) in the six-month-old animals (group 
4) vs group 1 and 2 (Table II).

Offspring of rats with GD, that were administered 
orally insulin during 14 first days of life, showed in-
creasing of Aire gene transcriptional induction mostly 
in one-month-old animals (group 5) – the level of mRNA 
has increased by 13.2 times (p<0.05) vs group 3. In six-
month-old animals (group 6) this index increased by 
2.0 times (p<0.05) vs group 4 (Table II). Transcription 
regulator Deaf1 in one-month-old animals (group 5) 
showed a significant increase by 11.5 times (p<0.05) vs 
group 3, and in six-month-old animals (group 6) it was 
similar to this index in group 4 (Table II).

Studies have shown that expression of the transcrip-
tion factor Foxp3 in one-month-old rats was increase 
of Foxp3 mRNA by 5.2 times (p<0.05) vs group 3, in 
the six-month-old animals rise was 3.3 fold (p<0.05) vs 
group 4 (Table II).

In experimental groups 5 and 6 (one- and six-month-
old offspring of rats with GD that received orally insulin) 

mRNA expression of costimulatory molecules Ctla4 and 
Тreg-dependent suppressor cytokine IL-10 has also 
been investigated. We have found that relative quantity 
of Ctla4 mRNA gene increased by 12.2 times (p<0.05) 
in one-month-old animals vs group 3. In six-monthold 
rats this index significantly did not changed vs group 4.  
Contents of mRNA IL10, on the contrary, in one-month-
old animals was unaltered vs group 3, but in six-month-
old rats it increased by 15.0 times (p<0.05) vs group 4.

Investigation of Nlrp3 gene expression in MLNs 
showed that in the offspring of rats with GD there was 
a significant (5-fold) increasing of mRNA of this protein 
in one-month-old rats (p<0.05) and 3-fold increasing 
(p<0.05) in six-month-old animals vs group 1 and 2. 
In rats of group 7 and 8 (one- and six-month-old off-
spring of animals with GD that received glibenclamide 
during pregnancy) we have found a significant (by 5.3 
times) decrease of Nlrp gene expression (p<0.05) in 
one-month-old, and absence of significant changes in 
six-month-old animals.

Studying the distribution of specific subpopulations 
of Nlrp3+-cells we have found that total density of 
immunopositive cells in MLNs cortical plateau of one-
month-old offspring of animals with GD increased by 
49.0 % (р<0.05) vs group 1. In six-month-old animals 
comparative analysis revealed no significant changes vs 
group 2. Total number of Nlrp3+-cells in MLNs medullary 
cords of one-month-old offspring of animals with GD 
was significantly increased by 44.0 % (р<0.05) vs group 
1. The study of materials taken from the six-month-old 
rats showed an increase in the total density by 69.0 % 
(р<0.05) vs group 2. Analysis of MLNs sections in the 
experimental GD offspring of rats treated with gliben-
clamide during pregnancy have showed that in cortical 
plateau of MLNs in one-month-old animals we obtained 
reducing of the total number of Nlrp3+-cells by 33.0 % 
(р<0.05) vs group 3. In six-month-old rats there were not 
significant changes in the number of immunopositive 
cells vs group 4. Total density of Nlrp3+-cells in one-
month-old animals did not changed significantly and 
in six-month-old rats it increased by 29.0 % (p<0.05).

DISCUSSION
The modern search for effective targeted therapy [13] 
for endocrine diseases is based on transcriptome [14], 
variome [15-16], and proteome data [17-19]. Peyer’s 
patches (PP) and mesenteric lymph nodes (MLNs), 
which are present in the wall of the intestinal tube are 
the main components for for immune responses, they 
play an important role in the mechanisms of preventing 
the active immune response against usually harmless 
environmental antigens [20]. PP and MLNs considered 
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to be the principal site for the induction of oral toler-
ance (OT) preventing immune response to an orally 
administered antigen. MLNs have distinctions from PP 
and peripheral lymph nodes and serve as a crossroads 
between the peripheral and mucosal recirculation path-
ways for antigens [21]. Such antigen recirculation occurs 
from the lamina propria into the MLNs and mediated 
by CD103+ dendritic cells (DCs) and was found for OT 
systemic effect [21].

On the other hand, clinical manifestation of T1DM 
is preceded by the development of autoantibodies to 
different islet autoantigens, marking the loss of immu-
nological tolerance to β cells. Most trials attempting 
immune intervention have been conducted in patients 
with recent onset T1DM (usually within 6 weeks of 
diagnosis), and have had varying but only limited suc-
cess. This outcome might partly result from the stage 
of disease and progressive loss of β cells, in addition to 
the burden of poor glycaemic control and metabolic 
β-cell stress over and above the inflammatory insult. 
Unfortunately, the few attempts to prevent T1DM 
using immunotherapy in seropositive individuals at 
risk of the disease were unsuccessful. Bonifacio E. et al. 
demonstrated that oral administration of 67.5 mg of 
insulin, compared with placebo, resulted in an immune 
response without hypoglycemia, allergic and autoim-
mune reactions [22]. 

The inflammasomes and the complement system 
are traditionally viewed as quintessential components 
of innate immunity required for the detection and 
elimination of pathogens. But a direct role for NLRP3 in 
human adaptive immune cells has not been described 
yet. In recent years, data suggested that NLRP3 could 
be expressed by mouse and human lymphocytes and 
has an ability to adjust the differentiation of Th1, Th2 
Th17-cells. Recently, Arbore G. et al. have shown that 
NLRP3 inflammasome assembles in human CD4+ T-cells 
and initiates caspase-1–dependent interleukin-1β se-
cretion, thereby promoting interferon-γ production and 
T-helper 1 (TH1) differentiation in an autocrine fashion 
[23]. Furthermore, Bruchard M. et al. recently showed 
the ability of NLRP3 to act as a key transcription factor 
that controls the Th2-differentiation [24]. In Th2 cells 
NLRP3 binds to promoter IL4 and activates it in con-
junction with transcription factor IRF4. In contrast to 
Th1, where NLRP3 is detected mainly in the cytoplasm 
by methods of immunofluorescence microscopy, in 
the Th2-cells it is localized mainly in the nucleus. It 
is possible that such a nuclear localization function 
can promote inflammasome transcription. This work 
showed that NLRP3 should be seen not only as a key 
inflammasome component, but as a transcription factor 
in cells CD4+ Th2 [24]. Finally, the mechanisms of IL-1β-

induced Th17 differentiation are related to the ability 
of TGF-β to induce expression RORγt in naive T-cells 
[25]. Studies in vitro have shown that IL-1β induces the 
expression of IRF-4, positively regulates IL-21-mediated 
expression of transcription factors STAT-3 and RORγt 
[25]. At the same time, NLRP3-inflammasome is one of 
the sencetive indices of metabolic stress developing 
diabetes [26-28]. NLRP3--deficient NOD-mice are pro-
tected from developing diabetes by reducing migration 
of diabetogenic lymphocytes in the pancreatic islets. 

NLRP3-inflammasome is an important pharmacological 
target for blocking a number of diabetes complications 
[29], and the ability of glibenclamide to inhibit the for-
mation of NLRP3 can affect the risk of inflammatory and 
AIDs in the offspring of mothers with GD. Recent research 
by Lamprianou S. et al. demonstrated that glibenclamide 
protects NOD mice from progressing hyperglycemia and 
loss of insulin-producing β-cells [30]. Although the admin-
istration of glibenclamide did not stop the development of 
insulitis, but induced a shift of the phenotype of immune 
cells and protects cells of insulinoma MIN6 from apoptosis 
and loss of connexin Cx36 [30].

CONCLUSIONS
1.  The investigation of transcriptional activity of genes-reg-

ulators of the peripheral immunological tolerance for-
mation in MLNs of the offspring of rats with GD showed 
the repression of Aire and Deaf1 mRNA. These changes 
violate ectopic transcription of pancreatic antigens 
in MLNs. Reduction of mRNA Foxp3 level leads to a 
deficiency of suppressor signaling, which is confirmed 
by inhibition of suppressor cytokine IL10 gene expres-
sion and negative costimulatory molecules Ctla4. Oral 
administration of insulin during the first 14 days of life 
stopped these changes, causing transcription activa-
tion of AIRE, Deaf1, Foxp3, Ctla4 and Il10 genes. 

2.  The development of the experimental GD is accom-
panied by transcriptional induction of the Nlrp3 gene 
in MLNs of descendants, whose mRNA level increased 
5-fold (p<0.05) in onemonth-old and 3-fold (p<0.05) 
in six-month-old animals. The administration of glib-
enclamide to pregnant rats with GD inhibited the 
transcription of the Nlrp3 gene only in one-month-old 
offspring (by 5.3 times, p<0.05) and did not change it 
in the group of six-month-old animals. 

3.  In the offspring of rats with GD, the density of the NL-
RP3+-lymphocyte population in the MLNs increased, 
more pronounced in one-month-old animals. The 
administration of glibenclamide to pregnant rats with 
GD reduced the number of NLRP3+-lymphocytes only 
in one-month-old offspring, whereas this index in six-
month-old offspring even increased.
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