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Abstract: Many relevant studies, as well as clinical practice, confirm that untreated diabetes predis-
poses the development of neuroinflammation and cognitive impairment. Having regard for the fact
that PPARy are widely distributed in the brain and PPARy ligands may regulate the inflammatory
process, the anti-inflammatory potential of the PPARy agonist, pioglitazone, was assessed in a mouse
model of neuroinflammation related with diabetes. In this regard, the biochemical and molecular
indicators of neuroinflammation were determined in the hippocampus and prefrontal cortex of
diabetes mice. The levels of cytokines (IL-18, IL-6, and TNF) and the expression of genes (Tnfrsfla
and Cavl) were measured. In addition, behavioral tests such as the open field test, the hole-board
test, and the novel object recognition test were conducted. A 14-day treatment with pioglitazone
significantly decreased IL-6 and TNF« levels in the prefrontal cortex and led to the downregulation
of Tnfrsfla expression and the upregulation of Cavl expression in both brain regions of diabetic mice.
Pioglitazone, by targeting neuroinflammatory signaling, improved memory and exploratory activity
in behavioral tests. The present study provided a potential theoretical basis and therapeutic target for
the treatment of neuroinflammation associated with diabetes. Pioglitazone may provide a promising
therapeutic strategy in diabetes patients with muffled of behavioral activity.

Keywords: neuroinflammation; diabetes; pioglitazone; anti-inflammatory effect; exploratory behav-
iors; memory

1. Introduction

Neuroinflammation is involved in the development and progress of a wide range of
disorders of the central nervous system (CNS). It is considered as a crucial mechanism
in in the pathogenesis of Alzheimer’s disease (AD) [1-3], Parkinson’s disease (PD) [2—4],
epilepsy [5,6], schizophrenia [7], bipolar disorder [8], as well as depression [9,10]. Ac-
cumulative evidence suggests that there is also an undeniable relationship between the
neuroinflammation and development and progression of CNS disorders in diabetes pa-
tients [11-14]. The neuronal disturbance in the course of diabetes can be associated with
prolonged microglial and astrocyte activation that in response leads to the release of cy-
tokines such as interleukin (IL)-18, IL-6, tumor necrosis factor-a (TNFa), and interferon
gamma (IFN+), and chemokines such as ractalkine (CX3CL1) [15]. Released cytokines as
small pleiotropic signaling proteins can affect the metabolism of neurotransmitters and
hence modulate synaptic transmission and plasticity [16,17]. The growing body of research
shows that chronic inflammation and the associated over-expression of cytokines, also
accelerates neurodegeneration processes in diabetes patients [18-21]. The observed cascade
of events in the course of the chronic activation of pro-inflammatory pathways in the brain
of patients leads to the gradual susceptibility of neurons for damage and death, and hence
the deterioration of cognitive functions (particularly in acquiring and restoring memory),
psychomotor slowing [22-24], and the promotion of neurodegeneration [25-29] and de-
pression [30]. Taking into account the dynamic worldwide growth of the incidence of
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diabetes (it is estimated that in 2030 the number of patients will exceed 552 million) [31-33]
and the growing role of inflammation in the development and progression of neurological
complications that occurred in this group of patients, more attention should be given to
substances that can modulate the neuroinflammatory pathways. Therefore, counteracting
neuroinflammation becomes one of the priority directions in modern medicine.

Pioglitazone (Pio) is a second-line drug in the treatment of type 2 diabetes, ap-
proved by the Food and Drug Administration (FDA). Pio, as an agonist of nuclear per-
oxisome proliferator-activated receptor (PPAR)y, demonstrates broad metabolic and anti-
inflammatory activities [34-36]. The recent studies suggest that PPAR+y ligands can have
beneficial effect in the treatment of neuroinflammatory diseases by inhibiting the produc-
tion of inflammatory factors and by the reduction of oxidative stress [37,38]. Research
shows that PPARy expression occurs in multiple brain regions [39]. The activation of
PPARY in the neurons improves the mitochondrial function and it leads to the degra-
dation or inactivation of transcriptional inflammatory regulators, and the reduction of
reactive oxygen species (ROS) levels [40-42]. Pioglitazone alleviated stroke symptoms
in rats under the MCAO test as quickly as 3 days after reperfusion [43]. A positive neu-
roprotective effect was also confirmed by in vitro tests [42-45]. Moreover, pioglitazone
used in various models of neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease confirmed its neuroprotective action [46-53]. In Alzheimer’s disease
models, it improved spatial learning, attenuated inflammation in the nervous system and
tau hyperphosphorylation [54].

Studies showed that pioglitazone can inhibit inflammation and oxidative stress also
in a PPAR a-dependent manner [55-57]. Researchers proved that pioglitazone can amelio-
rate these processes by modulating the mitochondrial functioning and/or inflammatory
reactions [55-58]. Orasanu et al. [55] showed that pioglitazone can represses inflammatory
responses involving endothelial VCAM-1 and hepatic IkBo in a PPAR a-dependent manner
both in vitro and in vivo.

Furthermore, Assaf et al. [56] demonstrated the neuroprotective effects of combined
PPARwx and 7y agonist therapy in a mouse model of amyloidogenesis through modulation of
the Wnt/beta catenin pathway. A three-week treatment led to reduced behavioral, neuro-
chemical, and histopathological changes in the treated mice. Studies indicated that specific
activators of PPAR a may be significant for the improvement of brain cell metabolism and
cognitive function in neurodegenerative and neurodevelopmental disorders [57].

Based on the above, the aim of our study was to evaluate the effects of pioglitazone on
the central nervous system of mice in a model of neuroinflammation related with diabetes.
Behavioral tests (the hole-board test, the novel object recognition test, and the open field
test), biochemical tests (cytokines in the serum and brain supernatants), and molecular tests
(expression of the Tnfrsfla and Cavl genes) were performed to elucidate the mechanisms of
the neuroprotective action of pioglitazone.

2. Results
2.1. Effect of Pioglitazone on Exploratory Activity and Memory of Diabetic Mice

As shown in Figures 1 and 2, a 14-day treatment with Pioglitazone (30 mg/kg po)
had no significant effect on the exploratory activity of diabetes mice in the open-field test
(OFT) and the hole-board test (HBT). The data did not show significant differences in the
exploratory activity of mice, demonstrating that drug administration did not affect normal
movement in adult mice. Although the animals of the treated group seemed to be more
active than in the untreated group, what was shown in both tests was that the statistical
analysis of the results showed no significant differences between these groups (Figures 1A
and 2; p > 0.05). Interestingly, during the open-field test (OFT) treated animals remained
more often in the central part of the apparatus than untreated animals. Animals spent
almost 10% more time exploring the environment in the central part of the arena than
diabetic mice (Figure 1B, # p < 0.05 F(3 32y = 7.268). Moreover, % of time spent in the center
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and periphery of the arena by the treated animals was comparable to the percentage of
animal activity in the above-mentioned areas in the control group.
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Figure 1. Effect of pioglitazone on exploratory activity in mice with neuroinflammation linked to
diabetes (A,B). The bar height represents the mean + SD for individual experimental groups: CTL:
non-diabetic mice, DM: diabetic mice, DM-Pio: pioglitazone-treated mice [30 mg/kg, po]. One-way
ANOVA, followed by Tukey’s post hoc test was used. * p < 0.05; ** p < 0.01 in comparison with control
group. # p < 0.05 in comparison with diabetes group.
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Figure 2. Effect of pioglitazone on exploratory activity of mice with neuroinflammation linked
to diabetes. The bar height represents the mean + SD for individual experimental groups: CTL:
non-diabetic mice, DM: diabetic mice, DM-Pio: pioglitazone-treated mice [30 mg/kg, po]. One-way
ANOVA, followed by Tukey’s post hoc test was used. * p < 0.05 in comparison with control group.
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As can be seen in Figure 3, in the testing phase after both a 1-h and 24-h break from
the end of the training phase, pioglitazone-treated mice showed a remarkable increase
in interest in exploring the novel object in comparison with the known one (Figure 3,
## p < 0.01, F332) = 7.268; ### p < 0.001, F335 = 15.433, respectively). The value of the
preference index (%) in treated mice group was significantly above 55%, which indicates
that they were able to distinguish between these objects, as opposed to untreated mice.
For comparison, the preference index (%PI) in diabetic mice was significantly below 50%
(Figure 3, * p < 0.05, F(3 33 = 7.268; ** p < 0.01, F(3 35, = 15.433, respectively) suggesting that
this group of animals had recognition memory deficits. Furthermore, it is worth mentioning
that the performed statistical analysis did not indicate the preference of the object in the
training stage in none of the experimental groups and mice spent a similar amount of time
testing objects (results not shown).
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Figure 3. Effect of pioglitazone on impaired memory of mice with neuroinflammation related with
diabetes. The bar height represents the mean + SD for individual experimental groups: CTL: non-
diabetic mice, DM: diabetic mice, DM-Pio: pioglitazone-treated mice [30 mg/kg, po]. One-way
ANOVA, followed by Tukey’s post hoc test was used. * p < 0.05; ** p < 0.01 in comparison with control
group. ## p < 0.01; #H# p < 0.001 in comparison with diabetes group.

2.2. Effect of Pioglitazone on the Level of Peripheral and Central Pro-Inflammatory Cytokines in
Diabetes Mice

As shown in Figure 4A-C, pioglitazone therapy did not influence the level of periph-
eral inflammatory mediators, except for the TNFa level. As shown in the Figure 4C, the
2-weeks treatment with pioglitazone (30 mg/kg po) significantly decreased the level of
tumor necrosis factor o in the blood serum of treated mice compared to the diabetic animals
(Figure 4C, # p < 0.05, F(3 49) = 9.500). In turn, a one-way ANOVA with a Tukey’s post hoc
test, as seen in the Figure 4D-F, revealed that the fourteen-day therapy with pioglitazone
significantly reduced interleukin 6 and tumor necrosis factor « levels in the prefrontal cortex
of mice compared to the untreated animals group (by 20 and 16%, respectively; Figure 4E,F,
#p <0.05, F388) = 1.86; # p < 0.05, F(3 83) = 0.7801). Whereas pioglitazone therapy had no
significant effect on the elevated brain level of interleukin 1§ in diabetic mice (Figure 4D;
p > 0.05).
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Figure 4. Influence of pioglitazone on inflammatory mediators in the blood serum or prefrontal
cortex of diabetic mice. IL-18 (A), IL-6 (B), and TNFa (C) were measured by ELISA kits in the serum
of blood; IL-1B (D), IL-6 (E), and TNF« (F) were measured by ELISA kits in the prefrontal cortex.
All data were analyzed by one-way ANOVA, then Tukey’s post-hoc test for comparing differences
between non-diabetic mice group (CTL), diabetic group (DM), and pioglitazone-treated group (DM-
Pio) [30 mg/kg, po]. All data have been presented as mean + SD. * p < 0.05; ** p < 0.01 in comparison
with control group. # p < 0.05 in comparison with diabetes group.

2.3. Changes in Tnfrsfla and Cavl Gene Expression in the Hippocampus and Prefrontal Cortex of
Diabetes Mice in Response to Treatment with Pio

As shown in Figure 5A-D in response to 14 days pioglitazone treatment (30 mg/kg,
po) there were noted significant downregulations of Tnfrsfla expression and upregulations
of Cavl expression in the studied brain regions of diabetic mice. Tnfrsfla gene expression
was lowered more in the hippocampus than in the prefrontal cortex of treated mice. In
the hippocampus, Tnfrsfla expression level was lower by 30% in relation to the mRNA
level of this gene in untreated mice (Figure 5A, ### p < 0.001, F(331) = 10.868). Whereas, in
the prefrontal cortex, the down-regulation of Tnfrsfla by 23%, compared to the expression
of this gene in diabetic animals (Figure 5C, ## p < 0.01, F(3 32) = 8.749), was observed. In
turn, the level of Cavl expression in the hippocampus and prefrontal cortex in the group of
animals treated with pioglitazone was significantly higher than in the group of untreated
animals, by 24 and 18%, respectively (Figure 5B-D, ## p < 0.01, F3 3) = 16.775; # p < 0.05,
F(331) = 4.395, respectively). In addition, higher increases in the expression of this gene
were observed in the hippocampus than in the prefrontal cortex of mice after treatment
with pioglitazone (Figure 5B-D).
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Figure 5. Expression of mRNA levels of Tnfrsfla and Cav1 in the hippocampus and prefrontal cortex
of diabetic mice after 2 weeks treatment with pioglitazone. The bar height represents the mean + SD
for Tnfrsfla and Cavl gene expression in individual experimental groups: CTL: non-diabetic mice,
DM: diabetic mice, DM-Pio: pioglitazone-treated mice [30 mg/kg, po] in the hippocampus (A,C)
or prefrontal cortex (B,D) of mice. One-way ANOVA, followed by Tukey’s post hoc test was used.
*p < 0.05; *** p < 0.001 in comparison with control group. # p < 0.05; ## p < 0.01; ##H# p < 0.001 in
comparison with diabetes group.

2.4. Effect of Pioglitazone on Level of Glucose during the Oral Glucose Tolerance Test (OGTT) in
Diabetes Mice

As shown in Figure 6, diabetes mice showed the abnormal glucose levels before the
test. These levels in the diabetes mice were significantly increased at 15, 30, and 60 min
after oral glucose administration compared with the baseline level of glucose (2h before
the glucose load) (Figure 6, * p < 0.05, F(p 75 = 7.738; ** p < 0.01, F(5.75) = 7.738; *** p < 0.001,
F(2.75 = 7.738). Additionally, the results of OGTT showed an extreme glucose intolerance
in the above-mentioned group. The basal level of glucose was not attained even after 2 h
after the glucose load (Figure 6, ** p < 0.01, F(, 75 =7.738). Whereas, 14-day treatment with
pioglitazone revealed improvements in glucose tolerance in diabetes mice, as measured by
OGTT. As shown in Figure 6, the drug resulted in the return of glycaemia to the baseline
values in 2 h after the glucose load.
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Figure 6. Changes in blood glucose level in oral glucose tolerance test (OGTT) performed in diabetes
mice after 2-week treatment with pioglitazone. The blood glucose levels (mg/dl) were measured at
different time points using hand-held glucometer. Fasting blood glucose concentration was used as
a reference for OGTT. Data were expressed as mean =+ SD. Blue line (CTL): non-diabetic mice; red
line (DM): diabetic mice; green line (DM-Pio): pioglitazone-treated mice [30 mg/kg, po]. One-way
ANOVA, followed by Tukey’s post hoc test was used. * p < 0.05; ** ## p < 0.01; *** p < 0.001 compared
with baseline level of glucose (before the glucose load).

2.5. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA).
When significant statistical differences were obtained between the experimental groups, the
Tukey’s post hoc test was used. For statistical analysis we used GraphPad Prism software,
version 8.0.1 (GraphPad Prism, San Diego, CA, USA). In all the calculations, the significance
level was assumed at p < 0.05. Results are expressed as the mean + SD.

3. Discussion

Our studies have confirmed the presence of neuroinflammation in diabetic mice.
Higher levels of neuroinflammatory and molecular indicators in the brains of sick mice
were positively correlated with the degree of impairment of their cognitive functions, such
as memory and learning. Research has shown that the increased level of pro-inflammatory
cytokines disturbs the neurotrophic factor signaling pathway that in turn leads to decreased
neurotrophic support and neurogenesis [59-62]. Ida et al. [63] demonstrated that pro-
inflammatory cytokines can lead to the impairment of neurogenesis also through N-methyl-
d-aspartate receptor activation. Studies by Gavillet et al. [64] and Thornton et al. [65]
showed that activated astrocytes and microglia, apart from the cytokines and chemokines,
can also release reactive oxygen and nitrogen species that cause the oxidative damage
of neurons. In recent years, many researchers have turned their attention to the role of
circulating cytokines in the development of CNS disorders. Studies have shown that chronic
inflammation and the associated elevated levels of circulating cytokines often correlate
with cognitive decline in patients [66,67]. The pro-inflammatory cytokines released in these
disorders may activate the nuclear factor kappa B signaling pathway (NF-kB). NF-kB, a
primary transcription factor, promotes the inflammatory response and passes peripheral
inflammatory signals to the central nervous system, leading to chronic and progressive
neuronal loss [68-70]. Our research revealed that diabetes as a metabolic disease not
only upregulated the expression of a broad profile of pro-inflammatory cytokines in the
prefrontal cortex of mice, but it can also induce systemic inflammation accompanied by a
significant increase in serum TNFu levels. It is worth mentioning that, both TNF« of central
and peripheral origins can affect cognitive functions [71]. TNFa from the periphery can
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penetrate the intact blood-brain barrier (BBB) through a transcytosis process mediated by
TNF-I as well as TNF-II receptors [72,73]. Besides, TNF« can stimulate the expression of IL-1
and IL-6 [74]. Our studies showed that mice with high levels of TNFa exhibited impaired
short- and long-term memory in the NOR test. They showed no preference for novelty,
so they were unable to distinguish between familiar and new objects. It appears that,
particularly lesions of the perirhinal cortex, led to the NOR test performance deficit [75-77].
We also observed that inflammation had a negative effect on exploratory activity of mice in
the open field test (OFT) and the hole-board test (HBT). Furthermore, Roberts et al. [78]
showed that mice with an overexpression of IL-6 in the brain are characterized by reduced
exploratory activity in a light-dark transfer test and depressive-like behavior in a forced
swim test. In turn, Eyre et al. [79] showed that elevated TNFua levels cause a reduction
in hippocampal volume through the neurodegenerative TNFRSF1A pathway, which can
lead to the development of depressive-like behavior. Moreover, a one-way analysis of
variance with Tukey’s post hoc test showed that diabetes suppresses the expression of
the Cavl gene in the hippocampus and the prefrontal cortex of mice, which correlates
with the results of behavioral research described earlier [59] and those presented in this
paper. Moreover, our results are compatible with the observations of other researchers [80].
Niesman et al. [81] and Head et al. [82] showed that CAV1-null mice have heightened brain
lesion volumes, neuroinflammation, and accelerated neurodegeneration. In addition, in the
caveolin-1 knockout mice, the neurological abnormalities, as seen in Alzheimer’s disease,
were noted [83,84].

Chronic hyperglycemia or poor glycemic control may result in the decreased transport
of glucose from the blood to the brain, thereby disrupting its function [32,33]. Patients with
diabetes and those with increased non-diabetic fasting glucose levels are more likely to
develop cognitive dysfunction than patients with normal glucose metabolism [27,33,34].
Our study confirmed the beneficial effect of pioglitazone on glucose metabolism. We
proved that 14-day treatment led to improvements in glucose tolerance in diabetic mice, as
measured by OGTT.

Due to the fact that inflammation is a significant factor in the pathogenesis of diabetes
as well as the neurological disorders related to this disease, the therapy targeting neuroin-
flammatory signaling may provide a promising strategy for intervening in the development
of CNS disorders.

Some of the most important properties of pioglitazone (apart from the antihyper-
glycemic effect) are the anti-inflammatory and anti-oxidative effects [46-48,85-87]. Many
recent studies suggest that pioglitazone may have neuroprotective properties [43,46,47,49],
which could potentially increase its role not only in diabetes treatment but also in CNS
complications. The available studies showed the evidence that PPAR agonists exhibit anti-
inflammatory and antioxidant effects in several models of CNS disorders, such as ischemic
stroke, Alzheimer’s, and Parkinson’s diseases [43,88]. They also proved that PPAR~y ago-
nists may have beneficial effects on the CNS via regulation of cytokine production and/or
by reducing oxidative stress [37,38]. Research demonstrated that the PPAR<y activation
regulates the expression of proinflammatory genes that translates into the reduced secretion
of IL-15 and IL-6 by monocytes [89,90]. In turn, Baghcheghi et al. [91] showed the protective
effects of the PPAR"y agonists, rosiglitazone and pioglitazone, in the cerebellar oxidative
damage in hypothyroid rats. A study by Masciopinto et al. [92] demonstrated improved
cognitive function in a female population of PS1-KI mutant mice with cognitive deficits
after a 9-month treatment with pioglitazone. Furthermore, the aforementioned therapy
enhanced short-term memory performance in male wildtype (WT) mice with the decreased
activity of complex I in hippocampal and cortical mitochondria. Most of the researchers
reported that the protective effect of pioglitazone in the brain is dose-dependent, as well
as dependent on the length of time that the drug is taken by the patient. However, since
only ~18% of orally administered pioglitazone crosses the intact blood-brain barrier in
mammals [93], it seems likely that drug dosage, rather than treatment duration, is critical
to observe drug effects in the brain [94]. This is confirmed by the results of Seok et al. [95].
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They proved that lower doses of pioglitazone are more effective than the higher ones used
for the same duration. SAMP8 mice (representing the behavioral and pathological features
of late-onset and age-related sporadic AD) administered with pioglitazone at 2 mg/kg/day
for 7 weeks, showed fewer A3 deposits and reduced AB1-40 levels, increased LRP1 ex-
pression, and significant improvements in cognitive function. In turn, Grommes et al. [96]
studied the transport of pioglitazone across the BBB and they proved that this drug admin-
istered orally can cross the barrier. Authors verified the ability of the drug to cross the BBB
by measuring its concentration in the brain parenchyma.

Our research showed that pioglitazone therapy had little effect on the levels of pe-
ripheral inflammatory mediators in diabetic mice. There was only a significant reduction
in the level of tumor necrosis factor o observed in the blood serum of treated diabetic
mice compared to untreated ones. However, we noted the significant downregulation of
the Tnfrsfla gene expression in both the hippocampus and the prefrontal cortex, as well
as the reduction in the level of proinflammatory proteins such as TNFa and IL-6 in the
prefrontal cortex of diabetic mice. It is also worth noting that the Tnfrsfla gene expression
was lowered more in the hippocampus than in the prefrontal cortex of treated mice. This
must be highlighted because crucial cognitive abilities such as spatial memory are linked
just with the hippocampus.

An extensive literature review implicates that synaptic plasticity in the acquisition,
consolidation, and long-term storage of different types of memory may depend on the
levels of cytokines and gene expressions such as caveolin-1 (Cavl) [46,97]. The in vitro
studies by Wang et al. [98] showed that the overexpression of Cavl in murine macrophages
dramatically inhibited TNFa and IL-6 production but increased the secretion of the anti-
inflammatory interleukin 10. We demonstrated that a central blockade of pro-inflammatory
cytokine synthesis as well as Tnfrsfla gene expression, but an upregulation of CavI mRNA
level caused by pioglitazone, led to significant improvements in cognitive functions. Di-
abetes mice that received pioglitazone for 14 days showed an amelioration in short- and
long-term memory outcomes measured by the NOR test. Moreover, in the open field
test and the hole-board test, we noticed that there was an improvement of impaired ex-
ploratory activity in treated mice. The available research shows that significant changes in
mRNA levels of TNFRSF1A in the brain may be associated with the modulation of the pro-
inflammatory NF-«B signaling pathway [98]. Various studies indicated that compounds
targeting the above-mentioned pathway as ligand /receptor, adapter protein, or transcrip-
tion factors may have anti-inflammatory, neuroprotective, or analgesic effects [99-104]. A
study by Deng et al. [105] showed that pioglitazone may effectively reduce the neuroin-
flammation by the PPARy/NF-«kB/IL-6 signaling pathway. El-Sahar et al. [43] confirmed
the antioxidant and anti-inflammatory action of pioglitazone (10 mg/kg, po) administered
daily for 2 weeks in diabetic rats with ischemia/reperfusion (I/R) injury. This drug, by
suppressing the nuclear factor kappa (NFkB), led to decreased levels of pro-inflammatory
cytokines, such as tumor necrosis factor o and interleukin-6, and to increased levels of anti-
inflammatory cytokines such as interleukin-10. Additionally, the drug reduced oxidative
stress by influencing the level of reduced glutathione, nitric oxide, and lipid peroxidation.
Furthermore, a study by Yamagishi et al. [106] confirmed the anti-inflammatory effect of
pioglitazone in experimental diabetic neuropathy in rats. Treatment with pioglitazone for
12 weeks (10 mg/kg/day orally) reduced the disruption of the PKC pathway and the pro-
inflammatory process. It is believed that pioglitazone could decrease protein oxidation and
lipid peroxidation in the brain, while it also increases antioxidant capabilities of the brain.
These findings give important evidence to prove that the production of pro-inflammatory
proteins and gene expression can be effectively controlled by pioglitazone. It is particularly
important, due to the fact that the neuroinflammation seems to underlie the development of
various disorders of the central nervous system and diseases, such as Alzheimer’s disease
and Parkinson’s disease. Furthermore, the pharmacological control of glucose metabolism
may have a significant impact on limiting the progression of cognitive disorders in the
group of patients with impaired glucose tolerance and/or diabetes.
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4. Materials and Methods
4.1. Animals and Treatments

Adult, CD-1 male mice (output weight of 20-24 g) were obtained from a licensed
breeder (Experimental Medicine Centre (EMC), Medical University of Lublin, Lublin,
Poland, (077—EMC number in Lublin in the Breeders’ Register kept by the Minister
of Science and Higher Education, (Lublin, Poland)). Diabetes type 2 was induced as
previously described [59]. In short, mice (7 to 8 weeks old) were randomly divided into
groups. Diabetes was induced in mice by ad libitum administration of 20% aqueous fructose
solution for 4 weeks and after that, for the next 5 days (1x daily), the animals were
intraperitoneally injected with freshly prepared solution of STZ (40 mg/kg of body weight,
ip) in 0.01 M cold citrate buffer pH 4,5. Control group mice (CTL) were administered with
citrate buffer only. The total number of animals was estimated in accordance with the
requirements of statistical analyses, the Three Rs (3Rs) and the ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments).

In the next stage of the experiment, one of the groups of animals with confirmed
T2M was received one dose of antidiabetic drug-pioglitazone (30 mg/kg in an amount
depending on the individual’s body weight: 0.05 mL/10g body weight) daily, for 14 days
per os (gastric tube). At the same time, mice from the remaining two groups (CTL-control;
DM-diabetes) received physiologic saline (the same route of administration). Each group
consisted of eight male mice. At the end of the experiment, mice were killed by decapitation
and blood for clot and brains were collected, as previously described [59].

All procedures were approved by the Local Ethics Committee on Animal Experimen-
tation in Lublin (No. 43/2018) and were performed in accordance with binding European
standards related to the experimental studies on animal models (Act from 15 January
2015 on the Protection of Animals Used for Scientific or Educational Purposes; Directive
2010/63/eu of the European Parliament and of the council of 22 September 2010 on the
protection of animals used for scientific purposes). All mice were housed in a room with au-
tomatically controlled temperature (22 + 2 °C), relative humidity (45-65%), and light-dark
(12/12 h) cycles.

Twenty-four hours after administration of the last dose of pioglitazone, the mice were
subjected to behavioral tests evaluating their exploratory behaviors, and memory in the
following order: the open-field test (OFT), the hole-board test (HBT), and novelty object
recognition test (NOR test). The same tests were carried out on animals in the remaining
experimental groups.

4.2. Behavioral Tests
4.2.1. Open Field Test (OFT)

The open field test (OFT) was used to assess the exploratory behaviors activity of mice.
The test was carried out to the procedure described by Hall [107] in the box constructed
of natural wood with the floor dimensions of 40 x 40 cm and a wall height of 35 cm.
Mice were individually placed at the center of the arena and allowed to explore the arena,
freely and uninterrupted, for 5 min. The assessment of exploratory activity was based on
measuring the time the animals moved (s) in the arena. As well as recording the time spent
by the mice in the central part of the arena and in the periphery of the arena.

4.2.2. The Hole-Board Test (HBT)

The hole-board test (HBT) was used to assess the exploratory activity of mice. The
device was made up of a black plastic plate with a size of 35 x 35 cm?, and 5 cm thick, with
evenly distributed 16 circular holes, each measuring 28 mm in diameter. The apparatus
was elevated from the floor to a height of 25 cm. Each mouse was individually placed at
the center of the plate and allowed to explore the arena freely. During 5 min of observation,
the apparatus automatically counted the number of head dips of mice into the holes. The
measure of exploratory activity was the total number of head dips of mice into the holes in
a given experimental group. The test was according to the method described by Boissier
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and Simon [108,109]. The cage and blocks were thoroughly cleaned between each use with
70% ethanol.

4.2.3. The Novel Object Recognition Test (NOR)

The novel object recognition (NOR) test is used to evaluate cognition, particularly
memory. This test is based on the natural tendency of animals to spend more time exploring
a novel object than a familiar one. The test was carried out in three stages (habituation,
training, and testing) according to the previously described procedure [59]. The test objects
were wooden blocks in the shape of an oval, rectangular, or triangular pyramid (4 cm X
4 cm X 6 cm). During 10 min habituation session, the animals were placed in the arena and
they were allowed to freely explore an empty box. After twenty-four hours, the mice were
placed again in the arena with two identical oval white blocks—training stage. During
5 min of observation, the number of interactions of the animal with each of the objects was
recorded. Following a delay (after 1 h as well as 24 h), an analogous testing session was
performed, but one of the blocks was replaced by a new, as yet unknown object. During
5 min of observation, the number of exploring behaviors of each object by a mouse was
recorded. NOR test performance was quantified using the Preference Index (%PI). %PI
is calculated as TN/(TN + TF) x 100%, where TN corresponds to the exploration time of
the novel object (Nov) whereas TF corresponds to exploration time of the familiar (Fam)
object. Preference index at the level of 50% reflects equal exploration of novel and familiar
objects. During the training phase, the time spent exploring the two objects by animals in
all groups was similar (p > 0.05, results not shown).

4.3. Collection of Biological Materials for Research

After performing the behavioral tests, the animals were sacrificed by decapitation, and
the biological material was collected. Blood was taken into tubes that did not contain an
anticoagulant in order to obtain serum. The brains were carefully removed from the skull
and then, immediately, the prefrontal cortex and hippocampus were separated. Serum and
brain tissues were directly frozen in —80 °C.

4.3.1. Measurement of Cytokines in the Serum and Brain Supernatants

The collected blood was allowed to clot and then it was centrifuged at 1000x g for
10 min. Then, serum samples were collected into clean tubes and stored at —20 °C until
used in ELISA assays. The isolated brain prefrontal cortexes were homogenized and lysed
using a lysis buffer (Cloud-Clone Corp., Houston, TX, USA), following the manufacturer’s
directions. Lysates were centrifuged at 10,000 rpm and 4 °C for 5 min and then they were
stored at —80 °C until used. Protein content was determined by Bradford method [110].
The levels of IL-1B, IL-6, and TNF«, were quantified in a single serum or brain tissue
sample using an appropriate for mice ELISA Kit (Cloud-Clone Corp., Houston, TX, USA),
as previously described [59]. We performed the determinations in accordance with the
manufacturer’s instruction. The optical density of individual wells was measured with a
spectrophotometric microplate reader (BioTek, EIx808, Warsaw, Poland) at a wavelength
of 450 nm. The concentration of cytokine in the samples was determined by comparing
the optical density of the samples with the standard curve. Cytokine concentrations in the
prefrontal cortex are expressed in picograms per ml/mg of protein, and picograms per ml
of serum.

4.3.2. The Quantitative Real-Time PCR Analysis (QRT-PCR)
RNA Isolation from Hippocampus and Prefrontal Cortex of Mice

Total RNA was isolated from the hippocampus and prefrontal cortex of mice by the
method of Chomczyriski and Sacchi [111] using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. RNA concentration and purity
was measured spectrophotometrically with a MaestroNano NanoDrop spectrophotometer
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(Maestrogen, Hsinchu, Taiwan). For further analyses, high purity RNA was used (A260/280
ratio between 1.8 and 2.0).

CDNA Synthesis

CDNA synthesis was performed using a cDNA reverse transcription kit (Applied
Biosystems, Foster City, California, USA) according to the manufacturer’s instructions.
The reaction was performed under the following conditions: 25 °C for 10 min, 37 °C for
120 min, and then 85 °C for 5 min to complete the process. The obtained cDNA was stored
at —20 °C.

Real-Time PCR

In the experiment, the relative expression of the Tufrsfla and Cavl genes was measured,
using Hprt and Tbp as endogenous controls (Table 1). The reaction was performed in
triplicate using the 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) and Fast Probe qPCR Master Mix (2x) plus ROX solution (EURx, Gdansk,
Poland). The reaction mixture contained 10 pL of Fast Probe qPCR Master Mix (2x), 9 uL of
RNase-free water, ROX solution (50 nM), and 0.5 uM of the gene-specific TagMan probe
(Applied Biosystems, Foster City, CA, USA). Data quality screening was performed based
on amplification, Tm and Ct values to remove any outliers before calculating AACt and
determining the fold change in mRNA levels. The data is presented as an RQ value
(RQ =2 — AACH).

The primer sequences, gene symbols, assay IDs, gene names, and amplicon lengths
(bp) for the genes analyzed are presented in Table 1.

Table 1. The table shows the data on used primers: Gene symbols, assay IDs, gene names, GenBank
reference sequence accession numbers, and amplicon lengths (bp).

Gene Symbol Assay ID Gene Name RefSeq Amplicon Length (bp)
T g e S N orttns s
Gl \gmoosgane7_m Caveolin “NMLOv7sI6s g
Hprt MmO(iL]?L6H936:8_m1 phlgzgﬁzzgt)}:ynlet;gzﬁ?zsse NM_013556.2 65
Tbp AB ID: TATA box binding protein NM_013684.3 105

Mm00446974_m1

AB ID, Applied Biosystems TagMan Gene Expression Assay ID.

4.3.3. Oral Glucose Tolerance Test (OGTT)

The oral glucose tolerance test was performed in mice that were fasted for 6 h before a
single oral dose of glucose solution (2 g/kg body weight) was administered using gavage.
Immediately prior to the administration of the glucose solution, animal fasting blood
glucose was determined in the blood taken from the tail vein by portable glucometer
ACCU-CHEK (Roche, Mannheim, Germany). Next, the blood samples were collected at 15,
30, 60, and 120 min after the glucose load to measure the glucose levels.

5. Conclusions and Prospects for the Future

Neuroinflammation is one of the potential mechanisms mediating the onset of a broad
range of CNS disorders. This study demonstrates that pioglitazone effectively reduces the
neuroinflammation in diabetic mice by reducing the levels of pro-inflammatory cytokines
in the brain and modifying the genes expression. Modulating inflammation by pioglitazone
was related with the improvement of impaired exploratory activity and the restoration of
memory in treated mice. These results suggest that the aforementioned drug may be a
promising therapeutic approach for the treatment of neuroinflammation. Our study has also
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offered some hints on the potential mechanisms of neuroprotective action of pioglitazone.
Because we could not measure markers related to oxidative stress or the NF-«B pathway,
we cannot exclude the possibility of modulation of those processes by pioglitazone. Future
investigation will be necessary to better understand the molecular and cellular mechanisms
underlying the therapeutic action of pioglitazone in the neuroinflammation-associated
disease pathogenesis.

Author Contributions: I.P.-C.: conceived of the conception and designed of the studies, carried out
the experiment, interpretation of data and took the lead in writing the manuscript; M.H.: prepared
samples, carried out samples analysis, interpreted of data and co-writing of the first draft of the
manuscript; M.G.-G.: performed the statistical analysis and designed the figures, participated in
the article preparation; ].D.: supervised the project, aided in interpreting the results and worked on
final version of the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: The present study was supported by Funds for Statutory Activity of Medical University of
Lublin, Poland (grant no. DS38/2019).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Ethics Committee for Animal Research (No.
43/2018, 26 March 2018).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge the Marta Ostrowska-Lesko and Mariola Michal-
czuk for biochemical and gene expression analyzes. We thank Kamil Pawtowski and Bartosz Pierzycki
for helping with the behavioral experiments.

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

References

1. Onyango, 1.G.; Jauregui, G.V.; Carnd, M.; Bennett, J.P,, Jr.; Stokin, G.B. Neuroinflammation in Alzheimer’s Disease. Biomedicines
2021, 9, 524. [CrossRef] [PubMed]

2. Amor, S,; Puentes, F,; Baker, D.; van der Valk, P. Inflammation in neurodegenerative diseases. Immunology 2010, 129, 154-169.
[CrossRef] [PubMed]

3. Guzman-Martinez, L.; Maccioni, R.B.; Andrade, V.; Navarrete, L.P; Pastor, M.G.; Ramos-Escobar, N. Neuroinflammation as a
Common Feature of Neurodegenerative Disorders. Front. Pharmacol. 2019, 10, 1008. [CrossRef] [PubMed]

4. Yao, Y.; Wy, J.; Koc, S.; Lu, G. Genetic Imaging of Neuroinflammation in Parkinson’s Disease: Recent Advancements. Front. Cell
Dev. Biol. 2021, 10, 1008. [CrossRef]

5. Pracucci, E.; Pillai, V.; Lamers, D.; Parra, R.; Landi, S. Neuroinflammation: A Signature or a Cause of Epilepsy? Int. . Mol. Sci.
2021, 22, 6981. [CrossRef]

6. Rana, A.; Musto, A.E. The role of inflammation in the development of epilepsy. J. Neuroinflamm. 2018, 15, 144. [CrossRef]

7. Comer, A.L,; Carrier, M.; Tremblay, M.E.; Cruz-Martin, A. The Inflamed Brain in Schizophrenia: The Convergence of Genetic and
Environmental Risk Factors That Lead to Uncontrolled Neuroinflammation. Front. Cell Neurosci. 2020, 14, 274. [CrossRef]

8.  Benedetti, FR; Aggio, V.; Pratesi, M.L.; Greco, G.; Furlan, R. Neuroinflammation in Bipolar Depression. Front. Psychiatry 2020, 11,
71. [CrossRef]

9. Lee, C.-H,; Giuliani, F. The Role of Inflammation in Depression and Fatigue. Front. Immunol. 2019, 10, 1696. [CrossRef]

10. Liu, C.-H.; Zhang, G.-Z; Li, B,; Li, M.; Woelfer, M.; Walter, M.; Wang, L. Role of inflammation in depression relapse. ].
Neuroinflamm. 2019, 16, 90. [CrossRef]

11.  Asslih, S.; Damri, O.; Agam, G. Neuroinflammation as a Common Denominator of Complex Diseases. Int. ]. Mol. Sci. 2021, 22,
6138. [CrossRef] [PubMed]

12.  Nelson, P.T.; Smith, C.D.; Abner, E.A.; Schmitt, FEA.; Scheff, S.W.; Davis, G.J.; Keller, ].N.; Jicha, G.A.; Davis, D.; Wang-Xia, W.; et al.
Human cerebral neuropathology of Type 2 diabetes mellitus. Biochim. Biophys. Acta 2009, 1792, 454—469. [CrossRef] [PubMed]

13.  Soderbom, G.; Zeng, B.Y. The NLRP3 inflammasome as a bridge between neuro-inflammation in metabolic and neurodegenerative;
diseases. Int. Rev. Neurobiol. 2020, 154, 345-391. [PubMed]

14.  Xu, W,; Caracciolo, B.; Wang, H.X.; Winblad, B.; Backman, L.; Qiu, C.; Fratiglioni, L. Accelerated progression from mild cognitive
impairment to dementia in people with diabetes. Diabetes 2010, 59, 2928-2935. [CrossRef]

15.  Choi, S.H,; Aid, S.; Bosetti, F. The distinct roles of cyclooxygenase-1 and -2 in neuroinflammation: Implications for translational

research. Trends Pharmacol. Sci. 2009, 30, 174-181. [CrossRef]


http://doi.org/10.3390/biomedicines9050524
http://www.ncbi.nlm.nih.gov/pubmed/34067173
http://doi.org/10.1111/j.1365-2567.2009.03225.x
http://www.ncbi.nlm.nih.gov/pubmed/20561356
http://doi.org/10.3389/fphar.2019.01008
http://www.ncbi.nlm.nih.gov/pubmed/31572186
http://doi.org/10.3389/fcell.2021.655819
http://doi.org/10.3390/ijms22136981
http://doi.org/10.1186/s12974-018-1192-7
http://doi.org/10.3389/fncel.2020.00274
http://doi.org/10.3389/fpsyt.2020.00071
http://doi.org/10.3389/fimmu.2019.01696
http://doi.org/10.1186/s12974-019-1475-7
http://doi.org/10.3390/ijms22116138
http://www.ncbi.nlm.nih.gov/pubmed/34200240
http://doi.org/10.1016/j.bbadis.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18789386
http://www.ncbi.nlm.nih.gov/pubmed/32739011
http://doi.org/10.2337/db10-0539
http://doi.org/10.1016/j.tips.2009.01.002

Int. . Mol. Sci. 2022, 23, 5502 14 of 17

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Bourgognon, ].M.; Cavanagh, J. The role of cytokines in modulating learning and memory and brain plasticity. Brain Neurosci Adv.
2020, 4, 1-13. [CrossRef]

Miller, A.H.; Haroon, E.; Raison, C.L.; Felger, J.C. Cytokine targets in the brain: Impact on neurotransmitters and neurocircuits.
Depress. Anxiety 2013, 30, 297-306. [CrossRef]

Zimmet, Z.P.; Magliano, ].D.; Herman, H.-W.; Shaw, E.J. Diabetes: A 21st century challenge. Lancet 2014, 2, 56—64. [CrossRef]
Wrighten, S.A.; Piroli, G.G.; Grillo, C.A.; Reagan, L.P. A look inside the diabetic brain:Contributors to diabetes induced brain
aging. Biochim. Biophys Acta 2009, 1792, 444-453. [CrossRef]

Muoio, D.M.; Newgard, C.B. Molecular and metabolic mechanisms of insulin resistance and (3-cell failure in type 2 diabetes. Nat.
Rev. Mol. Cell Biol. 2008, 9, 193-205. [CrossRef]

Arner, P. Insulin resistance in type 2 diabetes-role of the adipokines. Curr. Mol. Med. 2005, 5, 333-339. [CrossRef] [PubMed]
Pan, A.; Wang, Y.; Talaei, M.; Hu, EB.; Wu, T. Relation of active, passive, and quitting smoking with incident type 2 diabetes: A
systematic review and meta-analysis. Lancet Diab. Endocrinol. 2015, 3, 958-967. [CrossRef]

Wang, Y.; Fu, A.K.Y.; Nancy, Y. Instructive roles of astrocytes in hippocampal synaptic plasticity: Neuronal activity-dependent
regulatory mechanisms. FEBS 2021, 289, 2202-2218. [CrossRef] [PubMed]

Yaffe, K.; Kanaya, A.; Lindquist, K.; Simonsick, E.M.; Harris, T.; Shorr, R.I; Tylavsky, EA.; Newman, A.B. The metabolic syndrome,
inflammation, and risk of cognitive decline. JAMA 2004, 292, 2237-2242. [CrossRef] [PubMed]

Skundric, D.S.; Lisak, R.P. Role of neuropoietic cytokines in development and progression of diabetic polyneuropathy: From
glucose metabolism to neurodegeneration. J. Diabetes Res. 2003, 4, 303-312. [CrossRef] [PubMed]

Turrin, N.P; Rivest, S. Tumor necrosis factor « but not interleukin 13 mediates neuroprotection in response to acute nitric oxide
excitotoxicity. J. Neurosci. 2006, 26, 143-151. [CrossRef]

de la Monte, S.M. Relationships between diabetes and cognitive impairment. Endocrinol. Metab. Clin. N. Am. 2014, 43, 245-267.
[CrossRef]

Cunningham, C. Microglia and neurodegeneration: The role of systemic inflammation. GIOLA 2012, 61, 71-90. [CrossRef]

Tan, Z.S.; Beiser, A.S.; Vasan, R.S.; Roubenoff, R.; Dinarello, C.A.; Harris, T.B.; Benjamin, E.J.; Au, R.; Kiel, D.P.; Wolf, P.A.; et al.
Inflammatory markers and the risk of Alzheimer disease: The Framingham Study. Neurology 2007, 68, 1902-1908. [CrossRef]
Miller, A.H.; Maletic, V.; Raison, C.L. Inflammation and Its Discontents: The Role of Cytokines in the Pathophysiology of Major
Depression. Biol. Psychiatry 2009, 65, 732-741. [CrossRef]

Tesfaye, S.; Chaturvedi, N.; Eaton, S.E.M.; Ward, ].D.; Manes, C.; Ionescu-Tirgoviste, C.; Witte, D.R.; Fuller, ].H. Vascular risk
factors and diabetic neuropathy. N. Eng. J. Med. 2005, 352, 341-350. [CrossRef] [PubMed]

Edwards, J.L.; Vincent, A.; Cheng, T.; Feldman, E.L. Diabetic neuropathy: Mechanisms to management. Pharmacol. Ther. 2008, 120,
1-34. [CrossRef] [PubMed]

Callaghan, B.C.; Cheng, H.; Stables, C.L.; Smith, A.L.; Feldman, E.L. Diabetic neuropathy: Clinical manifestations and current
treatments. Lancet Neurol. 2012, 11, 521-534. [CrossRef]

Zhao, X.; Han, Q.; Lv, Y,; Sun, L.; Gang, X.; Wang, G. Biomarkers for cognitive decline in patients with diabetes mellitus: Evidence
from clinical studies. Oncotarget 2017, 9, 7710-7726. [CrossRef]

Yue, X,; Li, H,; Zhang, P; Chang, L.; Li, T. Risk of Parkinson Disease in Diabetes Mellitus: An Updated Meta-Analysis of
Population-Based Cohort Studies. Medicine 2016, 95, e3549. [CrossRef]

Saltiel, A.R.; Olefsky, ].M. Thiazolidinediones in the treatment of insulin resistance and type II diabetes. Diabetes 1996, 45,
1661-1669. [CrossRef]

Ji, S.; Kronenberg, G.; Balkaya, M.; Férber, K.; Gertz, K.; Kettenmann, H.; Endres, M. Acute neuroprotection by pioglitazone after
mild brain ischemia without effect on long-term outcome. Exp. Neurol. 2009, 216, 321-328. [CrossRef]

Jin, HY,; Lee, K.A.; Wu, J.Z,; Baek, H.S.; Park, T.S. The neuroprotective benefit from pioglitazone(PIO) addition on the alpha
lipoic acid (ALA)-based treatment in experimental diabetic rats. Endocrine 2014, 47, 772-782. [CrossRef]

Villapol, S. Roles of peroxisome proliferator-activated receptor gamma on brain and peripheral inflammation. Cell Mol. Neurobiol.
2018, 38, 121-132. [CrossRef]

Bernardo, A.; Levi, G.; Minghetti, L. Role of the peroxisome proliferator-activated receptor-gamma (PPAR-gamma) and its natural
ligand 15-deoxy-A12, 14-prostaglandin ]2 in the regulation of microglial functions. Eur. . Neurosci. 2000, 12, 2215-2223. [CrossRef]
Landreth, G.; Jiang, Q.; Mandrekar, S.; Heneka, M. PPARgamma agonists as therapeutics for the treatment of Alzheimer’s disease.
Neurotherapeutics 2008, 5, 481-489. [CrossRef] [PubMed]

Perez, M.].; Quintanilla, R.A. Therapeutic Actions of the Thiazolidinediones in Alzheimer’s Disease. PPAR Res. 2015, 2015, 957248.
[CrossRef] [PubMed]

Swanson, C.R; Joers, V.; Bondarenko, V.; Brunner, K.; Simmons, H.A.; Ziegler, T.E.; Kemnitz, ].W.; Johnson, ].A.; Emborg, M.E. The
PPAR-y agonist pioglitazone modulates inflammation and induces neuroprotection in parkinsonian monkeys. J. Neuroinflamm.
2011, 8, 91. [CrossRef] [PubMed]

Chou, PS.; Ho, B.L.; Yang, Y.H. Effects of pioglitazone on the incidence of dementia In patients with diabetes. J. Diabetes Its
Complicat. 2017, 31, 1053-1057. [CrossRef] [PubMed]

Sauerbeck, A.; Gao, J.; Readnower, R.; Liu, M.; Pauly, J.R.; Bing, G.; Sullivan, P.G. Pioglitazone attenuates mitochondrial
dysfunction, cognitive impairment, cortical tissue loss, and inflammation following traumatic brain injury. Exp. Neurol. 2011, 227,
128-135. [CrossRef] [PubMed]


http://doi.org/10.1177/2398212820979802
http://doi.org/10.1002/da.22084
http://doi.org/10.1016/S2213-8587(13)70112-8
http://doi.org/10.1016/j.bbadis.2008.10.013
http://doi.org/10.1038/nrm2327
http://doi.org/10.2174/1566524053766022
http://www.ncbi.nlm.nih.gov/pubmed/15892652
http://doi.org/10.1016/S2213-8587(15)00316-2
http://doi.org/10.1111/febs.15878
http://www.ncbi.nlm.nih.gov/pubmed/33864430
http://doi.org/10.1001/jama.292.18.2237
http://www.ncbi.nlm.nih.gov/pubmed/15536110
http://doi.org/10.1155/EDR.2003.303
http://www.ncbi.nlm.nih.gov/pubmed/14668051
http://doi.org/10.1523/JNEUROSCI.4032-05.2006
http://doi.org/10.1016/j.ecl.2013.09.006
http://doi.org/10.1002/glia.22350
http://doi.org/10.1212/01.wnl.0000263217.36439.da
http://doi.org/10.1016/j.biopsych.2008.11.029
http://doi.org/10.1056/NEJMoa032782
http://www.ncbi.nlm.nih.gov/pubmed/15673800
http://doi.org/10.1016/j.pharmthera.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18616962
http://doi.org/10.1016/S1474-4422(12)70065-0
http://doi.org/10.18632/oncotarget.23284
http://doi.org/10.1097/MD.0000000000003549
http://doi.org/10.2337/diab.45.12.1661
http://doi.org/10.1016/j.expneurol.2008.12.007
http://doi.org/10.1007/s12020-014-0198-x
http://doi.org/10.1007/s10571-017-0554-5
http://doi.org/10.1046/j.1460-9568.2000.00110.x
http://doi.org/10.1016/j.nurt.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18625459
http://doi.org/10.1155/2015/957248
http://www.ncbi.nlm.nih.gov/pubmed/26587016
http://doi.org/10.1186/1742-2094-8-91
http://www.ncbi.nlm.nih.gov/pubmed/21819568
http://doi.org/10.1016/j.jdiacomp.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28254448
http://doi.org/10.1016/j.expneurol.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20965168

Int. . Mol. Sci. 2022, 23, 5502 15 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Gegick, C.G.; Altheimer, M.D. Comparison of effects of thiazolidinediones on cardiovascular risk factors: Observations from a
clinical practice. Endocr. Pract. 2001, 7, 162-169. [CrossRef]

Xia, P; Pan, Y,; Zhang, F; Wang, N.; Wang, E.; Guo, Q.; Ye, Z. Pioglitazone Confers Neuroprotection Against Ischemia-Induced
Pyroptosis due to its Inhibitory Effects on HMGB-1/RAGE and Racl/ROS Pathway by Activating PPAR-y. Cell Physiol. Biochem.
2018, 45, 2351-2368. [CrossRef]

Yin, Q.Q.; Pei, J.].; Xu, S.; Luo, D.Z.; Dong, S.Q.; Sun, M.H.; You, L.; Sun, Z.].; Liu, X.P. Pioglitazone improves cognitive function
via increasing insulin sensitivity and strengthening antioxidant defense system in fructose-drinking insulin resistance rats. PLoS
ONE 2013, 8, €59313. [CrossRef]

Gray, E.; Ginty, M.; Kemp, K; Scolding, N.; Wilkins, A. The PPAR-y agonist pioglitazone protects cortical neurons from
inflammatory mediators via improvement in peroxisomal function. J. Neuroinflamm. 2012, 9, 63. [CrossRef]

Warden, A.; Truitt, ].; Merriman, M.; Ponomareva, O.; Jameson, K.; Ferguson, L.B.; Mayfield, R.D.; Harris, R.A. Localization of
PPAR isotypes in the adult mouse and human brain. Sci. Rep. 2016, 6, 27618. [CrossRef]

Zolezzi, ]. M.; Inestrosa, N.C. Peroxisome proliferator-activated receptors and alzheimer’s disease: Hitting the blood-brain barrier.
Mol. Neurobiol. 2013, 48, 438-451. [CrossRef] [PubMed]

Esposito, E.; Cuzzocrea, S. Targeting the peroxisome proliferator-activated receptors (PPARs) in spinal cord injury. Expert Opin.
Ther. Targets 2011, 15, 943-959. [CrossRef] [PubMed]

Sekulic-Jablanovic, M.; Petkovic, V.; Wright, M.B.; Kucharava, K.; Huerzeler, N.; Levano, S.; Brand, Y.; Leitmeyer, K.; Glutz, A,;
Bausch, A ; et al. Effects of peroxisome proliferator activated receptors (PPAR)-y and -« agonists on cochlear protection from
oxidative stress. PLoS ONE 2017, 12, e0188596. [CrossRef]

Yu, Y,; Li, X,; Blanchard, J.; Li, Y.; Igbal, K; Liu, F; Gong, C.-X. Insulin sensitizers improve learning and attenuate tau hyperphos-
phorylation and neuroinflammation in 3xTg-AD mice. J. Neural. Transm. 2015, 122, 593-606. [CrossRef] [PubMed]

Orasanu, G.; Ziouzenkova, O.; Devchand, P.R.; Nehr, V.; Hamdy, E.; Horton, O.S.; Plutzky, J. The Peroxisome Proliferator-Activated
Receptor-y Agonist Pioglitazone Represses Inflammation in a Peroxisome Proliferator-Activated Receptor-a—Dependent Manner
In Vitro and In Vivo in Mice. J. Am. Coll. Cardiol. 2008, 52, 869-881. [CrossRef] [PubMed]

Assaf, N.E.; El-Shamarka, M.; Salemb, N.A.; Khadrawy, Y.A.; El Sayede, N.S. Neuroprotective effect of PPAR alpha and gamma
agonists in a mouse model of amyloidogenesis through modulation of the Wnt/beta catenin pathway via targeting alpha- and
beta-secretases. Prog. Neuropsychopharmacol. Biol. Psychiatry 2020, 97, 109793. [CrossRef] [PubMed]

Wojtowicz, S.; Strosznajder, A K.; Jezyna, M.; Strosznajd, J.B. The Novel Role of PPAR Alpha in the Brain: Promising Target in
Therapy of Alzheimer’s Disease and Other Neurodegenerative Disorders. Neurochem. Res. 2020, 45, 972-988. [CrossRef]
Duran-Sandoval, D.; Thomas, A.C.; Bailleul, B.; Fruchart, ].C.; Staels, B. Pharmacology of PPARalpha, PPARgamma and dual
PPARalpha/gamma agonists in clinical development. Med. Sci. 2003, 19, 819-825.

Piatkowska-Chmiel, I.; Herbet, M.; Gawronska-Grzywacz, M.; Ostrowska-Lesko, M.; Dudka, J. The Role of Molecular and
Inflammatory Indicators in the Assessment of Cognitive Dysfunction in a Mouse Model of Diabetes. Int. J. Mol. Sci. 2021, 22,
3878. [CrossRef]

Barrientos, R.M.; Sprunger, D.B.; Campeau, S.; Higgins, E.A.; Watkins, L.R.; Rudy, ].W.; Maier, S.F. Brain-derived neurotrophic
factor mRNA downregulation produced by social isolation is blocked by intrahippocampal interleukin-1 receptor antagonist.
Neuroscience 2003, 121, 847-853. [CrossRef]

Menachem-Zidon, O.B.; Goshen, L.; Kreisel, T.; Menahem, Y.B.; Reinhartz, E.; Hur, T.B.; Yirmiya, R. Intrahippocampal transplan-
tation of transgenic neural precursor cells overexpressing interleukin-1 receptor antagonist blocks chronic isolation-induced
impairment in memory and neurogenesis. Neuropsychopharmacology 2008, 33, 2251-2262. [CrossRef] [PubMed]

Wu, CW,; Chen, Y.C; Yu, L.; Chen, HI; Jen, C.J.; Huang, A.M.; Tsai, H.].; Chang, Y.T.; Kuo, Y.M. Treadmill exercise counteracts
the suppressive effects of peripheral lipopolysaccharide on hippocampal neurogenesis and learning and memory. J. Neurochem.
2007, 103, 2471-2481. [CrossRef] [PubMed]

Ida, T.; Hara, M.; Nakamura, Y.; Kozaki, S.; Tsunoda, S.; Thara, H. Cytokine-induced enhancement of calcium-dependent glutamate
release from astrocytes mediated by nitric oxide. Neurosci. Lett. 2008, 432, 232-236. [CrossRef] [PubMed]

Gavillet, M.; Allaman, I.; Magistretti, P.J. Modulation of astrocytic metabolic phenotype by proinflammatory cytokines. Glia 2008,
56, 975-989. [CrossRef] [PubMed]

Thornton, P; Pinteaux, E.; Gibson, R.M.; Allan, S.M.; Rothwell, N J. Interleukin-1-induced neurotoxicity is mediated by glia and
requires caspase activation and free radical release. J. Neurochem. 2006, 98, 258-266. [CrossRef]

Reichenberg, A.; Yirmija, R.; Schulda, A.; Kraus, T.; Haack, M.; Morag, A.; Polmacher, T. Cytokine-associated emotional and
cognitive disturbances in humans. Arch. Gen. Psychiatry 2001, 58, 445-452. [CrossRef]

Weaver, ].D.; Huang, M.-H.; Albert, M.; Harris, T.; Rowe, ].W.; Seeman, T.E. Interleukin-6 and risk of cognitive decline: MacArthur
studies of successful aging. Neurology 2002, 59, 371-378. [CrossRef]

Koo, J.W.; Duman, R.S. IL-1beta is an essential mediator of the antineurogenic and anhedonic effects of stress. Proc. Natl. Acad.
Sci. USA 2008, 105, 751-756. [CrossRef]

Irwin, M.R.; Wang, M.; Ribeiro, D.; Cho, H.J.; Olmstead, R.; Breen, E.C.; Martinez-Maza, O.; Cole, S. Sleep loss activates cellular
inflammatory signaling. Biol. Psychiatry 2008, 64, 538-540. [CrossRef]

Baker, R.G.; Hayden, M.S.; Ghosh, S. NF-kB, inflammation, and metabolic disease. Cell Metab. 2011, 13, 11-22. [CrossRef]


http://doi.org/10.4158/EP.7.3.162
http://doi.org/10.1159/000488183
http://doi.org/10.1371/journal.pone.0059313
http://doi.org/10.1186/1742-2094-9-63
http://doi.org/10.1038/srep27618
http://doi.org/10.1007/s12035-013-8435-5
http://www.ncbi.nlm.nih.gov/pubmed/23494748
http://doi.org/10.1517/14728222.2011.581231
http://www.ncbi.nlm.nih.gov/pubmed/21740108
http://doi.org/10.1371/journal.pone.0188596
http://doi.org/10.1007/s00702-014-1294-z
http://www.ncbi.nlm.nih.gov/pubmed/25113171
http://doi.org/10.1016/j.jacc.2008.04.055
http://www.ncbi.nlm.nih.gov/pubmed/18755353
http://doi.org/10.1016/j.pnpbp.2019.109793
http://www.ncbi.nlm.nih.gov/pubmed/31669201
http://doi.org/10.1007/s11064-020-02993-5
http://doi.org/10.3390/ijms22083878
http://doi.org/10.1016/S0306-4522(03)00564-5
http://doi.org/10.1038/sj.npp.1301606
http://www.ncbi.nlm.nih.gov/pubmed/17987063
http://doi.org/10.1111/j.1471-4159.2007.04987.x
http://www.ncbi.nlm.nih.gov/pubmed/17953674
http://doi.org/10.1016/j.neulet.2007.12.047
http://www.ncbi.nlm.nih.gov/pubmed/18255223
http://doi.org/10.1002/glia.20671
http://www.ncbi.nlm.nih.gov/pubmed/18383346
http://doi.org/10.1111/j.1471-4159.2006.03872.x
http://doi.org/10.1001/archpsyc.58.5.445
http://doi.org/10.1212/WNL.59.3.371
http://doi.org/10.1073/pnas.0708092105
http://doi.org/10.1016/j.biopsych.2008.05.004
http://doi.org/10.1016/j.cmet.2010.12.008

Int. . Mol. Sci. 2022, 23, 5502 16 of 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Clark, I.A.; Alleva, L.M.; Vissel, B. The roles of TNF in brain dysfunction and disease. Pharmacol. Ther. 2010, 128, 5. [CrossRef]
[PubMed]

Pan, W.; Kastin, A.]. TNF« transport across the blood-brain barrier is abolished in receptor knockout mice. Exp. Neurol. 2002, 174,
193-200. [CrossRef] [PubMed]

Pan, W.; Kastin, A J. Penetration of neurotrophins and cytokines across the blood-brain/blood-spinal cord barrier. Adv. Drug
Deliv. Rev. 1999, 36, 291-298. [CrossRef]

Lucas, S.M.; Rothwell, N.J.; Gibson, R.M. The role of inflammation in CNS injury and disease. Br. J. Pharmacol. 2006, 147,
5232-5240. [CrossRef] [PubMed]

Barker, G.R.I; Bird, F.; Alexander, V.; Warburton, E.C. Recognition Memory for Objects, Place, and Temporal Order: A Disconnec-
tion Analysis of the Role of the Medial Prefrontal Cortex and Perirhinal Cortex. J. Neurosci. 2007, 27, 2948-2957. [CrossRef]
Aggleton, ].P,; Albasser, M.M.; Aggleton, D.J.; Poirier, G.L.; Pearce, ].M. Lesions of the rat perirhinal cortex spare the acquisition of
a complex confgural visual discrimination yet impair object recognition. Behav. Neurosci. 2010, 124, 55-68. [CrossRef]

DeVito, L.M.; Eichenbaum, H. Memory for the Order of Events in Specifc Sequences: Contributions of the Hippocampus and
Medial Prefrontal Cortex. J. Neurosci. 2011, 31, 3169-3175. [CrossRef]

Roberts, A.].; Khom, S.; Bajo, M.; Vlkolinsky, R.; Polis, I.; Cates-Gatto, C.; Roberto, M.; Gruol, D.L. Increased IL-6 expression
in astrocytes is associated with emotionality, alterations in central amygdala GABAergic transmission, and excitability during
alcohol withdrawal. Brain Behav. Immun. 2019, 82, 188-202. [CrossRef]

Eyre, H.; Papps, E.; Baune, B.T. Treating depression and depres-sion-like behavior with physical activity: An immune perspective.
Front. Psychiatry 2013, 4, 3. [CrossRef]

Tan, W.; Rouen, S.; Barkus, K. M.; Dremina, Y.S.; Hui, D.; Christianson, J.A.; Wright, D.E.; Yoon, 5.0.; Dobrowsky, R.T. Nerve
growth factor blocks the glucose-induced down-regulation of caveolin-1 expression in Schwann cells via p75 neurotrophin
receptor signaling. J. Biol. Chem. 2003, 278, 23151-23162. [CrossRef]

Niesman, LR.; Schilling, ].M.; Shapiro, L.A.; Kellerhals, S.E.; Bonds, J.A.; Kleschevnikov, A.M.; Cui, W.; Voong, A.; Krajewski, S.;
Ali, S.S.; et al. Traumatic brain injury enhances neuroinflammation and lesion volume in caveolin deficient mice. J. Neuroinflamm.
2014, 11, 39. [CrossRef]

Head, B.P; Peart, ].N.; Panneerselvam, M.; Yokoyama, T.; Pearn, M.L.; Niesman, L.R.; Bonds, J.A.; Schilling, ] M.; Miyanohara, A;
Headrick, J.; et al. Loss of caveolin-1 accelerates neurodegeneration and aging. PLoS ONE 2010, 5, 12. [CrossRef] [PubMed]
Trushina, E.; Charme, ].D.; Parisi, J.; McMurray, C.T. Neurological abnormalities in caveolin-1 knock out mice. Behav. Brain Res.
2006, 172, 24-32. [CrossRef] [PubMed]

Shao, Z.Q.; Liu, Z.]. Neuroinflammation and neuronal autophagic death were suppressed via Rosiglitazone treatment: New Brain
injury via the PPARg/NF-kB/IL-6 signaling pathway evidence on neuroprotection in a rat model of global cerebral ischemia. J.
Neurol. Sci. 2015, 349, 65-71. [CrossRef] [PubMed]

Woster, A.P.; Combs, C.K. Differential ability of thiazolidinedione PPARYy agonist to attenuate cytokine secretion in primary
microglia and macrophage-like cells. J. Neurochem. 2007, 103, 67-76. [PubMed]

Jung, H.J.; Kim, Y].; Eggert, S.; Chung, K.C.; Choi, K.S.; Park, S.A. Age-dependent increases in tau phosphorylation in the brains
of type 2 diabetic rats correlate with a reduced expression of p62. Exp. Neurol. 2013, 248, 441-450. [CrossRef] [PubMed]

Phatak, H.M.; Yin, D.D. Factors associated with the effect-size of thiazolidinedione (TZD) therapy on HbAlc: A meta-analysis of
published randomized clinical trials. Curr. Med. Res. Opin. 2006, 22, 2267-2278. [CrossRef]

El-Sahar, A.E.; Safar, M.M.; Zaki, H.E; Attia, A.S.; Ain-Shoka, A.A. Neuroprotective effects of pioglitazone against transient
cerebral ischemic reperfusion injury in diabetic rats: Modulation of antioxidant, anti-inflammatory, and anti-apoptotic biomarkers.
Pharmacol. Rep. 2015, 67, 901-906. [CrossRef]

Barbiero, J.K.; Santiago, R.; Tonin, F; Boschen, S.; da Silva, L.M.; Werner, M.F,; Da Cunha, C.; Lima, M.M.S,; Vital, M.A.
PPAR-alpha agonist fenofibrate protects against the damaging effects of MPTP in a rat model of Parkinson’s disease. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2014, 53, 35-44. [CrossRef]

Polak, PE.; Kalinin, S.; Russo, C.D.; Gavrilyuk, V.; Sharp, A.; Peters, ].M.; Richardson, J.; Willson, T.M.; Weinberg, G.; Fein-
stein, D.L. Protective effects of a peroxisome proliferator-activated receptor-beta/delta agonist in experimental autoimmune
encephalomyelitis. ]. Neuroimmunol. 2005, 168, 65-75. [CrossRef]

Baghcheghi, Y.; Beheshti, F.; Salmani, H.; Soukhtanloo, M.; Hosseini, M. Protective Effect of PPARy Agonists on Cerebellar Tissues
Oxidative Damage in Hypothyroid Rats. Neurol. Res. Int. 2016, 2016, 1952561. [CrossRef] [PubMed]

Masciopinto, F.; Di Pietro, N.; Corona, C.; Bomba, M.; Pip-ino, C.; Curcio, M.; Di Castelnuovo, A.; Ciavardelli, D.; Silvestri,
E.; Canzoniero, LM.T; et al. Effects of long-term treatment with pioglitazone on cognition and glucose metabolism of PS1-KI,
3xTg-AD, and wild-type mice. Cell Death Dis. 2012, 3, e448. [CrossRef] [PubMed]

Maeshiba, Y.; Kiyota, Y.; Yamashita, K.; Yoshimura, Y.; Motohashi, M.; Tanayama, S. Disposition of the new antidiabetic agent
pioglitazone in rats, dogs, and monkeys. ArzneimittelForschung 1997, 47, 29-35. [PubMed]

Heneka, M.T.; Sastre, M.; Dumitrescu-Ozimek, L.; Hanke, A.; Dewachter, I.; Kuiperi, C.; O’Banion, K.; Klockgether, T.; Van
Leuven, F; Landreth, G.E. Acute treatment with the PPARy agonist pioglitazone and ibuprofen reduces glial inflammation and
AP1-42 levels in APPV7171 transgenic mice. Brain 2005, 128, 1442-1453. [CrossRef]


http://doi.org/10.1016/j.pharmthera.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20813131
http://doi.org/10.1006/exnr.2002.7871
http://www.ncbi.nlm.nih.gov/pubmed/11922661
http://doi.org/10.1016/S0169-409X(98)00086-6
http://doi.org/10.1038/sj.bjp.0706400
http://www.ncbi.nlm.nih.gov/pubmed/16402109
http://doi.org/10.1523/JNEUROSCI.5289-06.2007
http://doi.org/10.1037/a0018320
http://doi.org/10.1523/JNEUROSCI.4202-10.2011
http://doi.org/10.1016/j.bbi.2019.08.185
http://doi.org/10.3389/fpsyt.2013.00003
http://doi.org/10.1074/jbc.M212986200
http://doi.org/10.1186/1742-2094-11-39
http://doi.org/10.1371/journal.pone.0015697
http://www.ncbi.nlm.nih.gov/pubmed/21203469
http://doi.org/10.1016/j.bbr.2006.04.024
http://www.ncbi.nlm.nih.gov/pubmed/16750274
http://doi.org/10.1016/j.jns.2014.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25623802
http://www.ncbi.nlm.nih.gov/pubmed/17573821
http://doi.org/10.1016/j.expneurol.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23906983
http://doi.org/10.1185/030079906X148328
http://doi.org/10.1016/j.pharep.2015.03.018
http://doi.org/10.1016/j.pnpbp.2014.02.009
http://doi.org/10.1016/j.jneuroim.2005.07.006
http://doi.org/10.1155/2016/1952561
http://www.ncbi.nlm.nih.gov/pubmed/28116157
http://doi.org/10.1038/cddis.2012.189
http://www.ncbi.nlm.nih.gov/pubmed/23254291
http://www.ncbi.nlm.nih.gov/pubmed/9037440
http://doi.org/10.1093/brain/awh452

Int. . Mol. Sci. 2022, 23, 5502 17 of 17

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

Seok, H.; Lee, M.; Shin, E.; Yun, M.R,; Lee, Y.-H.; Moon, J.H.; Kim, E.; Lee, PH.; Lee, B.-W.; Kang, E.S.; et al. Low-dose
pioglitazone can ameliorate learning and memory impairment in a mouse model of dementia by increasing LRP1 expression in
the hippocampus. Sci. Rep. 2019, 9, 4414. [CrossRef]

Grommes, C.; Karlo, J.C.; Caprariello, A.; Blankenship, D.; Dechant, A.; Landreth, G.E. The PPARY agonist pioglitazone crosses
the blood-brain barrier and reduces tumor growth in a human xenograft model. Cancer Chemother. Pharmacol. 2013, 71, 929-936.
[CrossRef]

Heming, M.; Gran, S.; Jauch, S.L.; Fischer-Riepe, L.; Russo, A.; Klotz, L.; Hermann, S.; Schafers, M.; Roth, J.; Barczyk-Kahlert, K.
Peroxisome Proliferator-Activated Receptor-y Modulates the Response of Macrophages to Lipopolysaccharide and Glucocorti-
coids. Front. Immunol. 2018, 9, 893. [CrossRef]

Wang, X.M.; Kim, H.P,; Song, R.; Choi, A.M.K. Caveolin-1 confers antiinflammatory effects in murine macrophages via the
MKK3/p38 MAPK pathway. Am. J. Resp. Cell Mol. Biol. 2006, 34, 434—442. [CrossRef]

Fazia, T.; Nova, A.; Gentilini, D.; Beecham, A.; Piras, M.; Saddi, V.; Ticca, A.; Bitti, P; McCauley, J.L.; Berzuini, C.; et al.
Investigating the Causal Effect of Brain Expression of CCL2, NFKB1, MAPK14, TNFRSF1A, CXCL10 Genes on Multiple Sclerosis:
A Two-Sample Mendelian Randomization Approach. Front. Bioeng. Biotechnol. 2020, 8, 397. [CrossRef]

Fusco, R.; Scuto, M.; Cordaro, M.; D’Amico, R.; Gugliandolo, E.; Siracusa, R.; Peritore, A.F.; Crupi, R.; Impellizzeri, D.; Cuzzocrea,
S.; et al. N-Palmitoylethanolamide-Oxazoline Protects against Middle Cerebral Artery Occlusion Injury in Diabetic Rats by
Regulating the SIRT1 Pathway. Int. J. Mol. Sci. 2019, 20, 4845. [CrossRef]

Bettoni, I.; Comelli, F,; Rossini, C.; Granucci, F.; Giagnoni, G.; Peri, F.; Costa, B. Glial TLR4 receptor as new target to treat
neuropathic pain: Efficacy of a new receptor antagonist in a model of peripheral nerve injury in mice. Glia 2008, 56, 1312-1319.
[CrossRef] [PubMed]

Xu, L; Liu, Y,; Sun, Y.; Li, H; Mi, W,; Jiang, Y. Analgesic effects of TLR4/NF-«B signaling pathway inhibition on chronic
neuropathic pain in rats following chronic constriction injury of the sciatic nerve. Biomed. Pharmacother. 2018, 107, 526-533.
[CrossRef] [PubMed]

Li, Y.; Zhang, H.; Zhang, H.; Kosturakis, A.K.; Jawad, A.B.; Dougherty, PM. Toll-like receptor 4 signaling contributes to
Paclitaxel-induced peripheral neuropathy. J. Pain 2014, 15, 712-725. [CrossRef] [PubMed]

Wang, Z.; Qiu, Y.; Wei, M; Li, C; Xie, Y.; Shen, L.; Huang, Y.; Ma, C. Suppression of MyD88-dependent signaling alleviates
neuropathic pain induced by peripheral nerve injury in the rat. J. Neuroinflamm. 2017, 14, 70. [CrossRef]

Deng, Y.; Jiang, X.; Deng, X.; Chen, H.; Xu, J.; Zhang, Z.; Liu, G.; Yong, Z.; Yuan, C.; Sun, X.; et al. Pioglitazone ameliorates
neuronal damage after traumatic brain injury via the PPARg/NF-kB/ IL-6 signaling pathway. Genes Dis. 2019, 7, 253-265.
[CrossRef] [PubMed]

Yamagishi, S.I.; Ogasawara, S.; Mizukami, H.; Yajima, N.; Wada, R.I.; Sugawara, A.; Yagihashi, S. Correction of protein kinase C
activity and macrophage migration in peripheral nerve by pioglitazone, peroxisome proliferator activated-y-ligand, in insulin-
deficient diabetic rats. J. Neurochem. 2008, 104, 491-499. [CrossRef]

Hall, C.S.; Ballachey, E.L. A study of the rat’s behavior in a field: A contribution to method in comparative psychology. In
University of California Publications in Psychology; University of California Press: Berkeley, CA, USA, 1932; pp. 1-12.

Boissier, ].R.; Simon, P. Dissociation de deuxcomposantesdanslecomporte mnetd’investigation de la souris. Arch. Int. Pharmacodyn
Ther. 1964, 147, 372-387.

Boissier, J.R.; Simon, P. Automatisation du test de la planche a trous. Physiol. Behav. 1967, 2, 447-448. [CrossRef]

Bradford, M.M. A rapid sensitive method for the quantification of microgram quantities of protein utilising the principle of
protein-dye binding. Anal Biochem. 1976, 72, 248-254. [CrossRef]

Chomczynski, P.; Sacchi, N. Single-Step Method of RNA Isolation by Acid Guanidinium Thiocyanate-Phenol-Chloroform
Extraction. Anal. Biochem. 1987, 162, 156—159. [CrossRef]


http://doi.org/10.1038/s41598-019-40736-x
http://doi.org/10.1007/s00280-013-2084-2
http://doi.org/10.3389/fimmu.2018.00893
http://doi.org/10.1165/rcmb.2005-0376OC
http://doi.org/10.3389/fbioe.2020.00397
http://doi.org/10.3390/ijms20194845
http://doi.org/10.1002/glia.20699
http://www.ncbi.nlm.nih.gov/pubmed/18615568
http://doi.org/10.1016/j.biopha.2018.07.116
http://www.ncbi.nlm.nih.gov/pubmed/30114636
http://doi.org/10.1016/j.jpain.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24755282
http://doi.org/10.1186/s12974-017-0822-9
http://doi.org/10.1016/j.gendis.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32215295
http://doi.org/10.1111/j.1471-4159.2007.05050.x
http://doi.org/10.1016/0031-9384(67)90067-4
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/0003-2697(87)90021-2

	Introduction 
	Results 
	Effect of Pioglitazone on Exploratory Activity and Memory of Diabetic Mice 
	Effect of Pioglitazone on the Level of Peripheral and Central Pro-Inflammatory Cytokines in Diabetes Mice 
	Changes in Tnfrsf1a and Cav1 Gene Expression in the Hippocampus and Prefrontal Cortex of Diabetes Mice in Response to Treatment with Pio 
	Effect of Pioglitazone on Level of Glucose during the Oral Glucose Tolerance Test (OGTT) in Diabetes Mice 
	Statistical Analysis 

	Discussion 
	Materials and Methods 
	Animals and Treatments 
	Behavioral Tests 
	Open Field Test (OFT) 
	The Hole-Board Test (HBT) 
	The Novel Object Recognition Test (NOR) 

	Collection of Biological Materials for Research 
	Measurement of Cytokines in the Serum and Brain Supernatants 
	The Quantitative Real-Time PCR Analysis (qRT-PCR) 
	Oral Glucose Tolerance Test (OGTT) 


	Conclusions and Prospects for the Future 
	References

