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Abstract: Current studies evidence the role of miRNAs in extracellular vesicles (EVs) as key regulators
of pathological processes, including neuroinflammation and neurodegeneration. As EVs can cross
the blood–brain barrier, and EV miRNAs are very stable in peripheral circulation, we evaluated the
potential gender differences in inflammatory-regulated miRNAs levels in human and murine plasma
EVs derived from alcohol-intoxicated female and male adolescents, and whether these miRNAs
could be used as biomarkers of neuroinflammation. We demonstrated that while alcohol intoxication
lowers anti-inflammatory miRNA (mir-146a-5p, mir-21-5p, mir-182-5p) levels in plasma EVs from
human and mice female adolescents, these EV miRNAs increased in males. In mice brain cortices,
ethanol treatment lowers mir-146a-5p and mir-21-5p levels, while triggering a higher expression
of inflammatory target genes (Traf6, Stat3, and Camk2a) in adolescent female mice. These results
indicate, for the first time, that female and male adolescents differ as regards the ethanol effects
associated with the inflammatory-related plasma miRNAs EVs profile, and suggest that female
adolescents are more vulnerable than males to the inflammatory effects of binge alcohol drinking.
These findings also support the view that circulating miRNAs in EVs could be useful biomarkers for
screening ethanol-induced neuroinflammation and brain damage in adolescence.

Keywords: extracellular vesicles; miRNAs; adolescent humans; adolescent mice; gender differences;
ethanol; inflammation; biomarkers

1. Introduction

MiRNAs are one type of small noncoding RNAs (20–22 nt) involved in the post-transcriptional
regulation of gene expression by binding to target mRNAs. Current studies indicate that these
small RNAs have emerged as essential regulators of almost all cellular processes, but can also
participate in several diseases, such as Parkinson’s disease and Alzheimer’s disease, among others [1,2].
Recent research has confirmed that miRNAs in blood derive primarily from exosomes or extracellular
vesicles (EVs), which are small membrane vesicles (30–200 nm in diameter) that are released from cells as
a result of the fusion of multivesicular bodies with the plasma membrane [3,4]. These particles contain
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a complex cargo of proteins, lipids, and nucleic acids [5], but they are especially abundant in miRNAs.
Furthermore, compared to the miRNAs found directly in blood, exosomes-/EVs-containing miRNAs,
are better protected from degradation, which makes them useful biomarkers [6]. More importantly,
exosomes/EVs may play an important role as carriers of miRNAs through the blood brain barrier into
the circulatory system [7], which make them good candidates for the prognosis of neurodegenerative
diseases [8] or neuroinflammatory processes [9].

Adolescence is an important brain maturation period during which some brain regions undergo
remodeling and functional changes [10,11]. All these brain changes might explain the adolescent
brain’s vulnerability to the deleterious effects of ethanol [10,12]. We have demonstrated that ethanol is
able to trigger the toll-like receptor 4 (TLR4) signaling immune response in glial cells [13,14], and that
binge alcohol drinking in adolescent animals activates this receptor, which leads to astrogliosis and
microgliosis, increases cytokines and inflammatory mediators, and causes neuroinflammation and
brain damage [15,16]. Gender differences have also been shown in the effects of binge ethanol drinking
in adolescence, as demonstrated by higher plasma levels of cytokines, and chemokines in human and
murine female adolescents than male adolescents [17].

Several studies demonstrate that ethanol is able to alter the miRNA profile. For instance,
we have recently shown that chronic ethanol treatment is able to alter the expression of the
mir-183 cluster and mir-200a/b cerebral cortices of mice chronically treated with ethanol [18].
In addition, the role of EVs as cellular transmitters of the neuroinflammatory response induced
by ethanol has been recently demonstrated [19]. Indeed, by activating the TLR4 of astroglial
cells, ethanol increases the number and alters the content in inflammatory-related proteins (TLR4,
nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), interleukin-1 receptor (IL-1R),
caspase-1, NOD-like receptor NLRP3-inflammasome) and miRNAs (mir-146a, mir-182, mir-200b) of
astrocyte-derived EVs. Furthermore, EVs from ethanol-treated astroglial cells can act by spreading
neuroinflammation to neurons and compromising their survival [19]. Similarly, human studies have
demonstrated that ethanol treatment is able to up-regulate several EV miRNAs in hepatocytes and
liver mononuclear cells (e.g., mir-122) [20], while alcoholic hepatitis patients present a dysregulation of
mir-192 and mir-30a in plasma [21].

Considering that circulating miRNAs in EVs may play an important role as biomarkers of brain
diseases, the aim of this study is to evaluate whether acute alcohol intoxication differently affects the
miRNA profile in the plasma EVs that derive from female and male adolescents, and if the circulating
EV miRNAs could be used as biomarkers of ethanol-induced neuroinflammation in adolescence.
This study reveals, for the first time, a differential gender response of plasma EVs miRNAs in humans
and mice with ethanol intoxication because, while ethanol lowers the levels of anti-inflammatory
miRNAs (mir-146a-5p, mir-21-5p, mir-182-5p) in human and mice female adolescents, the upregulation
of these miRNAs was noted in males. These results further provide evidence that the ethanol response
of the above miRNAs is similar the cerebral cortices of female and male mice, which suggests that
the EVs containing miRNAs can be used as biomarkers of the neuroinflammation induced by ethanol
in adolescence.

2. Results

2.1. Gender Differences in the Inflammatory-Related miRNA Profile in Plasma EVs Deriving from
Ethanol-intoxicated Adolescents

The median age of females and males was 19.88 years (interquartile range (IQR) 18.0–21.0)
and 20.67 years (IQR 19.0–22.0), respectively. These ages have been considered as late adolescence
(ages 16–20 years) or young adulthood (ages 21–25 years) [22,23]. In addition, the biochemical analysis
of plasma during the intoxication period demonstrated a median for blood alcohol levels (BALs) of
1.99 g/L (IQR 1.80–2.20) for females and 2.54 g/L (IQR 2.30–2.80) for males. No other drugs of abuse were
found. These data showed a wider dispersion of BALs in females than in males. Control subjects were
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used, whose median ages were 22.0 years (IQR 21.2–26.2) for females and 23.0 years (IQR 21.5–25.7)
for males.

By considering that miRNAs play an important role in the regulation of gene expression in many
pathologies, including neuroinflammation and neurodegenerative diseases [17,24], and our studies
demonstrate the action of ethanol on the miRNA profiles in murine brains [18] and in culture astroglial
cells [19], we herein analyzed the levels of several miRNAs-regulated inflammatory immune responses
(e.g., mir-146a-5p, mir-21-5p, mir-182-5p, mir-183-5p) in plasma EVs derived from alcohol-intoxicated
female and male adolescents.

We first characterized plasma EVs by electron microscopy and EVs markers. Thus, the employed
plasma EVs had a ~100 nm-diameter, as demonstrated by electron microscopy, and were enriched in
tetraspanin proteins (CD63, CD9, and CD81). They did not present cytosolic protein contamination
(e.g., calnexin) (Figure 1A,B, see Figure S1 for positive control of calnexin expression). A two-way
ANOVA with the Bonferroni post hoc test in Figure 1C showed that ethanol intoxication caused the
levels of mir-146a-5p and mir-21-5p in the female subjects’ plasma EVs to significant lower compared to
the plasma EVs samples taken from healthy female individuals. Considering mir-182-5p and mir-183-5p,
we noted only a significant rise in mir-182-5p in the plasma EVs from the ethanol-intoxicated males
compared to the plasma samples of the control individuals. It was interesting to note that, even though
mir-183-5p lacked statistical significance in the post hoc test, an increasing tendency with ethanol
treatment in females was found for it. Two-way ANOVAs were conducted to compare whether the
effects of alcohol intoxication in the plasma EV miRNAs differed between female and male subjects.
These analyses revealed a significant interaction between gender and ethanol intoxication in both
mir-146a (F(1,20) = 5.79, p < 0.05), mir-21-5p (F(1,17) = 6.36, p < 0.05) and mir-182-5p (F(1,24) = 6.28,
p < 0.05), but not in mir-183-5p (F(1,20) = 0.58, p > 0.05) (Figure 1C).

Considering that EV miRNAs are more stable in peripheral circulation than plasma miRNAs,
we compared the miRNA expression between plasma and the plasma EVs. Figure 1D shows how
mir-182-5p expression was very low (almost undetectable) in the plasma of the healthy and ethanol
intoxicated individuals; in contrast we noted a significant increase in the plasma EVs of the ethanol
intoxicated male subjects and a non-significant decrease in the ethanol intoxicated female individuals.
No significant differences were obtained between plasma and the plasma EVs in mir-146a-5p, mir-21-5p,
and mir-183-5p (Figure S2). Two-way ANOVAs were used to demonstrate differences in the miRNA
expression between plasma and plasma EVs. A significant interaction between sample (plasma
or plasma EVs) and treatment in the male subjects (F(1,12) = 8.12, p < 0.05), but not in the female
individuals (F(1,20) = 1.61, p > 0.05), was noted.



Int. J. Mol. Sci. 2020, 21, 6730 4 of 16

Figure 1. Inflammatory-related miRNA profile in the human plasma extracellular vesicles (EVs)
deriving from the ethanol-intoxicated adolescents. (A) Human plasma EVs characterization by electron
microscopy. Scale bar, 100 nm. (B) Representative immunoblots of the expressions of CD9, CD63,
CD81, and calnexin of the human plasma EVs. (C) Graphs represent the expressions of the plasma EV
miRNAs (mir-146a-5p, mir-21-5p, mir-182-5p, and mir-183-5p) of the human adolescent females and
males after acute ethanol intoxication and the data of the corresponding healthy control individuals.
(D) Graphs represent the mir-182-5p expression in the plasma and plasma EVs of the human adolescent
females and males after acute ethanol intoxication and the data of the corresponding healthy control
individuals. Data represent mean ± SEM, n = 6 independent experiments. * p < 0.05 compared to their
respective healthy control individuals, according to the two-way ANOVA followed by the Bonferroni
post hoc test.
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2.2. Gender Differences in the miRNA Inflammatory-Related Profile in the Plasma EVs Deriving from the
Ethanol-Treated Adolescent Mice

To further investigate the gender differences in the circulating EV miRNAs and the involvement
of the TLR4 immune response in these effects, we used an experimental model of intermittent ethanol
treatment in the wild type (WT) and TLR4-knockout (KO) adolescent mice to mimic the adolescent
individuals’ drinking pattern. Both female and male mice showed similar BALs and ethanol clearance
post-injection, as previously described [17]. According to human plasma EVs, Figure 2A,B shows
the plasma EVs characterization in mice (see Figure S1 for positive control of calnexin expression).
The two-way ANOVA with the Bonferroni post hoc test shown in Figure 2C revealed that intermittent
ethanol treatment significantly lowered the mir-146a-5p and mir-182-5p levels in the female subjects’
plasma EVs and significantly increased the mir-21-5p levels in the male mice. Although the plasma
EVs levels in mir-182-5p of the ethanol intoxicated males and in mir-183-5p of the ethanol, intoxicated
female and male subjects were not significant compared to the healthy individuals, there was a
tendency to differ when compared to their control counterparts (Figure 2C). Two-way ANOVAs were
conducted to determine gender differences in the plasma EV miRNAs from the ethanol-treated WT
mice. These analyses revealed a significant interaction between gender and ethanol treatment in
mir-146a-5p (F(1,23) = 14.46, p < 0.05), mir-21-5p (F(1,27) = 3.38, p < 0.05) and mir-182-5p (F(1,26) = 13.73,
p < 0.05), but no significant interaction appeared in mir-183-5p (F(1,26) = 0.0001, p > 0.05).

Similarly to human data, we also compared the miRNAs expression between the plasma and
plasma EVs in mice (Figure 2D). Once again, mir-182-5p expression was almost undetectable in the
plasma of the saline- and ethanol-treated mice; in contrast in the plasma EVs levels of mir-182-5p, we
noted a significant increase in the ethanol-treated males and a significant decrease in the ethanol-treated
females versus their control counterparts (Figure 2D). No significant differences between plasma and
plasma EVs were obtained in mir-146a-5p, mir-21-5p, and mir-183-5p (Figure S3). Two-way ANOVAs
were used to demonstrate differences in the miRNA expression between plasma and plasma EVs.
A significant interaction between sample (plasma or plasma EVs) and treatment in the male subjects
(F(1,28) = 9.13, p < 0.05) appeared, while this interaction was not significant in females (F(1,31) = 3.11,
p > 0.05), but was significant for sample (F(1,31) = 8.95, p < 0.05) and treatment (F(1,31) = 4.47, p < 0.05).

We also assessed the levels of plasma EV miRNAs from the saline- and ethanol-treated TLR4-KO
female and male mice. As shown in Figure 3, no significant changes were noted in mir-146a-5p
(F(1,20) = 0.11, p > 0.05), mir-21-5p (F(1,20) = 0.01, p > 0.05), mir-182-5p (F(1,19) = 0.36, p > 0.05),
and mir-183-5p (F(1,18) = 1.95, p > 0.05).
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Figure 2. Inflammatory-related miRNA profile in the plasma EVs deriving from the ethanol-treated
adolescent wild type (WT) mice. (A) Murine plasma EVs characterization by electron microscopy.
Scale bar, 100 nm. (B) Representative immunoblots of the expressions of CD9, CD63, CD81, and
calnexin of the murine plasma EVs. (C) Graphs represent the expressions of plasma EV miRNAs
(mir-146a-5p, mir-21-5p, mir-182-5p, and mir-183-5p) after ethanol or saline treatment in the adolescent
female and male WT mice (postnatal day (PND) 44). (D) Graphs represent the mir-182-5p expression in
plasma and plasma EVs after the ethanol or saline treatment in the adolescent female and male WT
mice (PND 44). Data represent mean ± SEM, n = 6 independent experiments. * p < 0.05, *** p < 0.001
compared to their respective control counterparts, according to the two-way ANOVA followed by the
Bonferroni post hoc test.
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Figure 3. Inflammatory-related miRNA profile in the plasma EVs deriving from the ethanol-treated
adolescent toll-like receptor 4 (TLR4)-knockout (KO) mice. Graphs represent the expression of plasma
EV miRNAs (mir-146a-5p, mir-21-5p, mir-182-5p, and mir-183-5p) after the ethanol or saline treatment
in the adolescent female and male TLR4-KO mice (PND 44). Data represent mean ± SEM, n = 6
independent experiments. No significant differences were shown, according to the two-way ANOVA
followed by the Bonferroni post hoc test.

2.3. Ethanol Binge Drinking Induces Changes in Inflammatory-miRNAs and Their Target Genes in Mice
Cerebral Cortices

We next evaluated whether the gender differences found in the inflammatory miRNAs in the
plasma EVs shown in the ethanol-treated WT adolescent mice were associated with the different
expressions of these molecules in cerebral cortex and liver, and whether these changes maintained
in adulthood. To answer this question, we measured the levels mir-146a-5p and mir-21-5p in the
whole cerebral cortices and livers of WT mice after a 24-h and 2-week withdrawal period (short- and
long-term ethanol effects). Figure 4 shows that whereas the intermittent ethanol treatment increased the
mir-146a-5p levels in the brain cortices of the young adult male mice exposed to ethanol in adolescence
(long-term ethanol effects), the mir-146a-5p and mir-21-5p levels lowered in the brain cortices of the
young adult female mice. In addition, no significant differences were noted between the saline- and
ethanol-treated mice in the brain cortex for the short-term ethanol effects and in the liver for the short-
and long-term effects. Two-way ANOVAs revealed a significant interaction between gender and
ethanol treatment in mir-146a-5p (F(1,12) = 21.60, p < 0.05) and mir-21-5p (F(1,16) = 9.28, p < 0.05) in
the brain cortices of the young adult mice exposed to ethanol in adolescence.
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Figure 4. Effects of ethanol in the inflammatory-related miRNA profile in the cerebral cortices and livers
of adolescent WT mice. Graphs represent the expression of (A) mir-146a-5p and (B) mir-21-5p after a
24-h and 2-week withdrawal period of ethanol or saline treatment in the female and male adolescent
WT mice (PND 44 and PND 58). Data represent mean ± SEM, n = 6 independent experiments. * p < 0.05
compared to their respective control counterparts, according to the two-way ANOVA followed by the
Bonferroni post hoc test.

Given the significant interaction between ethanol treatment and gender in the specific miRNA
expression, we decided to perform a functional analysis to determine the possible targets of these
miRNAs and their role in the brain. For this aim, we performed a bioinformatic analysis based on two
steps. First, we determined the targets potentially regulated by mir-146a-5p and mir-21a-5p using the
miRNet platform (www.mirnet.ca) (Table S3). Then, with the target genes obtained, we assessed the
metabolic pathways that could be affected by the dysregulation of these genes. For this objective, a
functional enrichment was carried out using with the STRING platform (www.string.es) (Figure 5A).
The results obtained in Figure 5B illustrated a significant effect in the Reactome pathways related to
inflammation, including such as the MyD88 signaling cascade; the NFκβ route via IRAK1 and TRAF6,
among others.

www.mirnet.ca
www.string.es
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Figure 5. Functional analysis of mir-146a-5p and mir-21-5p. (A) Protein–protein interaction for the
predicted genes of each miRNA. (B) The principal Reactome pathways were modulated by the STRING
protein–protein network interaction analysis, performed with the STRING webserver, and p-values are
represented as (−log(p-value)).

Then we also analyzed inflammatory- and TLR4-related genes, such as Traf6, Stat3, and Camk2a,
which are modulated by mir-146a-5p and mir-21-5p [25,26]. Figure 6 depicts that whereas the
intermittent ethanol treatment lowered the Traf6 levels in brain cortices of the young adult male mice
exposed to ethanol in adolescence (long-term ethanol effects), the Traf6, Stat3, and Camk2a levels
rose in the brain cortices of the young adult female mice. Furthermore, the Traf6 levels increased in
the livers of the male adolescent mice exposed to ethanol (Figure S5). The Camk2a levels increased
in the ethanol-treated female mice compared to the control mice for the short- and long-term effects
(Figure 6). No significant differences were noted in most of the comparisons made of the saline- and
ethanol-treated mice in the brain cortex for the short-term and in the liver for the short-and long-term
effects (Figure 6 and Figure S5). Two-way ANOVAs revealed a significant interaction between gender
and ethanol treatment in Traf6 (F(1,16) = 13.83, p < 0.05), Stat3 (F(1,15) = 10.03, p < 0.05), and Camk2a
(F(1,20) = 9.12, p < 0.05) in the brain cortices of the young adult mice exposed to ethanol in adolescence.
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Figure 6. Effects of ethanol on the target gene profile of mir-146a-5p and mir-21-5p in the cerebral
cortices of adolescent WT mice. Graphs represent the expression of Traf6, Stat3, and Camk2a after a
24-h and 2-week withdrawal period of ethanol or saline treatment in the female and male adolescent
WT mice (PND 44 and PND 58). Data represent mean ± SEM, n = 6 independent experiments. * p < 0.05
compared to their respective control counterparts, according to the two-way ANOVA followed by the
Bonferroni post hoc test.

3. Discussion

Our recent findings demonstrated that human female adolescents are more vulnerable than
males to the inflammatory effects of binge ethanol drinking because, at an equivalent BAL, the female
adolescents displayed an activation of the TLR4 immune response with higher levels of plasma
cytokines and chemokines than the male adolescents after acute alcohol intoxication [17]. As we
have previously shown that glial EVs participate in extending TLR4 neuroinflammation and neuronal
dysfunctions induced by ethanol [19], and that EVs are very stable in peripheral circulation [6],
we analyzed whether acute alcohol intoxication differently affected the miRNA profile in the plasma
EVs deriving from female and male adolescents, and if circulating EV miRNAs could be used as
biomarkers of neuroinflammation induced by ethanol in adolescence. We herein demonstrate, for the
first time, that whereas both human and mice female adolescents had lower levels of anti-inflammatory
miRNAs (mir-146a-5p, mir-21-5p, and mir-182-5p) in plasma EVs after ethanol intoxication, males had



Int. J. Mol. Sci. 2020, 21, 6730 11 of 16

higher miRNAs levels. We also show that the brain cortices from the female young adult mice had
lower levels of these miRNAs, and a higher expression of their inflammatory target genes (Traf6, Stat3,
and Camk2a) than the young adult males exposed to ethanol in adolescence. This scenario suggests
that EV miRNAs could be used as biomarkers of neuroinflammation induced by ethanol in adolescence.

In the last decade, plasma or serum miRNAs have emerged as diagnostic biomarkers for disease,
but their use is still limited given the low concentrations in these fluids [27]. However, EVs show
miRNAs enrichment, and are more stable in peripheral circulation than the plasma miRNAs because EVs
protect them from degradation [6]. Accordingly, our results revealed that one miRNA (e.g., mir-182-5p),
with a low expression in plasma EVs, was almost undetectable in the plasma samples. As for the function
of EV miRNAs, recent findings have demonstrated the role of EV miRNAs in neurodegenerative
diseases [8] and inflammatory processes [9]. These results revealed that human female adolescents had
lower levels of the anti-inflammatory miRNAs, mir-146a-5p, mir-21-5p, and mir-182-5p in plasma EVs
after ethanol intoxication, whereas the levels of these miRNAs were higher in the male adolescents.
Several reports correlate the upregulation of these miRNAs with a depression of the innate immune
response. For instance, mir-146a negatively modulates T-cell adhesion and blocks M1 macrophage
activation by inhibiting the NFκB pathway, which could be used as a therapeutic strategy in some
neurodegenerative diseases (e.g., Alzheimer’s disease) [28–30]. A recent report has also demonstrated
that the co-incubation of mir-182 in LPS-treated cells diminishes the release of pro-inflammatory
cytokines, such as IL-6, IL-1β and TNF-α [31]. Moreover, other studies have demonstrated that mir-21
participates in inflammatory processes that promote the macrophage engulfment of apoptotic cells [8],
while others have demonstrated the involvement of mir-21 in inflammation and apoptosis by targeting
genes, such as PTEN, BCL2, Il-12, and STAT3, among others [25,32]. Although it is uncertain whether
there is difference in EV secretion mechanisms between female and male after ethanol intoxication,
the lower anti-inflammatory miRNAs levels in the plasma-derived EVs after ethanol intoxication in
the female versus male adolescents could be associated with a better inflammatory immune response
in the female adolescents than in their male counterparts. This finding suggests that adolescent
females could be more vulnerable than males to the inflammatory effects of binge ethanol drinking.
Similarly, human studies have revealed that female adolescents present higher levels of plasma
inflammatory molecules than male adolescents [17,33], which correlates with worse memory and
executive functioning task score for female binge drinkers, but no for male binge drinkers [33].

According to human data, our results also demonstrated that the miRNAs in plasma EVs were
downregulated in the ethanol-treated adolescent female mice and were upregulated in the male mice.
These effects were associated with the TLR4 response because the changes in the miRNA profile in
the plasma EVs of both the female and male adolescent mice were abolished in the TLR4-deficient
mice, which suggests the involvement of the TLR4 immune response in these events. We have
previously demonstrated that alcohol is capable of activating the TLR4 signaling response in glial
cells [13,14] by triggering neuroinflammation and neural damage in adolescent animals exposed to
alcohol binge drinking [15]. Furthermore, the role of TLR4 has been recently involved in mir-183 cluster
dysregulation (mir182-mir183-mir96), the mir-200a/b expression induced by chronic ethanol treatment
in mice cerebral cortices [18], and the increased release of astrocyte-derived EVs and their content
enriched in inflammation-related proteins and miRNAs ethanol-treated astrocyte-derived EVs [19].

As EVs may play an important role as carriers of miRNAs through the blood–brain barrier into
the circulatory system [6], the circulating miRNAs in EVs can be considered good biomarkers of brain
diseases. For instance, multiple sclerosis patients reveal a dysregulation of several exosomal miRNAs
in plasma compared to healthy age- and gender-matched controls [34], and the plasma exosomes
isolated from Alzheimer’s disease patients reveal a combination of miRNAs that could be useful in
early diagnostics [35]. The present study also shows how similar changes in the miRNAs from the
plasma EVs of the ethanol-treated adolescent mice were obtained in cerebral cortices (e.g., mir-146a-5p
and mir-21-5p) of young adult mice exposed to ethanol in adolescence, which suggests that these
plasma EV miRNAs could be useful biomarkers of ethanol-induced neuroinflammation in adolescence.
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By a bioinformatics analysis, we noted that mir-146a-5p and mir-21-5p performed a joint action with
some of the targets involved in signaling molecules associated with the TLR4 and IL-1 signaling
pathways. Moreover, these changes are associated with a higher expression of inflammatory- and
TLR4-related genes (e.g., Traf6, Stat3, and Camk2a) [26,36] in the cerebral cortices of ethanol-treated mice.
The expression of these genes Traf6 and Stat3 activates signaling pathways, which leads to the release of
cytokines and chemokines [37,38]. Camk2a has been shown to be a calcium-dependent protein kinase
involved in inflammation through the activation of p-TAK, p-JNK and NLRP3 inflammasome [39]. The
expression of these miRNAs and their target genes in the brain, cortices of ethanol-treated adolescent
mice could trigger an inflammatory immune response in microglia and astroglia [13,14], which leads
to the production of both pro-inflammatory cytokines/chemokines and EVs-containing inflammatory
molecules by spreading neuroinflammation, and causing brain damage and long-term cognitive and
behavioral dysfunctions [15,16]. Indeed a recent report shows that serum exosomes of LPS-treated mice
administered to naïve animals induced not only microglial and astroglial activation, but also levels
of both proinflammatory cytokines and mir-155 in the brain [40]. Conversely, although our findings
show that ethanol is unable to induce short-term alterations in both miRNAs and their target genes
in the livers or brain cortices of adolescent animals, we considered that other inflammatory-related
miRNAs and target gene pathways could be involved in ethanol effects, as demonstrated in the brain
after chronic ethanol treatment [18], or in the plasma of alcoholic hepatitis patients [21].

These results indicate, for the first time, that female and male adolescents differ in terms of the
effects of ethanol associated with the expression of inflammatory-related miRNAs in plasma EVs,
which supports the notion of females vs. males being more to the inflammatory effects of binge alcohol
drinking. These findings also support that circulating EV miRNAs are good candidates as biomarkers
to detect neuroinflammation and brain damage induced by ethanol in adolescence.

4. Materials and Methods

4.1. Human Subjects

Our clinical sample included 18 adolescent and young adults (50% females) who were admitted
to the Emergency Department of the University Hospital of Salamanca (Salamanca, Spain) with
moderate to severe acute alcohol intoxication, as previously reported [17]. The individuals’ clinical,
epidemiological, and analytical characteristics are shown in Table 1. In addition, eighteen healthy
controls (nine males, nine females) were included in the study, and were recruited among medical
and nursing students. The controls did not consume alcohol apart from light sporadic drinking, and
reported neither drinking alcohol during the 72-h period prior to drawing blood nor any binge drinking
episodes in the last 3 months. These subjects showed normal hematological and plasma biochemical
parameters and reported no chronic or acute illness. The study was conducted in accordance with
the Declaration of Helsinki and was approved by the Ethics Committee of the University Hospital
of Salamanca (22 November 2012). All the subjects gave their informed consent for inclusion before
participating in the study. Blood samples were obtained from the patients upon admission for use
in standard care, and also for research purposes. These blood samples were used to determine the
BAL, blood count and liver function tests, and were then snap-frozen in liquid nitrogen and stored at
−80 ◦C until used. Samples were processed and analyzed for this study only after patients were able to
provide informed consent.
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Table 1. Characteristics of individuals with acute alcohol intoxication.

Males (n = 9) Females (n = 9)

Age (years) 20.67 (1.36) 19.88 (1.50)
BALs (g/L) 2.54 (0.14) 1.99 (0.09)

Aspartate aminotransferase levels (IU/L) 29.62 (6.80) 18.88 (1.30)
Alanine aminotransferase levels (IU/L) 24.12 (9.46) 15.22 (1.43)

Alkaline phosphatase levels (IU/L) 78.62 (8.81) 61.00 (3.18)
γ- glutamyl transpeptidase levels (IU/L) 28.88 (10.67) 12.66 (1.59)

White blood cell count/µL 8936.67 (822.90) 8935.56 (810.54)
Individuals who reported weekend drinking (%) * 5 (71.4%) 8 (88.9%)

Quantitative variables are presented as the mean (SEM) and qualitative variables are presented as absolute
frequencies (percentage). IU, international units. BALs: blood alcohol levels. * Two male individuals refused to
answer the questionnaire regarding drinking patterns.

4.2. Animals and Treatment

C57/BL6 wild type (WT) and TLR4-knockout (TLR4-KO) (C57/BL6 background, kindly provided
by Dr. S. Akira, Osaka, Japan) mice were used. Animals were distributed into 3–4 animals per
cage, separated by genotype. They were maintained with water and solid diet ad libitum under
controlled conditions of temperature (23 ◦C), humidity (60%), and light/dark cycles (12 h/12 h).
All of the experimental procedures were carried out in accordance with the guidelines approved by
European Communities Council Directive (86/609/ECC) and Spanish Royal Decree 1201/2005 with the
approval of the Ethical Committee of Animal Experimentation of the Príncipe Felipe Research Centre
(Valencia, Spain) on 19 June, 2019 (Project identification code: 2019-08).

For the binge ethanol treatment, morning doses (9–10 a.m.) of either saline or 25% (v/v) ethanol
(3 g/kg) in isotonic saline were administered intraperitoneally to 30-day-old mice on 2 consecutive
days with 2-day gaps without injections for 2 weeks (PND 30 to PND 43), as previously described [41].
Animals were anesthetized 24 h after the last (8th) ethanol or saline administration (PND 44, short-term
ethanol effects) or after 2 weeks upon ethanol or saline administration (PND 58, long-term ethanol
effects). Whole blood was collected from the hepatic portal vein. After centrifugation, the separated
plasma, cerebral cortices, and livers dissected were snap-frozen in liquid nitrogen and stored at −80 ◦C
until used.

4.3. EVs Isolation from Human and Mouse Plasma

The isolation of the EVs derived from plasma was carried out following the manufacturer’s
instructions (Total Exosome Isolation Kit, Invitrogen, Vilnius, Lithuania). Then, 200 µL of initial plasma
were used for the EVs isolation, which were collected and frozen to −80 ◦C until processed.

4.4. EVs Characterization by Transmission Electron Microscopy

Freshly isolated EVs were fixed with 2% paraformaldehyde and prepared as previously
described [42]. Preparations were examined under a transmission FEI Tecnai G2 Spirit electron
microscope (FEI Europe, Eindhoven, The Netherlands) using a Morada digital camera (Olympus Soft
Image Solutions GmbH, Münster, Germany).

4.5. Western Blot Analysis of EVs

For the Western blot analysis, equal µgs of EVs were separated in SDS-PAGE gels and transferred
to PVDF membranes, as previously described [14]. The used antibodies were: anti-CD63, anti-CD9,
anti-CD81, and anti-calnexin (Santa Cruz Biotechnology, Madrid, Spain). Membranes were incubated
with the respective anti-HRP secondary antibodies and developed by the ECL system (ECL Plus;
Thermo Fisher Scientific, Illinois, USA). Band intensity was quantified using the ImageJ 1.44p analysis
software. The densitometric analysis is shown in arbitrary units. Figure S2 includes the whole
membrane of each protein expression.
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4.6. RNA Isolation, Reverse Transcription, and Quantitative RT-PCR

The total RNA of plasma EVs and plasma was isolated from initial 200 µl of plasma, following
the manufacturer’s instructions (Total Exosome RNA Isolation Kit, Invitrogen, Vilnius, Lithuania).
Likewise, whole cerebral cortices and livers were lysed in 1 mL of Tri-Reagent solution (Sigma-Aldrich,
Madrid, Spain) and RNA was isolated according to the manufacturer’s instructions. Total mRNA
and total miRNA were reverse-transcribed by the NZY First-Strand cDNA Synthesis Kit (NZYTech,
Lda. Genes and Enzymes, Lisboa, Portugal) and TaqMan Advanced miRNA Assays (Thermo Fisher
Scientific, Illinoi, USA), respectively.

Quantitative two-step RT-PCR (real-time reverse transcription) was performed with the
Light-Cycler 480 detection System (Roche Diagnostics, Madrid, Spain). Genes were amplified using the
AceQ Universal SYBR qPCR Master Mix following the manufacturer’s instructions (Vazyme Biotech
Co., Ltd., Nanjing, China). The mRNA level of housekeeping gene cyclophilin A was used as an
internal control for the normalization of analyzed genes. Specific miRNAs assays were amplified by
the TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific, Illinois, USA) and mir-451 was used
as an internal control for both the plasma EVs and tissue samples (its stability is shown in Figure S4).
Data were analyzed by the LightCycler 480 relative quantification software. The nucleotide sequences
of the used primers and miRNAs assays are detailed in the Supplementary Materials (Tables S1 and S2).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/18/
6730/s1.
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