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Abstract
Gestational diabetes is a disorder associated with abnormal chronic inflammation that poses a risk to the developing fetus. We
investigated the effects of experimentally induced diabetes (streptozotocin model) in Wistar female rats on the inflammatory
status of the hippocampi of their offspring. Additionally, the impact of antidiabetic drugs (metformin and glyburide) on inflam-
matory processes was evaluated. Organotypic hippocampal cultures (OHCs) were prepared from the brains of the 7-day-old rat
offspring of control and diabetic mother rats. On the 7th day in vitro, the cultures were pretreated with metformin (3 μM) or
glyburide (1 μM) and then stimulated for 24 h with lipopolysaccharide (LPS, 1 μg/ml). The OHCs obtained from the offspring of
diabetic mothers were characterized by the increased mortality of cells and an enhanced susceptibility to damage caused by LPS.
Although we showed that LPS stimulated the secretion of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) in the control and
diabetic cultures, the levels of IL-1β and IL-6 in the OHC medium obtained from the offspring of diabetic mothers were more
pronounced. In the diabetic cultures, enhanced levels of TLR-4 and the overactivation of the NLRP3 inflammasome were
demonstrated. Metformin and glyburide pretreatment normalized the LPS-induced IL-1β secretion in the control and diabetic
cultures. Furthermore, glyburide diminished both: LPS-induced IL-6 and TNF-α secretion in the control and diabetic cultures
and increased NF-κB p65 subunit phosphorylation. Glyburide also diminished the levels of the NLRP3 subunit and caspase-1,
but only in the diabetic cultures. The results showed that maternal diabetes affected inflammatory processes in the offspring brain
and increased hippocampal sensitivity to the LPS-induced inflammatory response. The use of antidiabetic agents, especially
glyburide, had a beneficial impact on the changes caused by maternal diabetes.
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Introduction

Diabetes (diabetes mellitus) is a heterogeneous group of dis-
orders characterized by hyperglycemia that results from a
complete or relative insufficiency of insulin secretion and/or
insulin action (Tripathi and Srivastava 2006). Among the
many types of diabetes, the gestational form seems particular-
ly dangerous. Many epidemiological studies have demonstrat-
ed that diabetes during pregnancy poses risks not only to the
mother but also to her child because the developing fetal tis-
sues are exceptionally sensitive to metabolic disturbances in
the mother’s body (Johns et al. 2018). It has been indicated
that fetal exposure to maternal diabetes increases the risk of
obesity and glucose intolerance (Kim et al. 2012). There are
also strong arguments showing that the risk of diabetes in
adulthood is more prevalent among subjects who were ex-
posed to maternal diabetes in utero. The role of maternal in-
heritance in diabetes has been reported in many studies
(Portha et al. 2011; Armengaud et al. 2018). It has been shown
that even the newborns of mothers suffering from pharmaco-
logically controlled diabetes are at risk of various complica-
tions, including cardiomyopathies, organic heart disease, neu-
ral tube anomalies, atelencephaly, and metabolic disturbances
manifested by hypoglycemia and other metabolic symptoms
in the central nervous system (Hornberger 2006; Salbaum and
Kappen 2010; Zhao and Reece 2013). For this reason, it is
thought that diabetes during pregnancy may be a harmful fac-
tor leading to malfunction in the developing brain of offspring
because of metabolic abnormalities and perinatal complica-
tions (Georgieff 2006; Babiker et al. 2015) and may result in
alterations in neurogenesis, migration, differentiation, and cell
survival (Carrapato and Marcelino 2001; Cederberg et al.
2003) as well as excessive inflammatory changes (Vuong
et al. 2017). Several studies have highlighted that, in the brain,
inflammatory processes induced by diabetes are involved in
brain dysregulation. Data from different experimental models
have indicated that neuronal dysfunction is associated with the
prolonged activation of NF-κB and the expression of pro-
inflammatory cytokines (Muriach et al. 2014). NF-κB activa-
tion plays a key role in the pathobiology of diabetes and its
complications, including in the brain. Other studies have
shown that pro-inflammatory cytokines (e.g., IL-6 and
TNF-α) are involved in brain dysfunction caused by diabetes
(Patel and Santani 2009). Recently, large protein complexes

called inflammasomes, primarily NLRP3, have been proposed
to play an important role in inflammatory brain processes
caused by high glucose levels (Ward and Ergul 2016).
NLRP3 is a large multiprotein cytoplasmic complex (> 700
kDa) composed of NLRP3 subunit, an adaptor protein named
apoptosis-associated speck-like protein containing a CARD
(ASC) and pro-caspase-1. The activation of NLRP3 leads to
the oligomerization and recruitment of ASC. NLRP3 includes
anN-terminal pyrin domain (PYD), which physically interacts
with the PYD domain of ASC and thus facilitates the subse-
quent recruitment and activation of pro-caspase-1. Then,
caspase-1 is autocatalytically cleaved to produce its active
form and is responsible for the maturation of pro-IL-1β and
pro-IL-18 into their biologically active forms (Lamkanfi and
Kanneganti 2010; Maldonado-Ruiz et al. 2017). Furthermore,
it is known that harmful factors during pregnancy lead to the
activation of many other inflammatory processes in the brain.
It has been shown that gestational diabetes (induced by diet)
stimulates the activation of microglia and induces chronic
neuroinflammation, which is manifested by the increased se-
cretion of pro-inflammatory factors, such as IL-2, IFN-γ, and
the chemokine MCP-1, in the offspring brain (Vuong et al.
2017; Edlow 2017). Based on these data, we suggest that
maternal diabetes can be a risk factor for exaggerated neuro-
inflammation in the offspring brain. Therefore, the aim of our
study was to determine the effect of experimentally induced
diabetes in dams on inflammatory activation in the brains of
their offspring. Diabetes induced experimentally through
treatment with β-cytotoxic agents, such as streptozotocin
(STZ), is well described. STZ is an alkylating compound that
causes DNA alkylation and increases free radical and nitric
oxide production, thus leading to DNA damage and cytotox-
icity (Kiss et al. 2009). STZ-induced diabetes is caused by the
selective destruction of insulin-secreting pancreatic β-cells;
therefore, STZ is the first choice for diabetes induction in
animal models (King 2012; Furman 2015). Standard protocols
of STZ injections at different doses of the compound can be
used to reproduce gestational diabetes in animals when
injected during the neonatal period, before mating or during
pregnancy. These models are very useful in basic studies that
may translate into fetal outcomes in pregnant women present-
ing with uncontrolled clinical diabetes (Kiss et al. 2009).

The present study was carried out in hippocampal
organotypic culture, which is an innovative and potent
in vitro model that permits several cell types of the brain to
be studied in a complex network. Hippocampal cultures retain
cell architecture and connections, as well as cell-to-cell func-
tional interactions (Sun et al. 2010). Furthermore, this in vitro
model offers the possibility of easy pharmacological manipu-
lations for investigating the mechanisms of inflammatory pro-
cesses in the brain. Therefore, we also evaluated the effect of
antidiabetic drugs (metformin and glyburide) on inflammatory
processes, specifically on cytokine levels in organotypic
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cultures of the hippocampi from the 7-day-old offspring of
control and diabetic dams.

Metformin, an oral glucose-lowering agent, is still the
gold standard in the treatment of diabetes (Marshall
2017). The blood glucose-lowering effect of metformin
is caused by its inhibitory effect on hepatic glucose pro-
duction and by peripheral tissue sensitization to insulin
action. From the clinical point of view, it is important that
metformin treatment does not generate hypoglycemia but
augments glucose uptake in the periphery, reduces the
requirement for insulin and is characterized by a positive
influence on the cardiovascular system and lipid metabo-
lism (Wróbel et al. 2017). In addition to the glucose-
lowering action of metformin, the anti-inflammatory and
immunosuppressive properties of metformin (Saisho
2015) have been demonstrated in many studies conducted
on peripheral and central inflammation (Jin et al. 2014;
Vigili de Kreutzenberg et al. 2015; Jiang et al. 2017). The
second drug used in the study, glyburide (also known as
glibenclamide), is a widely used second-generation sulfo-
nylurea. According to DrugBank, glyburide is effective in
lowering blood glucose in noninsulin-dependent diabetic
patients whose hyperglycemia cannot be satisfactorily
controlled by diet alone. Glyburide acts by inhibiting
ATP-sensitive K+ (KATP) channels in pancreatic β cells
(Ashcroft 2005) and by effectively inhibiting the NLRP3
inflammasome. In STZ-induced diabetic rats, glyburide
treatment diminishes oxidative stress and inflammation
in the periphery (Alotaibi et al. 2018) and prevents the
inflammation and fibrosis of the atria (Hayami et al.
2016).

Materials and Methods

Animals

Wistar rats (200–250 g) were purchased from Charles River
Corporation (Germany). Rats were kept in an animal housing
facility at a room temperature of 22 ± 1 °C and with a 12/12 h
light/dark cycle (lights on at 07.00 a.m.) with food and water
available ad libitum.

Induction of Diabetes

To induce diabetes, adult females were injected intraperitone-
ally (i.p.) with streptozotocin (STZ). One week after diabetes
induction, females were mated with syngenic non-diabetic
males of the same strain. Blood glucose concentration
(BGC) in animals was measured using a commercially avail-
able digital glucometer (Abbot Optimum Xido, UK). Only
STZ-treated females exhibiting BGC > 350 mg/dL on the

day of mating and on delivery day were used in the study
(Hami et al. 2013).

Establishment of Organotypic Cultures

Seven-day-old male pups from both control and diabetic dams
were decapitated with scissors, and their brains were quickly
and aseptically removed and placed in an ice-cold working
buffer (96% HBSS; 3.5% glucose; 0.3% penicillin and strep-
tomycin; and HEPES (to maintain the pH); all reagents were
obtained from Gibco, UK). The hippocampi were separated,
transferred to Teflon discs, and cut into 350μm slices using a
McIlwain tissue chopper. Organotypic hippocampal cultures
were established according to the method described by
Stoppini (Stoppini et al. 1991) with slight modifications.
Cultures were transposed to Millicell-CM (Merck-Millipore,
USA) membranes for further growth. In 6-well plates, the
membranes were pre-equilibrated with 1 ml of culture medi-
um (containing 50% DMEM + GlutaMax™-I, pH 7.4; 20.5%
HBSS; 25% horse serum; 0.1 mg/ml glucose; 1%
amphotericin B, 0.4% penicillin and streptomycin; 1% B-27
supplement; and HEPES (to maintain the pH); all reagents
were obtained from Gibco, UK). The cultures were main-
tained for 7 days under standard conditions in an incubator
(37 °C) with an adjustable CO2 flow (5%). The cultures were
initiated in regular medium containing 25% horse serum,
which was then gradually (from DIV 4th to 7th) tapered down
to a serum-free medium (containing 50% DMEM F-12,
pH 7.4; 44% HBSS; 0.1 mg/ml glucose; 1% amphotericin
B; 0.4% penicillin and streptomycin, 1% B-27, 1% N-2; and
HEPES (to maintain the pH) all reagents were obtained from
Gibco, UK). The medium was first changed 24 h after culture
establishment (half of the volume (0.5 ml)) and then every
48 h (whole volume (1 ml)). On the 7th day in vitro medium
was changed to a serum-free medium. The hippocampal cul-
tures were pretreated for 30 min with metformin or glyburide
and then stimulated with bacterial endotoxin.

Chemicals and Drugs

The following agents and drugs were used: streptozotocin
(STZ), lipopolysaccharide (LPS), metformin (MET), and
glyburide (GLI). All chemicals were obtained from Sigma-
Aldrich, USA.

In vivo experiment: Streptozotocin (STZ) was dissolved in
freshly prepared 0.1 M citrate buffer (Sigma Aldrich, USA).
Adult females were injected once (i.p.) with STZ at a dose of
45 mg/kg body weight. Control animals were injected with
vehicle (i.p.).

In vitro experiment: On the 7th day, the hippocampal cul-
tures were pretreated for 30 min with metformin (MET, final
concentration in the well: 3 μM) or glyburide (GLI, final con-
centration in the well: 1 μM) at doses that effectively inhibit
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LPS-induced LDH and NO release. The antidiabetic drugs
were dissolved in accordance with the supplier’s recommen-
dations. Next, the cultures were stimulated by adding bacterial
endotoxin (lipopolysaccharide (LPS); final concentration in
the well: 1 μg/ml, 0111:B4) to the medium for 24 h. Control
cultures were treated with the appropriate vehicle.

A schematic showing the experimental design is illustrated
in Fig. 1.

Fluorescence-Activated Cell Sorting Study

Twenty-four hours after LPS stimulation, the hippocampal
organotypic cultures (groups: control, diabetes, control +
LPS, diabetes + LPS) were stained with propidium iodide
(PI). PI does not cross the cell membrane but instead stains

DNA released from the cells of which the membranes disin-
tegrate. Briefly, hippocampal cultures were transferred to 1.5-
ml centrifuge tubes containing 500 μl of ice-cold HBSS. After
5 min of centrifugation (800 rpm), the cultures were incubated
with 500 μl of prewarmed collagenase A solution (4 mg/ml;
30 min at 37 °C; Biomed, Poland), centrifuged, and incubated
again with 500 μl of prewarmed trypsin (0.05%; 20 min at
37 °C; ThermoFisher Scientific, USA). Next, the cultures
were stained with a PI solution (100 ng/ml in PBS; Sigma
Aldrich, Germany) for 5 min at room temperature. The hip-
pocampal cells were analyzed using the BD Fluorescence-
Activated Cell Sorting (FACS) Canto II System and BD
FACS Diva™ v5.0.1 Software (BD Biosciences, USA) in
the fluorescence channel for PE (phycoerythrin, red fluores-
cence). The PI-negative cells were considered to be

a)

b)

Fig. 1 Schematic showing the
experimental design
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undamaged and alive, while the PI-positive cells were consid-
ered to be dead.

Determination of Lactate Dehydrogenase Activity

Twenty-four hours after culture treatment, lactate dehydroge-
nase (LDH) activity was measured in the culture medium
using a colorimetric method (Cytotoxicity Detection Kit,
Roche Diagnostic, Germany). The intensity of red fluores-
cence formed in the assay, measured at a wavelength of
490 nm using the Infinite 200 PRO Detector system
(TECAN, Switzerland), was proportional to LDH activity
and to the number of damaged cells.

Nitric Oxide Release Assay

Nitric oxide (NO) secreted in the culture medium was mea-
sured by the Griess reaction. After 24 h of treatment of the
hippocampal cultures, 50 μl of medium from each well was
collected and mixed with an equal volume of Griess reagent
(0.1% N-1-naphthylethylenediamine dihydrochloride and 1%
sulfanilamide in 5% phosphoric acid; Sigma Aldrich,
Germany) in a 96-well plate. The absorbance was measured
immediately at 540 nm using the Infinite 200 PRO Detector
system (TECAN, Switzerland).

Gene Expression Study

RNA Extraction and cDNA Preparation

Freshly isolated hippocampal tissue samples (each sample
was collected from two wells) were immediately placed in
an RNAlater® solution (Applied Biosystems, USA) and
stored at − 20 °C prior to total RNA extraction. Total RNA
was extracted using an RNeasy Mini Kit (Qiagen, Germany)
following the manufacturer’s instructions. The RNA concen-
tration was measured using a NanoDrop ND-1000
Spectrometer (Thermo Scientific, Wilmington, USA). The
RNAwas reverse transcribed into cDNA using a commercial
kit for reverse transcription (Applied Biosystems, USA) ac-
cording to the manufacturer’s instructions.

Real-Time PCR

Real-time PCR was performed using TaqMan probes and
primers for the genes il-1β (Rn00580432_m1), il-18
(Rn01422083_m1), i l-6 (Rn01410330_m1), tnf-α
(Rn00562055_m1 ) , n l r p3 (Rn04244625 ) , a s c
(Rn00597229_g1), and casp1 (Rn00562724_m1) (all obtained
from ThermoFisher Scientific, USA) and the FastStart
Universal Probe Master (Rox) kit (Roche Diagnostic,
Germany). Amplification was performed using a 20-μl mixture
containing PCR master mix, the cDNA used as the PCR

template, TaqMan forward and reverse primers, and 250 nM
of a hydrolysis probe labeled at the 5′ end with the fluorescent
reporter FAM and at the 3′ end with a quenching dye. The
thermal cycling conditions were 2 min at 50 °C and 10 min at
95 °C, followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. The samples were run in a CFX96 Real-Time System
(BIO-RAD, Hercules, CA, USA). The threshold value (Ct) for
each sample was set in the exponential phase of PCR, and the
ΔΔCt method was used for data analysis. Rplp0
(Rn03302271_gH) (ThermoFisher Scientific, USA) was used
as the reference gene.

Enzyme-Linked Immunosorbent Assays

The concentrations of IL-1β, IL-18, IL-6, TNF-α, TLR-4,
NF-κB p65, NF-κB p65 (phospho), NLRP3, and caspase-1 in
the slice homogenates and of IL-1β, IL-18, IL-6, TNF-α in the
medium were determined by enzyme-linked immunosorbent
assays (ELISAs) using commercially available kits (IL-1β
and IL-18 kits were obtained from ThermoFisher Scientific,
USA; IL-6 and TNF-α kits were obtained from Becton
Dickinson, USA; TLR-4 and NF-κB p65 kits were obtained
fromCusabio China; anNF-κBp65 (phospho) kit was obtained
from ThermoFisher Scientific; an NLRP3 kit was obtained
from Cloud-Clone Corp., USA; and a caspase-1 kit was obtain-
ed from EiaB Science, China) according to the manufacturers’
instructions. Briefly, standards or probes (50 or 100 μl) were
dispensed into 96 wells coated with rat IL-1β, IL-18, IL-6,
TNF-α, TLR-4, NF-kB p65, NF-kB p65 (phospho), NLRP3,
or caspase-1 antibodies and incubated. After extensive wash-
ing, HRP-conjugated streptavidin was pipetted into the wells
and incubated. The wells were washed, and 3,3′,5,5′-
tetramethylbenzidine (TMB) was added. The color developed
in proportion to the concentration of themeasured protein. Each
reaction was stopped after the addition of a stop solution. The
absorbance was measured using the Infinite 200 PRO Detector
system (TECAN, Switzerland) set to the appropriate wave-
length. The detection limits were as follows: IL-1β < 39 pg/
ml, IL-18 < 4 pg/ml, IL-6 < 78 pg/ml, TNF-α < 31.3 pg/ml,
TLR-4 < 0.156 ng/ml, NF-κB p65 < 1.56 ng/ml, NF-κB p65
(phospho) not applicable, NLRP3 < 0.112 ng/ml, and caspase-
1 < 7.88 pg/ml. The intra- and interassay precision was depen-
dent on the properties of the assay.

Western Blot Analysis

Western blot analysis was conducted to determine the level of
the ASC protein. The cultures were lysed in RIPA buffer
(Sigma-Aldrich, USA) containing protease inhibitors
(ThermoFisher Scientific, USA). Samples containing equal
amounts of total protein were mixed with gel loading buffer
(Bio-Rad, Hercules, CA, USA) in a 4:1 ratio (v/v) and boiled
for 6min at 96 °C. The proteins were separated by SDS–PAGE
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(4–20% gel; Bio-Rad, Hercules, CA, USA) under constant
voltage (200 V) and transferred to PVDF membranes (Trans-
Blot Turbo; Bio-Rad, Hercules, CA, USA). After transfer, the
membranes were cut to allow simultaneous incubation with two
antibodies (ASC and β-actin). Then, the membranes were
blocked using 5% bovine serum albumin (Sigma Aldrich,
USA) for 1 h and incubated with an anti-ASC primary antibody
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or an
anti-β-actin primary antibody (Sigma Aldrich, USA) overnight
at 4 °C. The blots were washed four times with TBS containing
0.1% Twsseen-20 (TBST) and then incubated with appropriate
secondary antibodies (Vector Laboratories, UK) for 1 h at room
temperature. After washing (4 × 10 min in TBST), the bands
were developed using BM Chemiluminescence Western
Blotting Substrate (POD) (Roche, Germany). The protein band
intensities were normalized to β-actin as an internal loading
control. The relative levels of immunoreactivity were
densitometrically quantified using Fujifilm Multi Gauge soft-
ware (Fujifilm, Japan).

Statistical Analysis

All biochemical experiments were carried out under exactly
the same conditions for every sample, regardless of the type of
treatment.

The results were analyzed using the STATISTICA 10
program. The subsequent statistical analyses used factorial
analyses of variance (ANOVA) to determine the effects of
the factors followed, when appropriate, by Duncan’s post
hoc test. A p value < 0.05 was considered to indicate
significance.

All graphs were prepared using GraphPad Prism 5.

Results

The Impact of Maternal Diabetes on Propidium Iodide
Uptake in Basal and LPS-Stimulated Hippocampal
Organotypic Cultures (Assayed
by the Fluorescence-Activated Cell Sorting Method
in Slices)

In the first stage of the experiments, hippocampal organotypic
cultures (control and diabetic) were stained with propidium
iodide (PI). Maternal diabetes increased cell death processes
(p < 0.05), as presented in Fig. 2. In addition, a post hoc anal-
ysis showed that diabetic cultures stimulated with LPS
(1 μg/ml, 24 h) were characterized by intensified PI staining
(p < 0.05) compared with controls.

The Impact of Lipopolysaccharide and/or Antidiabetic
Drugs on Cell Death in Hippocampal Organotypic
Cultures Obtained from the Offspring of Control
and Diabetic Dams (Measured by the Lactate
Dehydrogenase Test in the Culture Medium)

In the next set of experiments, we examined the effect of
LPS in hippocampal organotypic cultures to confirm the
results obtained in the flow cytometry study and to check
whether the applied antidiabetic drugs (metformin/
glyburide) have protective properties against LPS-
induced changes. We confirmed the harmful effect of
LPS (1 μg/ml, 24 h) observed in the flow cytometry
study; in both the control and diabetes cultures, increased
LDH release was demonstrated (p < 0.05) (Fig. 3a, b).
Experiments performed on control and diabetic cultures
showed that, under basal conditions (without LPS stimu-
lation), neither metformin (3 μM, 24 h) nor glyburide
(1 μM, 24 h) had any effect on LDH release, as shown
in Fig. 3a and b. Glyburide (1 μM, 24 h) and metformin
(3 μM, 24 h) diminished LPS-evoked LDH release
(p < 0.05).

The Impact of Lipopolysaccharide and/or Antidiabetic
Drugs on Nitric Oxide Release in Hippocampal
Organotypic Cultures Obtained from the Offspring
of Control and Diabetic Dams (Measured by the Griess
Method in the Culture Medium)

We found that stimulation with LPS (1 μg/ml, 24 h) sig-
nificantly increased NO levels in the medium of the con-
trol (p < 0.05) and diabetic (p < 0.05) cultures, as shown in
Fig. 3c and d. Experiments performed on control and di-
abetic cultures showed that, under basal conditions, nei-
ther metformin (3 μM, 24 h) nor glyburide (1 μM, 24 h)
had any effect on NO release, as shown in Fig. 3c and d.
Glyburide (1 μM, 24 h) and metformin (3 μM, 24 h)
pretreatment decreased (p < 0.05) NO release from hippo-
campal control and diabetic cultures stimulated with LPS
(1 μg/ml, 24 h).

�Fig. 2 The impact of maternal diabetes on PI uptake in basal and LPS-
stimulated hippocampal organotypic cultures (OHCs) (assayed by the
FACS method). a Representative flow cytometric histograms. b
Illustration of the percentage of PI-positive cells in the examined
groups. Control and diabetes OHCs were stimulated for 24 h with
lipopolysaccharide (LPS; 1 μg/ml). The results are expressed as the
mean percentages relative to the control ± SEM. The data are from two
independent experiments: a p < 0.05 vs. control. b p < 0.05 vs. diabetes. c
p < 0.05 vs. control + LPS. PI—propidium iodide
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The Impact of Maternal Diabetes and/or Lipopolysaccharide
Stimulation on the Gene Expression of Pro-Inflammatory
Factors (il-1β, il-18, il-6, tnf-α) and on NLRP3 Inflammasome
Subunits (nlrp3, asc, casp1) in the Homogenates
of Hippocampal Organotypic Cultures (Measured
by Real-Time PCR)

Maternal diabetes did not have any effect on the gene expres-
sion of the investigated factors, except for that of il-18
(Table 1). With regard to this cytokine, we demonstrated that
maternal diabetes diminished the expression of il-18 in the
offspring hippocampi (p < 0.05).

A stimulatory effect of LPS (1 μg/ml, 24 h) on the exam-
ined genes, except for asc, was observed in the control group
(p < 0.05). In the diabetic group, LPS stimulation (1 μg/ml,
24 h) increased il-1β, il-6, tnf-α, nlrp3, and casp1 mRNA
expression but did not change the expression of il-18 or asc.
Additionally, we found that, in the case of tnf-α, the effect of

LPS was significantly lower in the diabetic cultures than in the
control.

The Impact of Antidiabetic Drugs on the Gene Expression
of Pro-Inflammatory Factors (il-1β, il-18, il-6, tnf-α)
and NLRP3 Inflammasome Subunits (nlrp3, asc, casp1)
in the Homogenates of Hippocampal Organotypic Cultures
(Measured by Real-Time PCR)

In control OHCs, neither metformin nor glyburide had any
effect on the gene expression of the investigated factors
(Table 2). In diabetes, we observed an increase in il-1β after
metformin treatment (3 μM, 24 h) (p < 0.05). Moreover, we
demonstrated a decrease in tnf-α and il-18 after glyburide
treatment (1 μM, 24 h) (vs. control + GLI) and a decrease in
il-18, while il-1β increased after metformin treatment in the
diabetic rats vs. the metformin-treated control group.

Fig. 3 The impact of LPS and/or antidiabetic drugs on a, b LDH and c, d
NO release in hippocampal organotypic cultures obtained from the
offspring of control and diabetic dams (OHCs). OHCs were pretreated
for 30 min with MET (3 μM) or GLI (1 μM) and then stimulated with
lipopolysaccharide (LPS; 1 μg/ml) for 24 h. Control cultures were treated

with the appropriate vehicle. The results are expressed as the mean
percentages relative to the control (a, c) or diabetes (b, d) ± SEM. The
data are from three independent experiments. a p < 0.05 vs. control. b
p < 0.05 vs. diabetes. c p < 0.05 vs. control + LPS. d p < 0.05 vs.
diabetes + LPS. LDH—lactate dehydrogenase; NO—nitric oxide
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The Impact of Antidiabetic Drugs on the Gene Expression
of Pro-inflammatory Factors (Il-1β, Il-18, Il-6, tnf-α)
and NLRP3 Inflammasome Subunits (nlrp3, asc, casp1)
in the Homogenates of Control and LPS-Stimulated Diabetic
Hippocampal Organotypic Cultures (Measured by Real-Time
PCR)

Both metformin (3 μM, 24 h) and glyburide (1 μM, 24 h) did
not normalize the LPS-induced changes in the gene expres-
sion of il-1β, il-18, il-6, nlrp3, and casp1 in the control and
diabetic groups (Table 3). However, tnf-α gene expression

was significantly lower in the metformin/LPS/diabetic group
vs. the metformin/LPS/control group, and il-18 was signifi-
cantly reduced in the glyburide/LPS/diabetic group compared
to the glyburide/LPS/control group.

The Impact of Maternal Diabetes and/or Antidiabetic
Drugs on Pro-Inflammatory Factor Levels in Basal
and LPS-Stimulated Hippocampal Organotypic
Cultures (Assayed by ELISA)

1. IL-1β

Table 2 The impact of antidiabetic drugs on the gene expression of the
pro-inflammatory factors: il-1β, il-18, il-6, tnf-α, and the NLRP3
inflammasome subunits: nlrp3, asc, and casp1 in control and diabetic
hippocampal organotypic cultures (OHCs) (measured by real-time
PCR). OHCs were treated for 30 min with MET (3 μM) or GLI
(1 μM). Control cultures were treated with the appropriate vehicle. The

results are expressed as the average fold change ± SEM. The data are from
three independent experiments. asc apoptosis-associated speck-like
protein containing a caspase recruitment domain, casp1 caspase-1, il
interleukin, nlrp3 Nod-like receptor pyrin-containing 3 subunit, tnf-α
tumor necrosis factor α

Gene expression

Control Control Metformin Control Glyburide Diabetes Diabetes Metformin Diabetes Glyburide

il-1β 1.04 ± 0.14 0.92 ± 0.12 0.99 ± 0.31 0.72 ± 0.13 26.40 ± 12.12abc 1.14 ± 0.29

il-18 1.02 ± 0.10 0.78 ± 0.12 0.89 ± 0.13 0.43 ± 0.09 a 0.44 ± 0.08ac 0.40 ± 0.03ad

il-6 1.04 ± 0.15 0.72 ± 0.11 1.07 ± 0.16 0.96 ± 0.11 0.67 ± 0.11 1.12 ± 0.25

tnf-α 1.08 ± 0.18 1.19 ± 0.27 1.29 ± 0.08 0.61 ± 0.11 0.69 ± 0.18 0.64 ± 0.04d

nlrp3 1.00 ± 0.04 0.88 ± 0.08 1.02 ± 0.17 0.85 ± 0.11 0.90 ± 0.15 0.78 ± 0.12

asc 1.02 ± 0.08 0.89 ± 0.04 1.06 ± 0.13 0.82 ± 0.07 0.85 ± 0.10 0.85 ± 0.14

casp1 1.01 ± 0.05 0.82 ± 0.04 1.08 ± 0.28 0.75 ± 0.07 0.84 ± 0.11 0.77 ± 0.12

a p < 0.05 vs. control
b p < 0.05 vs. diabetes
c p < 0.05 vs. control +MET
d p < 0.05 vs. control + GLI

Table 1 The impact of maternal diabetes and/or LPS stimulation on the
gene expression of the pro-inflammatory factors: il-1β, il-18, il-6, tnf-α,
and the NLRP3 inflammasome subunits: nlrp3, asc, and casp1 in
hippocampal organotypic cultures (OHCs) (measured by real-time
PCR). OHCs were stimulated with lipopolysaccharide (LPS; 1 μg/ml)
for 24 h. Control cultures were treated with the appropriate vehicle. The

results are expressed as the average fold change ± SEM. The data are from
three independent experiments. asc apoptosis-associated speck-like
protein containing a caspase recruitment domain, casp1 caspase-1, il
interleukin, nlrp3 Nod-like receptor pyrin-containing 3 subunit, tnf-α
tumor necrosis factor α

Gene expression

Control Control LPS Diabetes Diabetes LPS

il-1β 1.04 ± 0.14 107.44 ± 19.70a 0.72 ± 0.13 165.40 ± 50.36ab

il-18 1.02 ± 0.10 1.76 ± 0.22a 0.43 ± 0.09a 0.71 ± 0.10c

il-6 1.04 ± 0.15 470.89 ± 128.57a 0.96 ± 0.11 380.49 ± 80.04ab

tnf-α 1.08 ± 0.18 6.72 ± 1.37a 0.61 ± 0.11 3.11 ± 0.30bc

nlrp3 1.00 ± 0.04 1.95 ± 0.21a 0.85 ± 0.11 1.58 ± 0.18ab

asc 1.02 ± 0.08 0.93 ± 0.11 0.82 ± 0.07 0.75 ± 0.07a

casp1 1.01 ± 0.05 1.95 ± 0.21a 0.75 ± 0.07 1.67 ± 0.18ab

a p < 0.05 vs. control
b p < 0.05 vs. diabetes
c p < 0.05 vs. control + LPS
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Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

Neither maternal diabetes nor LPS (1 μg/ml, 24 h) had
any effect on the protein level of IL-1β in the homoge-
nates (Table 4). In hippocampal homogenates from con-
trol cultures stimulated with LPS (1 μg/ml, 24 h) and
pretreated with either metformin (3 μM, 24 h) or
glyburide (1 μM, 24 h), diminished levels of cytokines
(p < 0.05) in comparison to those in the control cultures
treated with either drug were observed. Metformin treat-
ment (3 μM; 24 h) in the control cultures increased the
level of IL-1β (p < 0.05), but this effect was not observed
in the diabetic cultures.

Protein Level in the Medium of Hippocampal Organotypic
Cultures

LPS treatment (1 μg/ml, 24 h) significantly increased
the secretion of IL-1β in the control (p < 0.05) and di-
abetic cultures (p < 0.05) (Fig. 4a). Furthermore, the
LPS-stimulated diabetic cultures secreted more IL-1β
than the control cultures (p < 0.05). Although no effect
of metformin or glyburide was found on this parameter
under basal conditions, we demonstrated that both met-
formin (3 μM, 24 h) and glyburide (1 μM, 24 h) pre-
treatment significantly (p < 0.05) inhibited the secretion
of IL-1β into the medium from control and diabetic
cultures stimulated with LPS. The inhibitory effect of

metformin (3 μM, 24 h) was stronger in diabetic hip-
pocampi than in controls (p < 0.05).

2. IL-18

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

In diabetic hippocampi, the IL-18 concentration was higher
than that in the control (p < 0.05). LPS stimulation (1 μg/ml,
24 h) diminished the level of IL-18 only in diabetic hippocam-
pi (p < 0.05) (Table 4). Glyburide (1 μM, 24 h) pretreatment
increased (p < 0.05) the concentration of IL-18 in the control
cultures stimulated with LPS (1 μg/ml, 24 h), while this effect
was not observed in the diabetic cultures. Under basal condi-
tions, metformin (3 μM, 24 h) and glyburide (3 μM, 24 h)
caused an increase in the level of this cytokine in the control
cultures (p < 0.05).

Protein Level in the Medium of Hippocampal Organotypic
Cultures

LPS (1 μg/ml, 24 h) upregulated (p < 0.05) the level of
IL-18 in the medium of diabetic hippocampal cultures,
and both drugs normalized this effect (p < 0.05).
Moreover, under basal conditions in diabetic cultures,
glyburide (1 μM, 24 h) was able to reduce the secretion
of IL-18 (p < 0.05) (Fig. 4b ).

Table 3 The impact of antidiabetic drugs on the gene expression of the
pro-inflammatory factors: il-1β, il-18, il-6, and tnf-α and the NLRP3
inflammasome subunits: nlrp3, asc, and casp1 in LPS-stimulated
control and diabetic hippocampal organotypic cultures (OHCs)
(measured by real-time PCR). OHCs were pretreated for 30 min with
MET (3 μM) or GLI (1 μM) and then s t imula t ed wi th

lipopolysaccharide (LPS; 1 μg /ml) for 24 h. The results are expressed
as the average fold change ± SEM. The data are from three independent
experiments. Asc apoptosis-associated speck-like protein containing a
caspase recruitment domain, casp1 caspase-1, il interleukin, nlrp3 Nod-
like receptor pyrin-containing 3 inflammasome, tnf-α tumor necrosis
factor α

Gene expression

Control LPS Control LPS metformin Control LPS Glyburide Diabetes LPS Diabetes LPS Metformin Diabetes LPS Glyburide

il-1β 107.44 ± 19.70 78.25 ± 8.60 94.05 ± 6.22 165.40 ± 50.36 183.09 ± 85.68 109.47 ± 35.33

il-18 1.76 ± 0.22 1.57 ± 0.22 2.33 ± 0.25 0.71 ± 0.10a 1.06 ± 0.17 0.90 ± 0.17b

il-6 470.89 ± 128.57 546.20 ± 138.65 625.17 ± 217.91 380.49 ± 80.04 331.00 ± 49.75 347.87 ± 73.49

tnf-α 6.72 ± 1.37 6.50 ± 1.85 6.39 ± 1.78 3.11 ± 0.30a 2.28 ± 0.45c 4.35 ± 0.62

nlrp3 1.95 ± 0.21 1.95 ± 0.26 1.99 ± 0.40 1.58 ± 0.18 1.78 ± 0.34 1.71 ± 0.32

asc 0.93 ± 0.11 0.75 ± 0.11 0.97 ± 0.12 0.75 ± 0.07 0.86 ± 0.11 0.74 ± 0.04

casp1 1.95 ± 0.21 1.74 ± 0.28 1.86 ± 0.29 1.67 ± 0.18 2.04 ± 0.27 1.67 ± 0.11

a p < 0.05 vs. control + LPS
b p < 0.05 vs. control + LPS + glyburide
c p < 0.05 vs. control + LPS +metformin
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3. IL-6

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

Diabetes significantly enhanced the level of IL-6 in compari-
son to that in the control (p < 0.05), while LPS treatment
(1 μg/ml, 24 h) increased IL-6 only in the control cultures
(Table 4).

Protein Level in the Medium of Hippocampal Organotypic
Cultures

LPS stimulation (1 μg/ml, 24 h) significantly increased
(p < 0.05) the level of IL-6 in the medium of both the control
and diabetic cultures (Fig. 4c). Moreover, this effect was
higher in the diabetic cultures (p < 0.05). Metformin (3 μM,
24 h) and glyburide (1 μM, 24 h) pretreatment weakened the
effect of LPS (1 μg/ml, 24 h) in diabetes (p < 0.05), while in
the control group, this effect was observed only with regard to
glyburide (p < 0.05). There was no effect of the drugs under
basal conditions in either of the examined groups (control and
diabetes).

4. TNF-α

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

Only in the cultures derived from control offspring and stim-
ulated with LPS (1 μg/ml, 24 h) was a statistically significant
increase (p < 0.05) in TNF-α concentration observed
(Table 4). Pretreatment with metformin (3 μM, 24 h) or
glyburide (1 μM, 24 h) did not prevent the LPS-induced up-
regulation of this factor in the control cultures.

Protein Level in the Medium of Hippocampal Organotypic
Cultures

Stimulation with LPS (1 μg/ml, 24 h) led to increased TNF-α
levels in the medium of both control and diabetic hippocampal
cultures (Fig. 4d). Metformin (3 μM, 24 h) and glyburide
(1 μM, 24 h) treatment did not affect TNF-α levels under
basal conditions. Glyburide (1 μM; 24 h) pretreatment signif-
icantly diminished the level of TNF-α in the hippocampi stim-
ulated with LPS in both the control (p < 0.05) and diabetic
(p < 0.05) cultures. Importantly, the effect observed in the di-
abetic cultures was significantly stronger than that observed in
the control cultures (p < 0.05). Ta
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The Impact of Maternal Diabetes and/or Antidiabetic
Drugs on TLR-4 and Phospho-p65/Total p65 Protein
Levels in Basal and LPS-Stimulated Hippocampal
Organotypic Cultures (Assayed by ELISA)

1. TLR-4

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

In the diabetic cultures, there was an increase in the level of
TLR-4 in comparison to that in the control (p < 0.05) (Fig. 5a).
There was no effect of metformin (3 μM, 24 h) or glyburide
(1 μM, 24 h) in the control and diabetic cultures (under basal
conditions). LPS (1 μg/ml, 24 h) significantly increased the
TLR-4 protein level in both the control and diabetic groups
(p < 0.05). The drugs used had no effect on the observed LPS-
induced upregulation of TLR-4.

2. Phospho-p65/total p65 protein level ratio

Protein Levels in the Homogenates of Hippocampal
Organotypic Cultures

An increase in the phospho-p65/total p65 ratio was observed
after LPS stimulation (1 μg/ml, 24 h) in the control and dia-
betic cultures (p < 0.05) (Fig. 5b). Metformin (3 μM, 24 h) did
not normalize the LPS-evoked increase in the phospho-p65/
total p65 ratio. Pretreatment with glyburide (1 μM, 24 h)
prevented (p < 0.05) the LPS-induced upregulation of this fac-
tor (in both the control and diabetic cultures).

The Impact of Maternal Diabetes and/or Antidiabetic
Drugs on NLRP3, ASC, and Caspase-1 Protein Levels
in Basal and LPS-Stimulated Hippocampal
Organotypic Cultures (Measured by ELISA
and Western Blot)

1. NLRP3

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

Diabetes significantly increased the level of the NLRP3 subunit
(p < 0.05), while the escalating effect of LPS (1 μg/ml, 24 h)
was observed only in the control cultures (p < 0.05) (Fig. 6a).
No effects of metformin (3μM, 24 h) or glyburide (1μM, 24 h)
were found in the control group, but analysis showed that, in
the diabetic group, glyburide (1 μM, 24 h) significantly de-
creased the level of the NLRP3 subunit (p < 0.05). Moreover,
the LPS-evoked increase in the NLRP3 subunit protein level in
the control cultures was attenuated by glyburide (1 μM, 24 h;
p < 0.05), while in the diabetic cultures, it was diminished by
metformin pretreatment (3 μM, 24 h; p < 0.05).

2. ASC

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

None of the factors affected the level of the ASC protein in the
hippocampal cultures in the examined groups (Fig. 6b).

3. Caspase-1

Protein Level in the Homogenates of Hippocampal
Organotypic Cultures

In the diabetes group, we observed a tendency towards an
increase in the caspase-1 level, while glyburide treatment
(1 μM, 24 h) diminished this factor in this group (p < 0.05)
(Fig. 6c). Both LPS stimulation (1μg/ml, 24 h) andmetformin
administration (3 μM, 24 h) in the control cultures enhanced
caspase-1 protein levels (p < 0.05); in the diabetic cultures,
these effects were not observed.

Discussion

Our study advances the two-hit hypothesis, which indicates
that maternal diabetes increases hippocampal sensitivity to
LPS-triggered inflammatory responses in offspring brain. In
addition, we demonstrate the strong inhibitory properties of
metformin and glyburide on immunoactivation induced by
maternal diabetes in the hippocampus of offspring. In our
study, the effects of glyburide were more pronounced.

The present study showed that hippocampi derived from
the offspring of diabetic mothers are characterized by an in-
crease in cell death and a higher susceptibility to damage
caused by a second stressor, specifically bacterial endotoxin

�Fig. 4 The impact of maternal diabetes and/or antidiabetic drugs
(metformin (MET) or glyburide (GLI)) on a IL-1β, b IL-18, c IL-6,
and d TNF-α levels in the medium of basal and LPS-stimulated
hippocampal organotypic cultures (OHCs) (assayed by ELISA). OHCs
were pretreated for 30 min with MET (3 μM) or GLI (1 μM) and then
stimulated with lipopolysaccharide (LPS; 1 μg/ml) for 24 h. Control
cultures were treated with the appropriate vehicle. The results are
expressed as the means ± SEM. The data are from three independent
experiments. a p < 0.05 vs. control. b p < 0.05 vs. diabetes; c p < 0.05
vs. control + LPS. d p < 0.05 vs. diabetes + LPS. e p < 0.05 vs.
control + LPS + MET. f p < 0.05 vs. control + LPS + GLI. IL—
interleukin; TNF-α—tumor necrosis factor α
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treatment. This effect may be explained by the hypothesis that
hyperglycemia in utero may induce oxidative stress (the
literature confirms that STZ leads to the overproduction of
superoxides, peroxynitrates, hydroxyl radicals, and hydrogen
peroxide, which are responsible for DNA damage and
fragmentation, characterizing the genotoxic potential of
STZ; Vikram et al. 2007), apoptosis in target tissues and the
alteration of the expression of genes involved in the prolifer-
ation and differentiation of brain cells, especially the down-
regulation of anti-apoptotic Bcl-2 and the upregulation of pro-
apoptotic Bax (Hami et al. 2013, 2015; Haghir et al. 2017).
Direct STZ cytotoxicity has also been demonstrated in hypo-
thalamic and hippocampal neurons in STZ-treated animals
and is evaluated by a decrease in the number of neurons and
morphological changes in these animals (Bathina et al. 2017).
Diabetes-induced apoptosis in hippocampal neurons may be a
key mechanism explaining memory and learning defects ob-
served in the offspring brain (Razi et al. 2015; Tan et al. 2015).
Maternal diabetes may also sensitize offspring brain cells to
other negative factors. Our study revealed that stimulation
with LPS causes an increase in LDH release and NO levels
in the medium, while metformin and glyburide show protec-
tive effects against LPS-dependent adverse changes. These
results are in line with previous findings (El-Mir et al. 2008;
Chung et al. 2015; Chen et al. 2016; Zhou et al. 2016), which
reported that metformin treatment may cause a wide range of
beneficial effects on brain functions after injury. For example,
in cultured brain cells, metformin prevents neurodegeneration
induced by advanced glycation products in human neuronal
stem cells (Chung et al. 2015), glutamate-induced toxicity in
cultured cerebellar granule neurons (Zhou et al. 2016), and
neurotoxicity caused by etoposide (El-Mir et al. 2008) and
amyloid-β (Chen et al. 2016) in hippocampal neurons
in vitro. Similarly, glyburide has been shown to have

pleiotropic neuroprotective effects. This antidiabetic agent is
able to inhibit necrotic cell death, reduce posttraumatic brain
edema, and decrease contusion volume following open head
injury in rats and possesses long-term protective effects on the
rat hippocampus after traumatic brain injury (Kurland et al.
2013; Xiong et al. 2015).

The important finding from the present study is the observa-
tion that maternal diabetes increases the levels of pro-
inflammatory cytokines, including IL-18 and IL-6, in the ho-
mogenates of organotypic hippocampal cultures. The data
showed that IL-6 is a multifunctional cytokine involved in the
inflammatory response and is correlated with insulin-resistant
states. Moreover, increased IL-6 levels can predict disease pro-
gression in patients with diabetes (Gomes 2017). Studies in
Wistar rats have shown that diabetes in adult animals leads to
IL-6 overexpression (Feng et al. 2018) in the hippocampus and,
as our study indicates, maternal diabetes may exert a similar
effect in the brains of offspring. Diabetes did not cause changes
in the levels of the other cytokines tested in homogenates, but
the most important assessment was the effect of diabetes on
secretion of these cytokines under the influence of a second
stimulus, LPS. In fact, we have showed that the LPS-
stimulated secretion of IL-1β and IL-6 is higher in cultures
obtained from the hippocampi of the offspring of diabetic dams.
Data have shown that metformin possesses anti-inflammatory
properties, manifested by the inhibition of microglial activation
and the downregulation of pro-inflammatory cytokine produc-
tion (TNF-α, IL-1β, and IL-6) in a rat traumatic brain injury
(TBI) model (Tao et al. 2018). Moreover, the protective effect
of metformin against ischemic changes via the suppression of
the NF-κB-mediated inflammatory pathway has been demon-
strated (Karimipour et al. 2018). Therefore, the suppressive
impact of metformin on LPS-induced IL-1β and IL-6 secretion
observed in the present study seems to be partially in line with

Fig. 5 The impact of maternal diabetes and/or antidiabetic drugs
(metformin (MET) or glyburide (GLI)) on a TLR-4 and b phospho-
p65/total p65 protein levels in basal and LPS-stimulated hippocampal
organotypic cultures (OHCs) (assayed by ELISA). OHCs were
pretreated for 30 min with MET (3 μM) or GLI (1 μM) and then

stimulated with lipopolysaccharide (LPS; 1 μg/ml) for 24 h. Control
cultures were treated with the appropriate vehicle. The results are
expressed as a the means ± SEM and b the mean percentages relative
to the control ± SEM. The data are from three independent experiments. a
p < 0.05 vs. control; b p < 0.05 vs. diabetes. TLR-4—Toll-like receptor 4
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those observations. To date, only a few studies have demon-
strated the anti-inflammatory properties of glyburide in the
brain. For example, glyburide attenuates ischemia-reperfusion
injury by modulating oxidative stress and inflammatory factor
secretion (NO, TNF-α) into the medium in the rat hippocampus
(Abdallah et al. 2011). To our knowledge, no studies addressing

the impact of glyburide on LPS-stimulated pro-inflammatory
cytokine secretion in the brain exist, so we propose that the
present data are the first showing that this drug may act as an
anti-inflammatory agent and normalize the LPS-evoked secre-
tion of IL-6, TNF-α, and IL-1β into the medium in both control
and diabetes hippocampal cultures.

Fig. 6 The impact of maternal
diabetes and/or antidiabetic drugs
(metformin (MET) or glyburide
(GLI)) on a NLRP3, b ASC, and
c caspase-1 protein levels in basal
and LPS-stimulated hippocampal
organotypic cultures (OHCs)
(assayed by ELISA/WB). OHCs
were pretreated for 30 min with
MET (3 μM) or GLI (1 μM) and
then stimulated with
lipopolysaccharide (LPS; 1 μg
/ml) for 24 h. Control cultures
were treated with the appropriate
vehicle. The results are expressed
as a, c the means ± SEM and b the
mean percentages relative to the
control ± SEM. The data are from
three independent experiments. a
p < 0.05 vs. control. b p < 0.05 vs.
diabetes. c p < 0.05 vs. control +
LPS. d p < 0.05 vs. diabetes +
LPS. ASC—apoptosis-associated
speck-like protein containing a
caspase recruitment domain;
NLRP3—Nod-like receptor
pyrin-containing 3 subunit
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A major challenge in understanding inflammatory pro-
cesses in the brain is determining the role of the main pro-
inflammatory cytokine IL-1β because it may induce the
secretion of other pro-inflammatory cytokines and
chemokines in addition to inducing its own secretion and
initiate substantial inflammation (Basu et al. 2002).
Although the basal level of IL-1β in the brain is low, it is
strongly induced immediately after injury or upon stimula-
tion by inflammatory agents. In our study, we observed the
increased secretion of IL-1β in diabetic and control hippo-
campi after LPS challenge (in diabetic cultures, IL-1β se-
cretion after LPS was even higher than that in controls). We
found that both metformin and glyburide inhibit the secre-
tion of IL-1β from control and diabetic cultures stimulated
with LPS and that the effect of metformin is stronger in
diabetic hippocampi than in controls. Another research
group reported similar effects in an in vivo study on diabe-
tes; in the hippocampi of STZ mice, the expression of IL-1β
is greater than that in the controls, and metformin reduces
this effect (Oliveira et al. 2016). IL-1β has been recognized
as important in the progression of insulin resistance and
diabetes (Maedler et al. 2009), and the severe action of met-
formin can be explained by its ability to counteract insulin
resistance mediated by IL-1β. Interestingly and unexpect-
edly for us, we observed that metformin alone causes an
increase in IL-1β protein levels in control hippocampi (ver-
sus controls treated with vehicle), and this effect was not
observed in the diabetic group. Likewise, other findings
have proven that metformin alone has no effect on the pro-
duction of pro-inflammatory cytokines, except for that of
IL-1β (Łabuzek et al. 2010), but this observation certainly
requires further study. Additionally, the effects of maternal
diabetes and/or LPS on cytokine levels measured in the
culture medium and homogenates are not always parallel,
presumably because cytokines are mainly released through
the classical form of exocytosis. Additional harmful factors
do not affect cytokine storage but influence the secretion
process. In the presence of an inflammatory agent, cyto-
kines are produced and directly secreted; they are not stored.
After LPS challenge in slices, we observed an increase in
the gene expression and secretion of the investigated cyto-
kines (IL-1β, IL-18, IL-6, and TNF-α). This lack of paral-
lelism in the levels of individual cytokines in the medium
and homogenates may also result from differences in their
release or degradation. For example, IL-1β, unlike most
cytokines, does not have a secretory signal sequence and
is not secreted by the classical endoplasmic reticulum-
Golgi pathway. The exact mechanism of IL-1β secretion
from the cytosol to the extracellular space is not known,
and depending on the cell types and inflammatory condi-
tions, several different pathways have been proposed (e.g.,
through the externalization of the cytokine directly at the
plasma membrane, via vesicles, via the autophagy process,

throughmicrovesicles shed from the plasmamembrane, and
via exosomes) (Piccioli and Rubartelli 2013; Iula et al.
2018). In addition, in the case of IL-18 and IL-6, the in-
creased secretion of these cytokines under the influence of
LPS in the group with diabetes may be the result of the
increased production of these factors in the slices under
basal conditions.

Data have indicated that NLRP3 inflammasome plat-
form activation triggers the proteolytic cleavage of pro-
caspase-1 into active caspase-1 and leads to the matura-
tion of IL-1β from its precursor form (Kang et al. 2016;
Swaroop et al. 2018). It was shown that the activation of
the NLRP3 inflammasome is precisely regulated; its acti-
vation involves priming induced by the Toll-like receptor
(TLR) and nuclear factor (NF-κB) pathways and then as-
sembly of the NLRP3 inflammasome, caspase-1 activa-
tion, and IL-1β secretion (Dowling and Neill 2012). The
first step may be facilitated through the activation of
NOD-like or Toll-like receptors. Among these receptors,
TLR4 acts as a major LPS signaling receptor leading to
the inflammatory response. In our study, we demonstrated
that TLR-4 levels are upregulated in diabetic organotypic
cultures. Furthermore, additional LPS stimulation leads to
TLR4 upregulation in control and diabetic hippocampal
cultures. Studies have shown that the consumption of high
levels of dietary fats leads to the activation of metabolic
inflammation in the hypothalamus through TLR4, and the
inhibition of TLR4 significantly reduces hypothalamic in-
flammation in the hypothalami of rodents fed a high-fat
diet (Milanski et al. 2009; Velloso et al. 2015).
Investigations have discerned the role of TLR4 in periph-
eral tissues; in type 1 diabetes patients, even small
amounts of glucose induce oxidative and inflammatory
stress, which is reflected by, among other effects, TLR4
activation. In addition, in these patients, insulin treatment
shows anti-inflammatory effects, including the suppres-
sion of TLR4 (Dandona et al. 2013). Additionally, other
groups have provided evidence for the involvement of
TLR4 in the pathogenesis of obesity and insulin resistance
(Kang et al. 2016).

Because the activation of TLR4 may lead to the stim-
ulation of the transcription factor NF-κB and, as a conse-
quence, to the intensification of inflammatory cytokine
production, in our study, we investigated the impact of
diabetes on the phosphorylation of the p65 NF-κB sub-
unit. Under basal conditions, NF-κB is maintained in the
cytoplasm as a non-activated molecule. In response to
stimuli, the activated NF-κB subunit p65 translocates to
the nucleus and promotes the specific gene transcription
of cytokines (e.g., TNF-α, IL-1β, and IL-6). Generally,
this signaling pathway leads to inflammation and neuronal
apoptosis (Shao et al. 2016). We observed the upregula-
tion of the phospho-p65/p65 ratio after LPS stimulation.
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This effect was still observed in groups pretreated with
metformin, but interestingly not after glyburide pretreat-
ment, which suggests the inhibitory impact of this drug on
NF-κB phosphorylation and probably a reduction in pro-
inflammatory factor secretion. Some data have demon-
strated that TLR4-induced NF-κB activation is involved
in the regulation of NLRP3 transcription through binding
to the NF-κB binding sites in the NLRP3 promoter (Qiao
et al. 2012). In fact, once primed, the subsequent activa-
tion of the NLRP3 inflammasome, referred to as the sec-
ond signal, results in the oligomerization of NLRP3 and
the subsequent assembly of NLRP3, ASC, and pro-
caspase-1 into a platform (Lamkanfi and Kanneganti
2010). In the present study, maternal diabetes was able
to regulate the second signal of the NLRP3 inflammasome
activation pathway. In fact, we observed that maternal
diabetes causes the activation of NLRP3 inflammasome
signaling by increasing the level of the NLRP3 protein
subunit, indicating a tendency to enhance the protein
levels of caspase-1 and ASC. Interestingly, we found that
glyburide, as a NLRP3 inflammasome inhibitor, dimin-
ishes the level of NLRP3 protein and caspase-1 subunits,
but only in diabetic cultures. Recent data have indicated
that NOD-like receptors (NLRs) are not only essential
components of the immune system but may also have an
important role as regulators of the glucose and insulin
balance (Vandanmagsar et al. 2011). This association be-
tween metabolic stress and inflammation suggests a link
between inflammasome activation, especially the activa-
tion of NLRP3, and insulin resistance (Stienstra et al.,
2011). It seems that the activation of the NLRP3
inflammasome is an important mechanism that induces
metabolic-related inflammation and low sensitivity to in-
sulin. Our study showed that maternal diabetes can lead to
NLRP3 inflammasome activation in the offspring hippo-
campus, which may suggest a relationship between the
dysregulation of the maternal insulin signaling pathway
and inflammatory changes in offspring brains. Only some-
what related results have been shown in immortalized
mouse HT22 hippocampal cells, in which high glucose
levels increase NLRP3 markers and activation compared
to those induced by normal and low glucose levels (Ward
and Ergul 2016). However, many reports refer to the ac-
tivation of the NLRP3 inflammasome in peripheral tissues
in diabetes. High glucose levels are associated with the
activation of the NLRP3 inflammasome. Elevated
NLRP3, ASC, IL-1β gene expression, and protein levels
are observed in macrophages obtained from untreated
type 2 diabetic patients. Furthermore, in the myeloid cells
of type 2 diabetes, caspase-1 activation is observed. This
effect leads to the upregulation of IL-1β and IL-18 levels
(after exposure to metabolic danger signals). Importantly,
the knockdown of NLRP3 and ASC subunits in the

myeloid cells of type 2 diabetic patients prevents the abil-
ity of metabolic signals to induce IL-1β and IL-18 secre-
tion (Lee et al. 2013).

In conclusion, the current results clearly demonstrated
that maternal diabetes increases the mortality of hippocam-
pal cells and enhances their susceptibility to damage and
inflammation caused by a second stressor, lipopolysaccha-
ride. The investigated antidiabetic drugs with anti-
inflammatory properties (metformin and glyburide) have a
beneficial impact on the observed dysregulations. The appli-
cation of the NLRP3 inflammasome inhibitor glyburide ap-
pears to be themost promising and has particular therapeutic
value. We suggest the potential utility of this drug as a new
therapeutic strategy inbraindisorders inwhich inflammation
is observed. The search for new therapeutic opportunities to
counteract immunometabolic brain disorders linked to resis-
tance to conventional treatments is a short-term necessity.

Role of the Funding Sources Funding sources had no role in study de-
sign, in the collection, analysis and interpretation of data or in the decision
to submit the article for publication.

Funding information This research was funded by grant No. 2014/13/N/
NZ7/00279 from the National Science Center, Poland.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflicts of
interest.

Ethical Approval The experiments were approved by the second Local
Ethics Committee in Kraków, Poland (permission no.1161, 23.03.2015).
This article does not contain any studies with human participants.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Abdallah DM, Nassar NN, Abd-El-Salam RM (2011) Glibenclamide
ameliorates ischemia-reperfusion injury via modulating oxidative
stress and inflammatory mediators in the rat hippocampus. Brain
Res 1385:257–262. https://doi.org/10.1016/j.brainres.2011.02.007

Alotaibi MR, Fatani AJ, Almnaizel AT, Ahmed MM, Abuohashish HM,
al-Rejaie SS (2018) In vivo assessment of combined effects of
glibenclamide and losartan in diabetic rats. Med Princ Pract 28:0–
23. https://doi.org/10.1159/000496104

Armengaud J-B, Ma RCW, Siddeek B, Visser GHA, Simeoni U (2018)
Accepted manuscript invited review offspring of mothers with
Hyperglycaemia in pregnancy: the short term and long-term impact.
What is new? Diabetes Res Clin Pract 1–12. doi: https://doi.org/10.
1016/j.diabres.2018.07.039, 155, 166

Neurotox Res (2019) 36:357–375 373

https://doi.org/10.1016/j.brainres.2011.02.007
https://doi.org/10.1159/000496104
https://doi.org/10.1016/j.diabres.2018.07.039
https://doi.org/10.1016/j.diabres.2018.07.039


Ashcroft FM (2005) ATP-sensitive potassium channelopathies: focus on
insulin secretion. J Clin Invest 115:2047–2058. https://doi.org/10.
1172/JCI25495

Babiker AMI, Al Jurayyan NAM, Al Jurayyan RNA et al (2015) The
clinical pattern of diabetes insipidus in a large university hospital in
theMiddle East. J Trop Pediatr 61:100–105. https://doi.org/10.1093/
tropej/fmu075

Basu A, Krady JK, O’Malley M et al (2002) The type 1 interleukin-1
receptor is essential for the efficient activation of microglia and the
induction of multiple proinflammatory mediators in response to
brain injury. J Neurosci 22:6071–6082

Bathina S, Srinivas N, Das UN (2017) Streptozotocin produces oxidative
stress, inflammation and decreases BDNF concentrations to induce
apoptosis of RIN5F cells and type 2 diabetes mellitus in Wistar rats.
Biochem Biophys Res Commun 486:406–413. https://doi.org/10.
1016/j.bbrc.2017.03.054

Carrapato MR, Marcelino F (2001) The infant of the diabetic mother: the
critical developmental windows. Early Pregnancy 5:57–58

Cederberg J, Picard JJ, Eriksson UJ (2003) Maternal diabetes in the rat
impairs the formation of neural-crest derived cranial nerve ganglia in
the offspring. Diabetologia 46:1245–1251. https://doi.org/10.1007/
s00125-003-1100-1

Chen B, Teng Y, Zhang X, Lv X, Yin Y (2016) Metformin alleviated
Abeta-induced apoptosis via the suppression of JNKMAPK signal-
ing pathway in cultured hippocampal neurons. Biomed Res Int
2016:1421430. https://doi.org/10.1155/2016/1421430

Chung MM, Chen YL, Pei D, Cheng YC, Sun B, Nicol CJ, Yen CH,
Chen HM, Liang YJ, ChiangMC (2015) The neuroprotective role of
metformin in advanced glycation end product treated human neural
stem cells is AMPK-dependent. Biochim Biophys Acta Mol basis
Dis 1852:720–731. https://doi.org/10.1016/j.bbadis.2015.01.006

Dandona P, Ghanim H, Green K, Sia CL, Abuaysheh S, Kuhadiya N,
Batra M, Dhindsa S, Chaudhuri A (2013) Insulin infusion sup-
presses while glucose infusion induces Toll-like receptors and
high-mobility group-B1 protein expression in mononuclear cells of
type 1 diabetes patients. Am J Physiol Metab 304:E810–E818.
https://doi.org/10.1152/ajpendo.00566.2012

Dowling JK, Neill LO (2012) Biochemical regulation of the
inflammasome. doi: https://doi.org/10.3109/10409238.2012.
694844

Edlow AG (2017) Maternal obesity and neurodevelopmental and psychi-
atric disorders in offspring. Prenat Diagn 37:95–110. https://doi.org/
10.1002/pd.4932

El-Mir MY, Detaille D, R-Villanueva G et al (2008) Neuroprotective role
of antidiabetic drug metformin against apoptotic cell death in prima-
ry cortical neurons. J Mol Neurosci 34:77–87. https://doi.org/10.
1007/s12031-007-9002-1

Feng Y, Chu A, Luo Q, Wu M, Shi X, Chen Y (2018) The protective
effect of astaxanthin on cognitive function via inhibition of oxidative
stress and inflammation in the brains of chronic T2DM rats. Front
Pharmacol 9:1–11. https://doi.org/10.3389/fphar.2018.00748

Furman BL (2015) Streptozotocin-induced diabetic models in mice and
rats. Curr Protoc Pharmacol 70:5.47.1–5.47.20. https://doi.org/10.
1002/0471141755.ph0547s70

Georgieff MK (2006) The effect of maternal diabetes during pregnancy
on the neurodevelopment of offspring. Minn Med 89:44–47

Gomes KB (2017) IL-6 and type 1 diabetes mellitus: T cell responses and
increase in IL-6 receptor surface expression. Ann Transl Med 5:16–
16. https://doi.org/10.21037/atm.2016.12.74

Haghir H, Hami J, Lotfi N, Peyvandi M, Ghasemi S, Hosseini M (2017)
Expression of apoptosis-regulatory genes in the hippocampus of rat
neonates born to mothers with diabetes. Metab Brain Dis 32:617–
628. https://doi.org/10.1007/s11011-017-9950-2

Hami J, Sadr-Nabavi A, Sankian M, Balali-Mood M, Haghir H (2013)
The effects of maternal diabetes on expression of insulin-like growth
factor-1 and insulin receptors in male developing rat hippocampus.

Brain Struct Funct 218:73–84. https://doi.org/10.1007/s00429-011-
0377-y

Hami J, Karimi R, Haghir H, Gholamin M, Sadr-Nabavi A (2015)
Diabetes in pregnancy adversely affects the expression of glycogen
synthase kinase-3beta in the hippocampus of rat neonates. J Mol
Neurosci 57:273–281. https://doi.org/10.1007/s12031-015-0617-3

Hayami N, Sekiguchi A, Iwasaki Y, et al (2016) No additional effect of
DPP-4 inhibitor on preventing atrial fibrosis in streptozotocin-
induced diabetic rat as compared with sulfonylurea. 336–340. doi:
https://doi.org/10.1536/ihj.15-266

Hornberger LK (2006) Maternal diabetes and the fetal heart. Heart 92:
1019–1021. https://doi.org/10.1136/hrt.2005.083840

Iula L, Keitelman IA, Sabbione F, Fuentes F (2018) Autophagy mediates
interleukin-1β secretion in human. Neutrophils 9:1–14. https://doi.
org/10.3389/fimmu.2018.00269

Jiang G-J, Han X, Tao Y-L, Deng YP, Yu JW, Cai J, Ren GF, Sun YN
(2017) Metformin ameliorates insulitis in STZ-induced diabetic
mice. PeerJ 5:e3155. https://doi.org/10.7717/peerj.3155

Jin Q, Cheng J, Liu Y, Wu J, Wang X, Wei S, Zhou X, Qin Z, Jia J, Zhen
X (2014) Improvement of functional recovery by chronic metformin
treatment is associated with enhanced alternative activation of
microglia/macrophages and increased angiogenesis and
neurogenesis following experimental stroke. Brain Behav Immun
40:131–142. https://doi.org/10.1016/j.bbi.2014.03.003

Johns EC, Denison FC, Norman JE, Reynolds RM (2018) Gestational
diabetes mellitus: mechanisms, treatment, and complications.
Trends Endocrinol Metab xx:1–12. https://doi.org/10.1016/j.tem.
2018.09.004

Kang EB, Koo JH, Jang YC, Yang CH, Lee Y, Cosio-Lima LM, Cho JY
(2016) Neuroprotective effects of endurance exercise against high-
fa t d ie t - induced h ippocampal neuro inf lammat ion . J
Neuroendocrinol 28. https://doi.org/10.1111/jne.12385

Karimipour M, Shojaei Zarghani S, Mohajer Milani M, Soraya H (2018)
Pre-treatment with metformin in comparison with post-treatment
reduces cerebral ischemia reperfusion induced injuries in rats. Bull
Emerg trauma 6:115–121. https://doi.org/10.29252/beat-060205

Kim SY, Sharma AJ, Callaghan WM (2012) Gestational diabetes and
childhood obesity: what is the link? Curr Opin Obstet Gynecol 24:
376–381. https://doi.org/10.1097/GCO.0b013e328359f0f4

King AJF (2012) The use of animal models in diabetes research. Br J
Pharmacol 166:877–894. https://doi.org/10.1111/j.1476-5381.2012.
01911.x

Kiss AC, Lima PH, Sinzato YK et al (2009) Animal models for clinical
and gestational diabetes: maternal and fetal outcomes. Diabetol
Metab Syndr 1:21. https://doi.org/10.1186/1758-5996-1-21

Kurland DB, Tosun C, Pampori A, Karimy J, Caffes N, Gerzanich V,
Simard J (2013) Glibenclamide for the treatment of acute CNS in-
jury. Pharmaceuticals 6:1287–1303. https://doi.org/10.3390/
ph6101287

Łabuzek K, Liber S, Gabryel B, Okopień B (2010) Metformin has
adenosine-monophosphate activated protein kinase (AMPK)-inde-
pendent effects on LPS-stimulated rat primary microglial cultures.
Pharmacol Rep 62:827–848. https://doi.org/10.1016/S1734-
1140(10)70343-1

Lamkanfi M, Kanneganti TD (2010) Nlrp3: an immune sensor of cellular
stress and infection. Int J BiochemCell Biol 42:792–795. https://doi.
org/10.1016/j.biocel.2010.01.008

Lee H-M, Kim J-J, Kim HJ et al (2013) Upregulated NLRP3
inflammasome activation in patients with type 2 diabetes. Diabetes
62:194–204. https://doi.org/10.2337/db12-0420

Maedler K, Dharmadhikari G, Schumann DM, Størling J (2009)
Interleukin-1 beta targeted therapy for type 2 diabetes. 1177–
1188

Maldonado-Ruiz R, Montalvo-Martínez L, Fuentes-Mera L, Camacho A
(2017) Microglia activation due to obesity programs metabolic

374 Neurotox Res (2019) 36:357–375

https://doi.org/10.1172/JCI25495
https://doi.org/10.1172/JCI25495
https://doi.org/10.1093/tropej/fmu075
https://doi.org/10.1093/tropej/fmu075
https://doi.org/10.1016/j.bbrc.2017.03.054
https://doi.org/10.1016/j.bbrc.2017.03.054
https://doi.org/10.1007/s00125-003-1100-1
https://doi.org/10.1007/s00125-003-1100-1
https://doi.org/10.1155/2016/1421430
https://doi.org/10.1016/j.bbadis.2015.01.006
https://doi.org/10.1152/ajpendo.00566.2012
https://doi.org/10.3109/10409238.2012.694844
https://doi.org/10.3109/10409238.2012.694844
https://doi.org/10.1002/pd.4932
https://doi.org/10.1002/pd.4932
https://doi.org/10.1007/s12031-007-9002-1
https://doi.org/10.1007/s12031-007-9002-1
https://doi.org/10.3389/fphar.2018.00748
https://doi.org/10.1002/0471141755.ph0547s70
https://doi.org/10.1002/0471141755.ph0547s70
https://doi.org/10.21037/atm.2016.12.74
https://doi.org/10.1007/s11011-017-9950-2
https://doi.org/10.1007/s00429-011-0377-y
https://doi.org/10.1007/s00429-011-0377-y
https://doi.org/10.1007/s12031-015-0617-3
https://doi.org/10.1536/ihj.15-266
https://doi.org/10.1136/hrt.2005.083840
https://doi.org/10.3389/fimmu.2018.00269
https://doi.org/10.3389/fimmu.2018.00269
https://doi.org/10.7717/peerj.3155
https://doi.org/10.1016/j.bbi.2014.03.003
https://doi.org/10.1016/j.tem.2018.09.004
https://doi.org/10.1016/j.tem.2018.09.004
https://doi.org/10.1111/jne.12385
https://doi.org/10.29252/beat-060205
https://doi.org/10.1097/GCO.0b013e328359f0f4
https://doi.org/10.1111/j.1476-5381.2012.01911.x
https://doi.org/10.1111/j.1476-5381.2012.01911.x
https://doi.org/10.1186/1758-5996-1-21
https://doi.org/10.3390/ph6101287
https://doi.org/10.3390/ph6101287
https://doi.org/10.1016/S1734-1140(10)70343-1
https://doi.org/10.1016/S1734-1140(10)70343-1
https://doi.org/10.1016/j.biocel.2010.01.008
https://doi.org/10.1016/j.biocel.2010.01.008
https://doi.org/10.2337/db12-0420


failure leading to type two diabetes. Nutr Diabetes 7:1–9. https://doi.
org/10.1038/nutd.2017.10

Marshall SM (2017) 60 years of metformin use: a glance at the past and a
look to the future. Diabetologia 60:1561–1565. https://doi.org/10.
1007/s00125-017-4343-y

Milanski M, Degasperi G, Coope A, Morari J, Denis R, Cintra DE,
Tsukumo DML, Anhe G, Amaral ME, Takahashi HK, Curi R,
Oliveira HC, Carvalheira JBC, Bordin S, Saad MJ, Velloso LA
(2009) Saturated fatty acids produce an inflammatory response pre-
dominantly through the activation of TLR4 signaling in hypothala-
mus: implications for the pathogenesis of obesity. J Neurosci 29:
359–370. https://doi.org/10.1523/JNEUROSCI.2760-08.2009

MuriachMM, Flores-bellver M, Romero FJ et al (2014) Diabetes and the
brain : oxidative stress , inflammation , and autophagy. Oxidative
Med Cell Longev 2014:102158. https://doi.org/10.1155/2014/
102158

Oliveira WH, Nunes AK, França MER, Santos LA, Lós DB, Rocha SW,
Barbosa KP, Rodrigues GB, Peixoto CA (2016) Effects of metfor-
min on inflammation and short-term memory in streptozotocin-
induced diabetic mice. Brain Res 1644:149–160. https://doi.org/
10.1016/j.brainres.2016.05.013

Patel S, Santani D (2009) Role of NF-κB in the pathogenesis of diabetes
and its associated complications. Pharmacol Rep 61:595–603.
https://doi.org/10.1016/S1734-1140(09)70111-2

Piccioli P, Rubartelli A (2013) Seminars in immunology the secretion of
IL-1 and options for release. Semin Immunol 25:425–429. https://
doi.org/10.1016/j.smim.2013.10.007

Portha B, Chavey A, Movassat J (2011) Early-life origins of type 2 dia-
betes: fetal programming of the beta-cell mass. Exp Diabetes Res
2011:1–16. https://doi.org/10.1155/2011/105076

Qiao Y, Wang P, Qi J, Zhang L, Gao C (2012) TLR-induced NF-κB
activation regulates NLRP3 expression in murine macrophages.
FEBS Lett 586:1022–1026. https://doi.org/10.1016/j.febslet.2012.
02.045

Razi EM, Ghafari S, Golalipour MJ (2015) Effect of gestational diabetes
on purkinje and granule cells distribution of the rat cerebellum in 21
and 28 days of postnatal life. Basic Clin Neurosci 6:6–13

Saisho Y (2015) Metformin and inflammation: its potential beyond
glucose-lowering effect. Endocr Metab Immune Disord Drug
Ta r g e t s 1 5 : 1 9 6 – 2 0 5 . h t t p s : / / d o i . o r g / 1 0 . 2 1 7 4 /
1871530315666150316124019

Salbaum JM, Kappen C (2010) Neural tube defect genes and maternal
diabetes during pregnancy. Birth Defects Res AClinMol Teratol 88:
601–611. https://doi.org/10.1002/bdra.20680

Shao A, Wu H, Hong Y, Tu S, Sun X, Wu Q, Zhao Q, Zhang J, Sheng J
(2016) Hydrogen-rich saline attenuated subarachnoid hemorrhage-
induced early brain injury in rats by suppressing inflammatory re-
sponse: possible involvement of NF-κB pathway and NLRP3
inflammasome. Mol Neurobiol 53:3462–3476. https://doi.org/10.
1007/s12035-015-9242-y

Stienstra R, van Diepen JA, Tack CJ, et al (2011) Inflammasome is a
central player in the induction of obesity and insulin resistance.
Proc Natl Acad Sci 108:15324–15329. https://doi.org/10.1073/
pnas.1100255108

Stoppini L, Buchs PA,Muller D (1991) A simple method for organotypic
cultures of nervous tissue. J Neurosci Methods 37:173–182

SunX, YaoH, Douglas RM,GuXQ,Wang J, Haddad GG (2010) Insulin/
PI3K signaling protects dentate neurons from oxygen-glucose dep-
rivation in organotypic slice cultures. J Neurochem 112:377–388.
https://doi.org/10.1111/j.1471-4159.2009.06450.x

Swaroop S, Mahadevan A, Shankar SK, et al (2018) HSP60 critically
regulates endogenous IL-1 β production in activated microglia by
stimulating NLRP3 inflammasome pathway. 1–19

Tan SE, Razi EM, Ghafari S, Golalipour MJ (2015) Activation of hippo-
campal nitric oxide and calcium/calmodulin-dependent protein ki-
nase II in response to Morris water maze learning in rats. Basic Clin
Neurosci 6:260–266. https://doi.org/10.1016/j.pbb.2008.12.006

Tao L, Li D, Liu H, Jiang F, Xu Y, Cao Y, Gao R, Chen G (2018)
Neuroprotective effects of metformin on traumatic brain injury in
rats associated with NF-κB and MAPK signaling pathway. Brain
Res Bull 140:154–161. https://doi.org/10.1016/j.brainresbull.2018.
04.008

Tripathi BK, Srivastava AK (2006) Diabetes mellitus. Complications and
Therapeutics 12:130–147

Vandanmagsar B, YoumY, Ravussin A, et al (2011) The NALP3/NLRP3
inflammasome instigates obesity-induced autoinflammation and in-
sulin resistance. Nat Med 17:179–188. https://doi.org/10.1038/nm.
2279

Velloso LA, Folli F, Saad MJ (2015) TLR4 at the crossroads of nutrients,
gut microbiota, and metabolic inflammation. Endocr Rev 36:245–
271. https://doi.org/10.1210/er.2014-1100

Vigili de Kreutzenberg S, Ceolotto G, Cattelan A, Pagnin E, Mazzucato
M, Garagnani P, Borelli V, Bacalini MG, Franceschi C, Fadini GP,
Avogaro A (2015) Metformin improves putative longevity effectors
in peripheral mononuclear cells from subjects with prediabetes. A
randomized controlled trial. Nutr Metab Cardiovasc Dis 25:686–
693. https://doi.org/10.1016/j.numecd.2015.03.007

Vikram A, Tripathi DN, Ramarao P, Jena GB (2007) Evaluation of
streptozotocin genotoxicity in rats from different ages using the
micronucleus assay. 49:238–244. doi: https://doi.org/10.1016/j.
yrtph.2007.09.006

Vuong B, Odero G, Rozbacher S, StevensonM, Kereliuk SM, Pereira TJ,
Dolinsky VW, Kauppinen TM (2017) Exposure to gestational dia-
betes mellitus induces neuroinflammation, derangement of hippo-
campal neurons, and cognitive changes in rat offspring. J
Neuroinflammation 14:1–13. https://doi.org/10.1186/s12974-017-
0859-9

Ward R, Ergul A (2016) Relationship of endothelin-1 and NLRP3
inflammasome activation in HT22 hippocampal cells in diabetes.
Life Sci 159:97–103. https://doi.org/10.1016/j.lfs.2016.02.043

WróbelMP,Marek B, Kajdaniuk D, Rokicka D, Szymborska-Kajanek A,
Strojek K (2017) Metformin— a new old drug. Endokrynol Pol 68:
482–496. https://doi.org/10.5603/EP.2017.0050

Xiong Y, Zhang Y, Mahmood A, Chopp M (2015) Investigational agents
for treatment of traumatic brain injury. Expert Opin Investig Drugs
24:743–760. https://doi.org/10.1517/13543784.2015.1021919

Zhao Z, Reece EA (2013) New concepts in diabetic embryopathy. Clin
Lab Med 33:207–233. https://doi.org/10.1016/j.cll.2013.03.017

Zhou C, Sun R, Zhuang S, Sun C, Jiang Y, Cui Y, Li S, Xiao Y, du Y, Gu
H, Liu Q (2016) Metformin prevents cerebellar granule neurons
against glutamate-induced neurotoxicity. Brain Res Bull 121:241–
245. https://doi.org/10.1016/j.brainresbull.2016.02.009

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Neurotox Res (2019) 36:357–375 375

https://doi.org/10.1038/nutd.2017.10
https://doi.org/10.1038/nutd.2017.10
https://doi.org/10.1007/s00125-017-4343-y
https://doi.org/10.1007/s00125-017-4343-y
https://doi.org/10.1523/JNEUROSCI.2760-08.2009
https://doi.org/10.1155/2014/102158
https://doi.org/10.1155/2014/102158
https://doi.org/10.1016/j.brainres.2016.05.013
https://doi.org/10.1016/j.brainres.2016.05.013
https://doi.org/10.1016/S1734-1140(09)70111-2
https://doi.org/10.1016/j.smim.2013.10.007
https://doi.org/10.1016/j.smim.2013.10.007
https://doi.org/10.1155/2011/105076
https://doi.org/10.1016/j.febslet.2012.02.045
https://doi.org/10.1016/j.febslet.2012.02.045
https://doi.org/10.2174/1871530315666150316124019
https://doi.org/10.2174/1871530315666150316124019
https://doi.org/10.1002/bdra.20680
https://doi.org/10.1007/s12035-015-9242-y
https://doi.org/10.1007/s12035-015-9242-y
https://doi.org/10.1073/pnas.1100255108
https://doi.org/10.1073/pnas.1100255108
https://doi.org/10.1111/j.1471-4159.2009.06450.x
https://doi.org/10.1016/j.pbb.2008.12.006
https://doi.org/10.1016/j.brainresbull.2018.04.008
https://doi.org/10.1016/j.brainresbull.2018.04.008
https://doi.org/10.1038/nm.2279
https://doi.org/10.1038/nm.2279
https://doi.org/10.1210/er.2014-1100
https://doi.org/10.1016/j.numecd.2015.03.007
https://doi.org/10.1016/j.yrtph.2007.09.006
https://doi.org/10.1016/j.yrtph.2007.09.006
https://doi.org/10.1186/s12974-017-0859-9
https://doi.org/10.1186/s12974-017-0859-9
https://doi.org/10.1016/j.lfs.2016.02.043
https://doi.org/10.5603/EP.2017.0050
https://doi.org/10.1517/13543784.2015.1021919
https://doi.org/10.1016/j.cll.2013.03.017
https://doi.org/10.1016/j.brainresbull.2016.02.009

	Inflammatory Consequences of Maternal Diabetes on the Offspring Brain: a Hippocampal Organotypic Culture Study
	Abstract
	Introduction
	Materials and Methods
	Animals
	Induction of Diabetes
	Establishment of Organotypic Cultures
	Chemicals and Drugs
	Fluorescence-Activated Cell Sorting Study
	Determination of Lactate Dehydrogenase Activity
	Nitric Oxide Release Assay
	Gene Expression Study
	RNA Extraction and cDNA Preparation
	Real-Time PCR

	Enzyme-Linked Immunosorbent Assays
	Western Blot Analysis
	Statistical Analysis

	Results
	The Impact of Maternal Diabetes on Propidium Iodide Uptake in Basal and LPS-Stimulated Hippocampal Organotypic Cultures (Assayed by the Fluorescence-Activated Cell Sorting Method in Slices)
	The Impact of Lipopolysaccharide and/or Antidiabetic Drugs on Cell Death in Hippocampal Organotypic Cultures Obtained from the Offspring of Control and Diabetic Dams (Measured by the Lactate Dehydrogenase Test in the Culture Medium)
	The Impact of Lipopolysaccharide and/or Antidiabetic Drugs on Nitric Oxide Release in Hippocampal Organotypic Cultures Obtained from the Offspring of Control and Diabetic Dams (Measured by the Griess Method in the Culture Medium)
	The Impact of Maternal Diabetes and/or Lipopolysaccharide Stimulation on the Gene Expression of Pro-Inflammatory Factors (il-1β, il-18, il-6, tnf-α) and on NLRP3 Inflammasome Subunits (nlrp3, asc, casp1) in the Homogenates of Hippocampal Organotypic Cultures (Measured by Real-Time PCR)
	The Impact of Antidiabetic Drugs on the Gene Expression of Pro-Inflammatory Factors (il-1β, il-18, il-6, tnf-α) and NLRP3 Inflammasome Subunits (nlrp3, asc, casp1) in the Homogenates of Hippocampal Organotypic Cultures (Measured by Real-Time PCR)
	The Impact of Antidiabetic Drugs on the Gene Expression of Pro-inflammatory Factors (Il-1β, Il-18, Il-6, tnf-α) and NLRP3 Inflammasome Subunits (nlrp3, asc, casp1) in the Homogenates of Control and LPS-Stimulated Diabetic Hippocampal Organotypic Cultures (Measured by Real-Time PCR)

	The Impact of Maternal Diabetes and/or Antidiabetic Drugs on Pro-Inflammatory Factor Levels in Basal and LPS-Stimulated Hippocampal Organotypic Cultures (Assayed by ELISA)
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Medium of Hippocampal Organotypic Cultures
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Medium of Hippocampal Organotypic Cultures
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Medium of Hippocampal Organotypic Cultures
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Medium of Hippocampal Organotypic Cultures

	The Impact of Maternal Diabetes and/or Antidiabetic Drugs on TLR-4 and Phospho-p65/Total p65 Protein Levels in Basal and LPS-Stimulated Hippocampal Organotypic Cultures (Assayed by ELISA)
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Levels in the Homogenates of Hippocampal Organotypic Cultures

	The Impact of Maternal Diabetes and/or Antidiabetic Drugs on NLRP3, ASC, and Caspase-1 Protein Levels in Basal and LPS-Stimulated Hippocampal Organotypic Cultures (Measured by ELISA and Western Blot)
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures
	Protein Level in the Homogenates of Hippocampal Organotypic Cultures


	Discussion
	References


