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Abstract: The anti-hyperglycemic drug glibenclamide (Glb) might represent an interesting therapeutic
option in human neurodegenerative diseases because of its anti-inflammatory activity and its ability
to downregulate activation of the NLRP3 inflammasome. Bi-functionalized liposomes that can cross
the blood–brain barrier (BBB) may be used to release Glb into the central nervous system (CNS),
overcoming its poor solubility and bioavailability. Here, we analyzed in vitro the effect of Glb-loaded
nanovectors (GNVs) and Glb itself on NLRP3 inflammasome activation using a lipopolysaccharide-
and nigericine-activated THP-1 cell model. Apoptosis-associated speck-like protein containing a
CARD (ASC) aggregation and NLRP3-related cytokine (IL-1β, caspase 1, and IL-18) production and
gene expression, as well as the concentration of miR-223-3p and miR-7-1-5p, known to modulate
the NLRP3 inflammasome, were evaluated in all conditions. Results showed that both GNVs and
Glb reduced significantly ASC-speck oligomerization, transcription and translation of NLRP3, as
well as the secretion of caspase 1 and IL-1β (p < 0.05 for all). Unexpectedly, GNVs/Glb significantly
suppressed miR-223-3p and upregulated miR-7-1-5p expression (p < 0.01). These preliminary results
thus suggest that GNVs, similarly to Glb, are able to dampen NLRP3 inflammasome activation,
inflammatory cytokine release, and modulate miR-223-3p/miR-7-1-5p. Although the mechanisms
underlying the complex relation among these elements remain to be further investigated, these results
can open new roads to the use of GNVs as a novel strategy to reduce inflammasome activation in
disease and rehabilitation.

Keywords: glibenclamide; nanoparticles; NLRP3 inflammasome; microRNAs; rehabilitation

1. Introduction

Glibenclamide (Glb), a sulfonylurea widely used as an anti-hyperglycemic agent for
type II diabetes mellitus, is endowed with anti-inflammatory effects in multiple clinical
conditions (i.e., respiratory diseases, acute pancreatitis, cystitis, ischemia, sepsis), including
central nervous system (CNS) diseases [1,2]. However, Glb is poorly water soluble, has a
scarce ability to cross the blood–brain barrier (BBB), and is rapidly removed from the CNS.
As a consequence of these peculiarities, Glb does not achieve therapeutic levels in brain
and cerebrospinal fluid in animal models [3].

The use of innovative nanoparticles represents an interesting option for drug delivery,
and different formulations have been developed. Dual-ligand liposomes, in particular,
efficiently cross the BBB and can specifically deliver therapeutic molecules into the CNS,
thus being a very promising approach for the treatment of neurological diseases [4,5].
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In vitro results showed that liposomes loaded with Glb and functionalized with peptides
from the receptor-binding domain of apolipoprotein E (mApoE) and matrix metallopro-
teinase (MMP)-sensitive lipopeptides cross the BBB and release Glb, downregulating the
production of proinflammatory cytokines from activated microglial cells [6].

Glb binding to sulfonylurea receptor (Sur1/2) potently inhibits ATP-sensitive ion
channels (K+ATP) [7] and reduces K+ efflux. This results in cell membrane depolarization
and inhibits P2X7 receptor-mediated Ca2+ influx. Since Glb acts downstream of the P2X7
receptor and upstream of NLRP3, caspase 1 activation and IL-1β production are downregu-
lated [1]. The end product in animal models is a significant reduction in neuroinflammation
and neuroprotection after brain injuries [8,9].

The NLRP3 (NACHT, LRR, and PYD domains-containing protein 3) inflammasome
is a molecular platform composed of the NLRP3 sensor, the adaptor apoptosis-associated
speck-like protein containing a CARD (ASC), and pro-caspase 1. The NLRP3 inflammasome
complex assembly occurs in two steps and leads to gasdermin D-mediated pore formation
and the release of the proinflammatory cytokines IL-1β and IL-18 [10].

Notably though, although the anti-inflammatory action of Glb involves an interaction
with K+ ATP-channels [11], its effect can also be observed also in K+ ATP-channels-deficient
macrophages [1], suggesting the involvement of other mechanisms.

In silico predictions and in vitro/in vivo validation models indicate that miRNAs, and
in particular miR-223-3p [12] and miR-7 [13], play a role in reducing NLRP3 translation
and inflammasome activation [14]. The aim of this study was to analyze whether Glb
and Glb-loaded liposomes (nanovectors with glibenclamide = GNVs) could modulate the
activation of the NLRP3 inflammasome. To this end, we analyzed NLRP3-related genes and
protein expression as well as miR-223-3p and miR-7-1-5p concentration using an in vitro
THP-1 cell model.

2. Results
2.1. GNVs and Glb Inhibit NLRP3 Inflammasome Activation in THP-1 DMs

THP-1 derived macrophages (DMs) activated in vitro with lipopolysaccharides (LPS)
and nigericine were incubated in the absence/presence of either GNVs at a concentration
of 10 µM, selected because of previously published results [6], or free Glb (25 µM, i.e.,
a 4 time lower concentration than reported to be toxic for THP-1 cells) [15]. GNVs and
Glb potential toxicity was excluded in every experiment, as cell viability was always
>90%. ASC-speck formation, the hallmark of inflammasome activation, was analyzed
intracellularly; the production of caspase 1, IL-1β and IL-18, and inflammasome effector
proteins was measured in THP-1 DM supernatants.

The percentage of ASC-speck positive cells in THP-1 DMs stimulated in the presence
of GNVs (mean: 24.9%) or Glb (26.2%) was significantly reduced compared to that ob-
served in LPS+nigericine-activated THP-1 DMs cultured in medium alone (median: 30.8%;
p < 0.001 for both comparisons) (Figure 1). Representative dot plot and images of ASC-speck
formation are shown in Supplementary Materials, Figure S1.

Caspase 1 and IL-1β concentration in supernatants was significantly reduced as well,
when results obtained in THP-1 DMs activated in the presence of GNVs (median: caspase
1: 1.5 pg/mL; IL-1β: 32.0 pg/mL) or Glb (caspase 1: 1.6 pg/mL; IL-1β: 645.0 pg/mL) were
compared to those obtained in LPS+nigericine-activated THP-1 DMs (caspase 1: 7.1 pg/mL;
IL-1β: 3678.0 pg/mL) (p < 0.05 for all comparisons) (Figure 2).
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Figure 1. ASC-speck formation. Percentage of THP-1 DMs expressing ASC-speck in unstimulated 
or LPS+nigericine (NIG)-stimulated cells in presence/absence of glibenclamide (Glb) or 
glibenclamide-loaded nanovectors (GNVs). Graph represents median values obtained from three 
independent experiments. Data are expressed as median and interquartile range (25th–75th percen-
tiles). Statistical significance is shown: * = p < 0.05; ** = p < 0.001; *** p < 0.0001. 

 
Figure 2. Activated caspase 1, IL-1β, and IL-18 production. (a) Activated caspase 1, (b) IL-1β, and 
(c) IL-18 production in supernatants of unstimulated or in LPS+nigericine (NIG)-stimulated THP-1 
DMs in presence/absence of glibenclamide (Glb) or glibenclamide-loaded nanovectors (GNVs). Data 
are expressed as pg/mL; graphs represent median value obtained from three independent experi-
ments; dots represent individual values. * = p < 0.05. 

2.2. GNVs and Glb Reduce LPS+Nigericine-Induced NLRP3 Gene Expression in THP-1 DMs 
To evaluate whether the GNV- and Glb-associated downregulation of NLRP3 inflam-

masome activation is the result of NLRP3 transcriptional downregulation, mRNA expres-
sion was measured using a digital droplet PCR (ddPCR) in LPS+nigericine-activated THP-
1 DMs in the presence/absence of GNVs or Glb. 

At first, we analyzed the NLRP3 expression in LPS+nigericine-activated THP-1 DMs 
during 24 h, with or without Glb and GNVs, which showed a rapid and significant in-
crease in mRNA expression within one hour of stimulation (p = 0.009 vs. unstimulated), 
that was still significant 3 and 6 h after activation, decreasing to baseline levels after 24 h. 

Figure 1. ASC-speck formation. Percentage of THP-1 DMs expressing ASC-speck in unstimulated or
LPS+nigericine (NIG)-stimulated cells in presence/absence of glibenclamide (Glb) or glibenclamide-
loaded nanovectors (GNVs). Graph represents median values obtained from three independent
experiments. Data are expressed as median and interquartile range (25th–75th percentiles). Statistical
significance is shown: * = p < 0.05; ** = p < 0.001; *** p < 0.0001.
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Figure 2. Activated caspase 1, IL-1β, and IL-18 production. (a) Activated caspase 1, (b) IL-1β, and
(c) IL-18 production in supernatants of unstimulated or in LPS+nigericine (NIG)-stimulated THP-1
DMs in presence/absence of glibenclamide (Glb) or glibenclamide-loaded nanovectors (GNVs).
Data are expressed as pg/mL; graphs represent median value obtained from three independent
experiments; dots represent individual values. * = p < 0.05.

In contrast with these results, the IL-18 concentration was similar in all the experimen-
tal conditions analyzed (GNVs, median: 105.0 pg/mL; Glb: 68.6 pg/mL; medium alone:
99.0 pg/mL).

2.2. GNVs and Glb Reduce LPS+Nigericine-Induced NLRP3 Gene Expression in THP-1 DMs

To evaluate whether the GNV- and Glb-associated downregulation of NLRP3 in-
flammasome activation is the result of NLRP3 transcriptional downregulation, mRNA
expression was measured using a digital droplet PCR (ddPCR) in LPS+nigericine-activated
THP-1 DMs in the presence/absence of GNVs or Glb.

At first, we analyzed the NLRP3 expression in LPS+nigericine-activated THP-1 DMs
during 24 h, with or without Glb and GNVs, which showed a rapid and significant increase
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in mRNA expression within one hour of stimulation (p = 0.009 vs. unstimulated), that was
still significant 3 and 6 h after activation, decreasing to baseline levels after 24 h. Activation
in the presence of either GNVs or Glb completely prevented NLRP3 mRNA expression
increases at all considered time points (see Supplementary Materials, Figure S2). Both
GNVs and Glb, thus, induce a potent transcriptional downregulation of the NLRP3 gene in
activated THP-1 DMs.

In the next series of experiments, NLRP3-specific mRNA expression was evaluated
in THP-1 DMs after 1 h of stimulation with LPS+nigericine in the presence/absence of
GNVs or Glb. The results shown in Figure 3a confirmed that both agents result in a
significant reduction in NLRP3 transcription; remarkably, neither GNVs nor Glb alone had
any effect on NLRP3 expression in unstimulated cells. All these data are summarized in
Supplementary Materials, Table S1.
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for all the comparisons) (Figure 4). 

Figure 3. NLRP3 and pro-IL-1β mRNA expression. (a) NLRP3 gene expression in THP-1 DMs.
NLRP3 mRNA expression in unstimulated or LPS+nigericine (NIG)-stimulated THP-1 DMs in
presence/absence of glibenclamide (Glb) or glibenclamide-loaded nanovectors (GNVs). Data are
expressed as copies/ng. Graph shows median values and interquartile range (25th–75th percentiles)
obtained from three independent experiments. Statistical significance is shown: * = p ≤ 0.01. For
additional details, see Section 4. (b) pro-IL-1β mRNA expression in THP-1 DMs that were cultured
in medium alone or LPS+nigericine (NIG) activated in the presence/absence of glibenclamide (Glb)
or glibenclamide-loaded nanovectors (GNVs). Data are expressed as copies/ng; graph represents
median values and interquartile range (25th–75th percentiles). Statistical significance is shown:
* = p ≤ 0.01.

2.3. GNVs and Glb Reduce NLRP3 Protein Expression in THP-1 DMs

To verify if GNVs or Glb reduce NLRP3 intracellular protein, its expression level was
measured by flow cytometry in THP-1 DMs activated with LPS+nigericine for 24 h in the
presence/absence of GNVs or Glb. Results showed that both GNVs and Glb significantly
reduced the percentage (GNVs = 18.3; Glb = 19.67) and the mean fluorescence intensity
(MFI) (GNVs = 2.13; Glb = 2.07) of NLRP3 protein-expressing THP-1 DM cells compared to
THP-1 DM-activated cells cultured in medium alone (% = 32.67; MFI = 2.73) (p < 0.001 for
all the comparisons) (Figure 4).
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Figure 4. NLRP3 expression. (a) Mean fluorescence intensity (MFI) and (b) percentage of THP-1 DMs
expressing NLRP3 in unstimulated or LPS+nigericine (NIG)-stimulated cells in the presence/absence
of glibenclamide (Glb) or glibenclamide-loaded nanovectors (GNVs). Graphs represent mean value
and standard deviation obtained from three independent experiments. Statistical significance is
shown: * p < 0.0001. (c) Representative histograms obtained by flow cytometry analysis of THP-1
DMs expressing NLRP3 (%), indicated in gate C, in unstimulated or LPS+NIG-stimulated cells in the
presence/absence of Glb or GNVs.

2.4. GNVs and Glb Modulate Pro-IL-1β Expression and IL-1β Intracellular Concentration in
THP-1 DMs

Pro-IL-1β mRNA was measured next by ddPCR in THP-1 DMs that had been
LPS+nigericine-activated in the presence/absence of GNVs and Glb. Results showed
that GNVs and Glb had an opposite effect. In fact, pro-IL-1β mRNA expression was signif-
icantly reduced by Glb (p = 0.009), but was increased by GNVs, compared to the values
observed in activated cells cultured in medium alone (p = 0.007) (Figure 3b). These data are
summarized in Supplementary Materials, Table S1.

Analysis of the intracellular expression of IL-1β protein showed its increased percent-
age in LPS+nigericine-activated THP-1 DMs cultured in the presence of either GNVs
(mean: 25.9%) or Glb (28.0%), compared to activated cells (23.5%; p = 0.02 vs. Glb)
(Figure 5a,b). Notably, these results are in stark contrast with the significantly reduced
IL-1β concentration observed in THP-1 DMs activated in the presence of GNVs and Glb
(see above).

2.5. Effect of GNVs and Glb on miR-223-3p and miR-7-1-5p Expression

Finally, we analyzed the ability of GNVs and Glb to modulate the expression of
miR-223-3p and miR-7-1-5p in THP-1 DMs that had been LPS+nigericine-activated in the
presence/absence of GNVs or Glb (Figure 6); these two mRNAs were chosen because they
bind NLRP3-3′UTR and control the activation of the NLRP3 inflammasome [12,13].

Not surprisingly, LPS+nigericine activation resulted in the stimulation of the NLRP3
inflammasome. This was associated with a significant reduction in miR-223-3p concen-
tration (p = 0.009), which was further downregulated both by Glb and GNVs. miR-7-1-5p
expression behaved in the opposite way, as it was significantly increased in activated
cells and was greatly augmented by both GNVs and Glb compared to values observed
in LPS+nigericine-activated THP-1 DMs cultured in medium alone (p = 0.009 for both
compounds). All these data are summarized in Supplementary Materials, Table S2.
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Figure 5. IL-1β. (a) Percentage of THP-1 DMs activated in the same culture conditions and expressing
IL-1β protein. Graphs represent mean ± SD values obtained from three independent experiments.
Statistical significance is shown: *** p < 0.001; ** p ≤ 0.05. (b) Representative histograms obtained by
flow cytometry analysis of THP-1 DMs activated in the same culture conditions and expressing IL-1β
protein (%), indicated in gate B.
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Figure 6. Effect of GNVs on miR-223-3p and miR-7-1-5p expression. Expression (as copies/ng) of
miR-223-3p (a) and miR-7-1-5p (b) measured by ddPCR in THP-1 DMs cultured in medium alone or
stimulated with LPS+nigericine (NIG) in presence/absence of glibenclamide (Glb) or glibenclamide-
loaded nanovectors (GNVs). Graphs represent median values and interquartile range (25th–75th
percentiles) obtained from three independent experiments. Statistical significance is shown: * = p 0.01.
For additional details, see Section 4.

3. Discussion

GNV liposomes were developed as an attempt to overcome the poor brain bioavailabil-
ity and systemic side effects of Glb, and were recently shown to have an anti-inflammatory
effect as they reduce TNFα and IL-6 production from activated microglia [6]. We verified
whether GNVs could downregulate the activation of the NLRP3 inflammasome using
the experimental model of LPS+nigericine-activated THP-1 DMs, comparing the results
to those obtained using free Glb. Results showed that GNVs significantly reduce ASC
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oligomerization, the transcription and translation of NLRP3, as well as caspase 1, IL-18,
and IL-1β production. Interestingly, GNVs had a discordant effect of the expression of
miR-223-3p and miR-7-1-5p, two of the best known miRNAs suggested to modulate NLRP3
gene expression upon binding its 3′ UTR [12,13].

Aberrant activation of the NLRP3 inflammasome in monocytes/microglia has been
previously reported in different neurodegenerative diseases [16–18]. These data stimulated
research on compounds that upon hampering inflammasome activation in microglia would
reduce neuroinflammation and neurodegeneration [19–22].

Glb, currently used for type 2 diabetes treatment, showed an anti-inflammatory activity
and a protective role against tissue damage triggered by inflammation not only in the CNS
but also in other tissues [2,11]; however, only a limited quantity of Glb reaches the CNS
after systemic administration [3]. Glb was shown to bind specifically to the Sur1 receptor,
thus inhibiting ATP-sensitive K+ channels which are constitutively expressed by different
cell types and tissues, including macrophages [23]. In the latter cell type, Glb prevents
the cytosolic depletion of potassium, inhibiting Ca2+ influx through P2X7 receptors, and
suppressing the NLRP3 inflammasome activation [1,24]. It is also known that Glb, by
modulating NF-Kb and MAPK signaling [25], acts downstream of the P2X7 receptor and
upstream of NLRP3 [1,15,26]. The effect of Glb on NLRP3-related miRNAs is nevertheless
mostly unprecedented, as it was only investigated using the expression of NLRP3-related
proteins and genes as readouts [1,15,25,26].

GNVs were able to drastically reduce NLRP3 gene and protein expression, as was
free Glb, in the latter case confirming previous results [27]. Decreased amounts of NLRP3
protein justify the observed reduction in intracellular ASC-speck complexes observed in our
experiments, explaining the hampering effect of these agents on inflammasome activation.

The increased expression of miRNAs (in particular the increased miR-7-1-5p expres-
sion) may lead to increased NLRP3 mRNA degradation; otherwise, it is also possible that
GNVs/Glb may induce NLRP3 post-translational modifications (in particular, phosphory-
lation and ubiquitination) [10]. However, the molecular mechanism by which this happens
must be further investigated.

The effects of Glb and GNVs on IL-1β are complex. Thus: (1) GNVs, but not free Glb,
resulted in a robust increase in pro-IL-1β-specific mRNA; (2) both Glb and GNVs, although
to a lesser extent, resulted in an increased percentage of THP-1 DMs containing IL-1β;
and (3) both agents significantly reduced IL-1β production. Previous results showed an
inhibitory effect of Glb on IL-1β secretion [15], but the different effect of GNVs and Glb on
pro-IL-1β transcription is an unexpected finding. IL-1β transcription depends primarily on
the Spi1, NF-kB, and C/EBPb transcription factors [28,29], which are highly expressed in
activated monocytes. Upon LPS stimulation, inducible pro-IL-1β transcription involves a
complex sequence of events including methylation of promoter and chromatin remodeling.
We hypothesize that free Glb modulates mRNA degradation more efficiently than the
same drug loaded in nanoparticles; alternatively, Glb and GNVs may differently modulate
elements directly or indirectly involved in pro-IL-1β transcription. Finally, miRNA may
also play a role in this phenomenon; miR-302b, in particular, was shown to modulate IL-1β
expression in THP-1 in response to monosodium urate [30]. Further investigations will be
needed to better understand this mechanism, considering the detection of pro- and mature
IL-1β protein by immunoblotting, and the evaluation of other miRNAs targeting IL-1β.

Glb and GNVs did not downregulate IL-18 secretion by activated THP-1 DMs. It is
possible that the relatively low concentration of GNVs used in the experiments may be
responsible for such results. Alternatively, although IL-18 secretion depends on caspase 1
activation, we suggest that other factors, including plasma membrane permeability [31]
and the activation of non-canonical inflammasomes, could explain IL-18 secretion in the
presence of GNVs.

All steps of the complex process of NLRP3 inflammasome activation are highly con-
trolled to avoid hyperactivation and, although these molecular mechanisms are still un-
der investigation, multiple results show that miRNAs play an important role in post-
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transcriptional control of NLRP3 [32]. To further investigate the possible mechanisms of
GNV/Glb-induced NLRP3 inflammasome inhibition, we focused our attention on miR-
223-3p and miR-7-1-5p, two miRNAs that target NLRP3. miR-223-3p is a highly conserved
miRNA with a key regulatory role in myeloid differentiation and function [33], which is
downregulated during monocyte/macrophage differentiation [12]. A reduced concentra-
tion of miR-223-3p results in an increased expression of pro-inflammatory cytokines, with
a consequent induction of M1 phenotype, whereas its overexpression inhibits LPS-induced
macrophage activation [11,12,33].

Consistent with previous data [34], our results show that activation of inflammasome
reduces miR-223-3p and increases NLRP3 transcription. GNVs/Glb induced a strong and
unexpected suppression of miR-223-3p expression with a concomitant upregulation of miR-7-
1-5p expression, resulting in a significant downregulation of NLRP3 transcription. Remarkably,
the effect of GNVs on NLRP3 and miRNAs was less significant than Glb. A possible explana-
tion may be the relatively low GNV concentration used in our experiments; other members of
the NF-KB pathways may nevertheless be involved in this effect. On the whole, an inverse
trend of expression for miR-223-3p and miR-7-1-5p was observed when activated THP-1 DMs
were exposed to either GNVs or free Glb, resulting in a decreased translation and secretion of
the NLRP3 protein. It is important to consider that many other miRNAs have been suggested
to be involved in the control of inflammasome activation [15,33]; analyses of these molecules
will be important to attain a more comprehensive picture of this mechanism.

miR-7-1-5p is a highly conserved miRNA [35–37] that, amongst its multiple effects,
targets NLRP3 expression inducing inflammasome activation [13]. Both free Glb and GNVs
upregulated miR-7-1-5p expression; this is consistent with previous data in LPS-stimulated
BMDM, showing that miR-7-1-5p affects the TLR4 signaling pathway and the transduction
of inflammatory cytokines [38]. miR-7-1-5p also targets the SKT and AMPK kinases,
reducing PPARγ (proliferator-activated receptor γ) [39], a nuclear transcription factor that
modulates adipose tissue inflammatory responses and systemic insulin sensitivity [40,41].
Interestingly, PPARγ is one of the transcription factors that modulate miR-223-3p expression
and an alternate mechanism driving macrophage polarization [42]. The PPARγ/miR-223-
3p/miR-7-1-5p axis in THP-1 cells and the effect of free Glb and GNVs on this axis have
not been previously investigated. A possible hypothesis is that increased amounts of
miR-7-1-5p may contrast GLB-induced PPARγ overexpression. However, this can have
implications both for the expression of NLRP3, that may be reduced by miR-7-1-5p, and
miR-223-3p, as a decreased PPAR activity may reduce its concentration. Studies on other
miRNAs targeting critical molecules involved in inflammasome activation will be needed
to increase our understanding of this complex pathway. A limitation of our study is the
lack of immunoblotting experiments, as well as evaluation of pro-IL-1β protein expression
by specific monoclonal antibody.

Results herein confirm that free Glb inhibits the activation of the NLRP3 inflamma-
some, and shows a similar effect when loaded as GNVs, suggesting that GNV liposomes
may be an efficient way to control activation of inflammasome and the release of proinflam-
matory cytokines. Because THP-1 cells are a well-known model to study the inflammatory
response of monocytes/macrophages and the effect of anti-inflammatory compounds on
inflammation [43], these findings allow the speculation that GNVs could have a similar
anti-inflammatory effect in vivo. Validation in in vivo and ex vivo models and analysis of
other miRNAs targeting critical molecules involved in inflammasome activation will be
needed to increase our understanding of these complex pathways and to draw conclusions
on a possible future therapeutic use of GNVs.

4. Materials and Methods
4.1. Cell Culture

Human acute monocytic leukemia THP-1 cells (IZSLER, Istituto Zooprofilattico Sper-
mentale della Lombardia e dell’Emilia Romagna, Brescia, Italy) were maintained in culture
medium (RPMI-1640) supplemented with L-glutamine, 10% heat-inactivated fetal bovine
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serum (FBS, PAN-Biotech, Aidenbach, Germany), 100 U/mL penicillin, and 100 µg/mL
streptomycin (Invitrogen, Ltd., Paisley, UK). To favor differentiation into macrophages,
cells plated in 24-well plates at 0.5 × 106/well in culture medium containing PMA (200 nM)
were incubated for 12 h in a humidifier cell incubator at 5% CO2 and 37 ◦C.

After removal of non-adherent cells by pre-warmed medium washing, THP-1 DMs
were stimulated with LPS (1 µg/mL) and nigericine (50 µM) in the presence/absence of
GNVs (10 µM) or Glb (25 µM). Negative (cells cultured in medium alone, or unstimulated)
and positive (LPS+nigericine-stimulated cells) controls were used in every experiment. In
preliminary experiments, gene expression of NLRP3 genes was analyzed at 1, 3, 6, and 24 h
after activation; in subsequent experiments, gene and miRNA expression was measured at
1 h post activation, unless otherwise specified. Cell viability was verified by trypan blue
exclusion [44] using a TC20 Automatic Cell Counter (Bio-Rad, Hercules, CA, USA).

4.2. Intracellular ASC, IL-1β, and NLRP3 Protein Staining

THP-1 DMs were permeabilized with 100 µL of saponin in PBS (0.1%) (Life Science
VWR, Lutterworth, Leicestershire, UK). Then, 5 µL (25 µg/mL) of the PE-anti human ASC
(clone HASC-71, isotype mouse IgG1, Biolegend, San Diego, CA, USA) or Alexa Fluor®

488-anti human IL-b (clone 8516, isotype Mouse IgG1, R&D Systems, Minneapolis, MN,
USA) or Alexa Fluor® 488-anti human NLRP3 (Clone 768319, isotype RatIgG2a, R&D
Systems, Minneapolis, MN, USA) monoclonal antibody was added to the tubes for 1 h
at 4 ◦C. Cells were then washed with PBS and centrifuged at 1500× g for 10 min at 4 ◦C.
Finally, cells were fixed with 100 µL of PFA in PBS (1%) (BDH, Walsall, UK) for 15 min,
washed with PBS, centrifuged at 1500× g for 10 min at 4 ◦C, resuspended in 50 µL of iced
PBS, and analyzed by AMNIS FlowSight (Luminex, Austin, TX, USA).

The following mAbs were used: PE-anti human ASC (clone HASC-71, isotype mouse
IgG1, Biolegend, San Diego, CA, USA), Alexa Fluor® 488-anti human IL-1β (clone 8516,
isotype Mouse IgG1, R&D Systems), and Alexa Fluor® 488-anti human NLRP3 (Clone
768319, isotype RatIgG2a, R&D Systems).

4.3. Image Stream Analysis by FlowSight AMNIS

THP-1 DMs resuspended in 50 µL of iced PBS were examined using the AMNIS
FlowSight. Results were analyzed by IDEAS analysis software, version 6.0 (Amnis Corpo-
ration, Seattle, WA, USA). ASC-speck formation was analyzed by internalization, utilizing
a mask that represents the whole cell defined by the bright field (BF) image and an internal
mask defined by eroding the whole cell mask, and differentiating diffuse or spot (speck)
fluorescence inside cells. A threshold mask was used to separate ASC-positive cells into
ASC-speck spot cells and ASC-diffuse cells by the different diameter of the spot area: in
ASC-speck, the spot shows a small area and high max pixel, and the opposite occurs in
ASC-diffuse cells.

4.4. Flow Cytometry Analysis

Analyses were performed using a Beckman-Coulter (Brea, CA, USA) GALLIOS flow
cytometer equipped with a 22 mW Blue Solid State Diode laser operating at 488 nm, and
with a 25 mW Red Solid State Diode laser operating at 638 nm and interfaced with Kaluza
analysis software. Flow cytometry compensation was performed using the fluorescence
minus one (FMO) approach. Briefly, all antibody conjugates in the experiment are in-
cluded except the one that is controlled for. FMO measures the spread of fluorescence
from other staining parameters into the channel of interest, determining the threshold for
positive staining.

4.5. Cytokine Production

Supernatants from THP-1 DMs activated for 24 h were collected, centrifuged, and
stored at −20 ◦C. Caspase 1, IL-1β, and IL-18 concentrations were assessed in triplicate
by Simple Plex assays on the ELLA microfluidic immunoassay system (ProteinSimple,
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San Jose, CA, USA). According to manufacturer’s instructions, 50 µL of diluted super-
natants (1:1 ratio in sample diluent) was added to each sample inlet on the ELLA cartridge,
in which microfluidic channels are located. Each channel contains three glass nanoreactors
(GNRs) coated with a capture antibody; in this way, each sample was automatically pro-
cessed in triplicate. Concentrations were generated from factory-calibrated standard curves
pre-loaded into the cartridge. Sample results were reported using Simple Plex Runner
v.3.7.2.0 (ProteinSimple). The limit of detection (LOD) was: caspase 1 0.04 pg/mL, IL-1β
0.064 pg/mL, and IL-18 0.2 pg/mL.

4.6. RNA Extraction

Total RNA (including miRNA and mRNA sequences) was extracted using the
“miRNeasy cell and tissue Micro kit” (Qiagen, Hilden, Germany), according to the manufac-
turer’s instructions. Briefly, after homogenization in lysis buffer, total RNA extraction was
performed using the semi-automated robot-work station Qiacube (Qiagen). Concentration
was measured with a Qubit 2.0 fluorometer using the Qubit® miRNA and RNA HS assays
(High Sensitivity, ThermoFisher, Foster City, CA, USA).

4.7. miRNAs Quantitative Analysis by ddPCR

miRNAs were transcripted in cDNA with the miRCURY LNA RT Kit (Qiagen) in a total
volume of 10 µL, according to the manufacturer’s protocol. miR-223-3p and miR-7-1-5p
expression was analyzed by digital droplet PCR (ddPCR) using the ddPCR QX200 system
(Bio-Rad). Briefly, 3 µL of diluted cDNA (1:500) and LNATM-specific primers (Qiagen) were
mixed with ddPCR EvaGreen Supermix (Bio-Rad); ddPCR workflow and data analyses
were performed as previously reported [45]. A no template control and a negative control
for each reverse transcription reaction were included in every assay to check for non-specific
amplification. The number of copies/well evaluated using Quantasoft software analysis
(Bio-Rad, version 1.7.4.0917) was converted in copies/ng of input RNA.

4.8. Gene Expression Quantitative Analysis by ddPCR

Inflammasome-related gene (NLRP3 and IL-1β) expression was analyzed by a one-
step RT-ddPCR multiple assay with specific primers and fluorescent probes. In this study,
5 µL of extracted RNA (diluted 1:100) was added in the 20 µL of reaction mixtures con-
taining 5 µL of 4× One-Step RT-ddPCR Supermix (Bio-Rad), 2 µL of reverse transcriptase
(20 U/µL), 1 µL of 15 mM DTT, 1 µL for each target-specific assay (20×; final concentration:
250 nM probes, 900 nM for primers), and 5 µL of H2O. The workflow was similar to that
described above, with generation of droplets and amplification (conditions: 60 min reverse
transcription at 50 ◦C, 5 min at 95 ◦C, 45 cycles: 30 s at 95 ◦C and 55 s at 60 ◦C; 10 min
at 98 ◦C) and reading of positive or negative droplets using the QX 200 droplet reader.
Positive droplets were discriminated from negative droplets by a fluorescence amplitude
threshold, set manually, using QuantaSoft software analysis (Bio-Rad version 1.7.4.0917).
Samples were tested in triplicate; the reaction was considered positive if at least three
droplets (out of 20,000 produced in the reaction) were positive. Number of copies/well
was converted to copies/ng of input RNA.

4.9. Statistical Analysis

Experiments were repeated at least three times. Non-parametric expression data are
reported as median and interquartile range (IQR: 25th and 75th percentiles). Statistical
significance was calculated using the Kruskal–Wallis and Mann–Whitney U tests, or with
the Wilcoxon signed-rank test for paired data. A level of p < 0.05 was considered sta-
tistically significant. Statistical analysis was performed using the MEDCALC software
(version 14.10.2, Ostend, Belgium).



Pharmaceuticals 2023, 16, 1590 11 of 13

5. Conclusions

Overall, data presented herein show that GNVs, similarly to free Glb, down regulates
NLRP3-mediated inflammation in an in vitro model and shed light on the possible effect of
miR-7-1-5p and miR-223-3p in modulating this effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16111590/s1. Figure S1: Representative dot plots and images
of ASC-speck formation in THP-1 derived macrophages (DMs) in presence/absence of Glb or GNVs.
Figure S2: Effect of GNVs on NLRP3 gene expression in THP-1 derived macrophages (DMs). NLRP3
mRNA expression during 24 h in LPS+nigericine (NIG)-activated THP-1 DMs in presence or absence
of glibenclamide loaded nanovectors (GNVs) or free glibenclamide (Glb) in comparison to unstim-
ulated cells. Table S1: NLRP3 gene expression in THP-1 DMs treated with different experimental
conditions. Table S2: NLRP3-related miR-223-3p and miR-7-1-5p expression in THP-1 DMs treated
with different experimental conditions.
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