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Background: Previous studies demonstrated the inhibitory effect of
allopregnanolone (30,50-THP) on the activation of inflammatory toll-like
receptor 4 (TLR4) signals in RAW264.7 macrophages and the brains of
selectively bred alcohol-preferring (P) rats. In the current study, we
investigated the impact of 3a,50-THP on the levels of IL-10 and activation
of the TRIF-dependent endosomal TLR4 pathway.

Methods: The amygdala and nucleus accumbens (NAc) of P rats, which
exhibit innately activated TLR4 pathways as well as RAW264.7 cells, were
used. Enzyme-linked immunosorbent assays (ELISA) and immunoblotting
assays were used to ascertain the effects of 3a,50-THP on the TRIF-
dependent endosomal TLR4 pathway and endosomes were isolated to
examine translocation of TLR4 and TRIF. Additionally, we investigated the
effects of 30,50-THP and 3a,50-THDOC (0.1, 0.3, and 1.0 yM) on the levels of
IL-10 in RAW264.7 macrophages. Finally, we examined whether inhibiting
TRIF (using TRIF siRNA) in RAW264.7 cells altered the levels of IL-10.

Results: 30,50-THP administration facilitated activation of the endosomal
TRIF-dependent TLR4 pathway in males, but not female P rats. 30,5a-THP
increased IL-10 levels (+13.2 + 6.5%) and BDNF levels (+21.1 + 11.5%) in the
male amygdala. These effects were associated with increases in pTRAM
(+86.4 + 28.4%), SP1 (+122.2 + 74.9%), and PI(3)K-p1108 (+61.6 + 21.6%),
and a reduction of TIRAP (-13.7 + 6.0%), indicating the activation of the
endosomal TRIF-dependent TLR4 signaling pathway. Comparable effects
were observed in NAc of these animals. Furthermore, 3a,50-THP enhanced
the accumulation of TLR4 (+43.9 + 11.3%) and TRIF (+64.8 + 32.8%) in
endosomes, with no significant effect on TLR3 accumulation. Additionally,
30,50-THP facilitated the transition from early endosomes to late
endosomes (increasing Rab7 levels: +35.8 + 18.4%). In RAW264.7 cells,
imiquimod (30 pg/mL) reduced IL-10 while 30,50-THP and 30,50-THDOC
(0.1, 0.3,and 1.0 uM) restored IL-10 levels. To determine the role of the TRIF-
dependent TLR4 signaling pathway in IL-10 production, the downregulation
of TRIF (-62.9 + 28.2%) in RAW264.7 cells led to a reduction in IL-10 levels

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1299420&domain=pdf&date_stamp=2023-12-21
mailto:morrow@med.unc.edu
https://doi.org/10.3389/fendo.2023.1299420
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology

Balan et al.

10.3389/fendo.2023.1299420

(—42.3 + 8.4%). TRIF (-62.9 + 28.2%) in RAW264.7 cells led to a reduction in
IL-10 levels (-42.3 + 8.4%) and 30,50-THP (1.0 pM) no longer restored the
reduced IL-10 levels.

Conclusion: The results demonstrate 3a,5a-THP enhancement of the
endosomal TLR4-TRIF anti-inflammatory signals and elevations of IL-10 in
male P rat brain that were not detected in female P rat brain. These effects
hold significant implications for controlling inflammatory responses in both
the brain and peripheral immune cells.

KEYWORDS

[30,50]-3-hydroxy-pregnan-20-one (30,5a-THP), [3a,50]-3,21-dihydroxypregnan-
20-one (30,50-THDOC), toll-like receptor 4, toll/interleukin-1 receptor domain-

containing adapter-inducing interferon-p (TRIF), neuroinflammation

1 Introduction

In recent years, there has been growing recognition of the critical
role played by peripheral and brain inflammation in the development
and progression of neurological and psychiatric disorders (1, 2). In
this context, endogenous pregnane neurosteroids, including
pregnenolone and allopregnanolone([30,50]3-hydroxypregnan-20-
one; 30,50.-THP), have emerged as promising regulators of
inflammatory and neuroinflammatory processes (3-11).

Neuroactive steroids, synthesized in the brain and peripheral
tissues from cholesterol, play diverse and vital roles in governing
various physiological functions, including stress responses, mood and
alcohol response, and immune regulation. Furthermore, some
neuroactive steroids exhibit remarkable ability to modulate
neurotransmitter systems in the brain, notably gamma-aminobutyric
acid (GABA) and glutamate. Functioning as a positive allosteric
modulator of GABA, receptors, 30,50-THP and [30,50]-3,21-
dihydroxypregnan-20-one (tetrahydrodeoxycorticosterone; 30,501
THDOC) enhance inhibitory neurotransmission and thereby
counterbalance excitatory responses (12-14). The GABAergic
properties of these neurosteroids contribute to anxiolysis, sedation,
anti-depressant activity, anti-convulsant activity, and the
augmentation of inhibitory circuits within the brain (14-16).
However, it is important to note that anti-inflammatory effects of
pregnenolone and 30,50-THP are found to be independent of its
GABAergic mechanisms (6, 10).

In our previous studies, we demonstrated that 3o,50-THP
exerts inhibitory effects on inflammatory TLR4 signals and the
production of inflammatory cytokines and chemokines by
disrupting the binding of TLR4 with the myeloid differentiation
factor 2 (MD2) or myeloid differentiation primary response 88
(MyD88) in both mouse and human macrophages, as well as in the
brains of P rats (6, 7, 10). TLR4 activation triggers a cascade of
protein-protein interactions that lead to the activation
(phosphorylation) of transcription factors, subsequently
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translocating to the nucleus and facilitating the production of
proinflammatory cytokines and chemokines, which are elevated
in various disease states (17-23). TLR4 can be activated through
two distinct signaling pathways. The MyD88-dependent pathway
operates on the plasma membrane and involves the recruitment of
the co-receptor MD2 and adaptor molecules MyD88 and toll/
interleukin-1 receptor domain containing adaptor protein
(TIRAP) (18, 23). On the other hand, the toll/interleukin-1
receptor domain-containing adapter-inducing interferon-f3
(TRIF)-dependent pathway occurs in endosomes and is initiated
by adaptors TRIF and TLR4-specific TRIF-related adapter molecule
(TRAM) (24-26). Apart from TLR4, TLR3 operates exclusively
within endosomes and depends solely on the TRIF-dependent
pathway (26). While 30,50-THP has been found to specifically
inhibit the MyD88-dependent TLR4 pro-inflammatory signals, it
does not affect TRIF-dependent pro-inflammatory signals (7).
However, it is crucial to emphasize that TLR4 activation is a
two-sided phenomenon, capable of initiating not only
inflammatory signals but also the anti-inflammatory mediator
cytokine interleukin-10 (IL-10) and the neuroprotective
modulator brain-derived neurotrophic factor (BDNF) (27, 28).
Specifically, the transition of TLR4 from the plasma membrane to
endosomes is associated with the activation of the p1103 isoform of
phosphatidylinositol-3-OH kinase (PI(3)K), leading to the
production of the IL-10. Simultaneously, this activation leads to
the degradation of TIRAP, effectively reducing TIRAP-MyD88-
mediated pro-inflammatory signaling (27, 29). In addition, TLR4
activation indirectly participates in the production of BDNF.
Suppression of TLR4/nuclear factor kappa B inflammatory
signaling leads to the activation of associated cyclic adenosine
monophosphate response element-binding protein (CREB)
signaling, which, in turn, enhances the expression of BDNF in
brain tissues (28). Moreover, some studies have suggested that
BDNF may modulate the production and release of IL-10 (30-
32), highlighting a potential link between neurotrophic and anti-
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inflammatory signaling pathways. In the realm of psychiatric and
neurodegenerative disorders, IL-10 and BDNF emerge as impactful
anti-inflammatory agents with significant therapeutic implications.
Their multifaceted roles extend beyond traditional neurobiology,
paving the way for novel interventions and management strategies
for a variety of inflammation-associated neurological conditions
(32-35).

In this study, our objective was to explore the impact of 30,50
THP on the activation of the TRIF-dependent endosomal TLR4
signaling pathway and IL-10 and BDNF expression in both male and
female amygdala and NAc. We used P rats for these studies as they
represent a model of innate TLR activation where the effects on brain
TLR pathways can be examined in the absence of peripheral immune
activation (7, 36). Additionally, we investigated the effects of different
concentrations of 30,50-THP and 30.,50-THDOC on IL-10 levels in
RAW264.7 macrophages and examined the role of the TRIF-
dependent TLR4 pathway by downregulating TRIF in these cells.

2 Materials and methods

2.1 Animals

Male and female P rats (males: N = 60; females: N = 20) aged 3-
4 months and weighing between 250 and 550 g, were procured from
the Alcohol Research Center at Indiana University School of
Medicine and bred in-house at the University of North Carolina
(NC) School of Medicine. These rats were housed in pairs in
Plexiglas cages containing corn cob bedding, maintained on a 12-
h light-dark cycle (light onset at 0700 h), and given food and water
ad libitum. Prior to experimentation, rats were acclimated to
handling and saline injection for 1 week. The study focused on
investigating the regulation of neuroimmune signaling by 30,50
THP in P rats. This was motivated by the observation that selective
breeding for alcohol preference resulted in the innate activation of
the pro-inflammatory TLR4 and TLR7 pathways in brain regions of
P rats, including the amygdala and NAc (6, 7, 36). The amygdala
and NAc are implicated in neuroimmune responses via TLR
pathways in various neuropathological conditions, including
alcohol use disorders (36-41). Furthermore, P rats exhibit other
pathological behavioral traits, including impulsivity (42), anxiety-
like behavior (43, 44), and stress reactivity (45). The experimental
procedures adhered to NIH Guidelines and were approved by the
Institutional Animal Care and Use Committee at the University of
North Carolina, School of Medicine. To mitigate potential circadian
variations in neurosteroid levels, all experiments were conducted in
the morning (46, 47). For experimentation, P rats were randomly
assigned to receive either 30,50.-THP (10 mg/kg) (males: N = 20;
females: N = 10) or vehicle (45% w/v 2-hydroxypropyl-B-
cyclodextrin) (males: N = 20; females: N = 10) through
intraperitoneal (IP) injection. In addition, male P rats received IP
injections of either 30,,50-THDOC (10 mg/kg) (N = 10) or a vehicle
solution (45% w/v 2-hydroxypropyl-B-cyclodextrin) (N = 10). They
were sacrificed after 60 min. Euthanasia was performed by
decapitation, and the brains were collected and stored at —80°C.
Coronal brain sections were initially obtained using a cast
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aluminum cutting block. Subsequently, the amygdala and NAc
were meticulously separated from these slices, guided by well-
established neuroanatomical landmarks, as previously described
by Heffner et al. (1980) (48).

The selection of the time point and dosage was guided by prior
research indicating that higher doses of 30,,50--THP exhibit sedative
effects, while demonstrating anticonvulsant and anxiolytic
properties, without inducing hypnotic effects (49-51).
Additionally, our earlier works have established the inhibitory
impact of 30,50-THP on inflammatory TLR pathway activation
in the P rat brain (6, 7).

2.2 Cell culture and reagents

Mouse macrophage/monocyte (RAW264.7) cells were procured
from the American Type Culture Collection (Manassas, VA). They
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
from Gibco (Gaithersburg, MD), supplemented with 10% fetal
bovine serum (FBS) obtained from Gemini (West Sacramento,
CA) and 1% penicillin/streptomycin 100x from Gibco. The cells
were maintained at 37°C in a 5% CO, humidified atmosphere.

A day before the experiment, RAW264.7 cells were seeded in T-
25 tissue culture flasks, with a density of 0.7x10° cells per flask. On
the following day, the cells were exposed to vehicle or imiquimod
(30 pg/mL) obtained from InvivoGen (Cat. #tlrl-imqs, San Diego,
CA) in DMEM (without FBS and antibiotics) for 4 h. Subsequently,
the imiquimod solution was substituted with 3o,50-THP (at
concentrations of 0.1, 0.3, and 1.0 uM), 30,50-THDOC (at
concentrations of 0.1, 0.3, 1.0 uM), or a control solution
containing 0.05% dimethyl sulfoxide (DMSO) in DMEM (without
FBS and antibiotics) for 20 h. The stock solutions of the
neurosteroids (2 mM) were prepared using DMSO, leading to a
DMSO concentration of 0.05% within the 1.0 pM
neurosteroid solution.

2.3 siRNA transfection

Silencer® pre-designed mouse TRIF/TICAM-1 siRNA (60
pmol) (siRNA ID# 173696, P/N AM16704, Lot# ASO2L8L4,
Ambion by Life Technologies, Carlsbad, CA) and Silencer®
Negative Control #4 siRNA (60 pmol) (Cat. # AM4641, Ambion
by Life Technologies) were both diluted in 500 uL of Opti—MEM® I
Medium (without serum) within the wells of a six-well tissue culture
plate and gently mixed. LipofectamineTM RNAIMAX (5 uL) (Cat. #
13778030, Thermo Fisher Scientific, Waltham, MA) was introduced
into each well containing the diluted siRNA molecules. The
contents were gently mixed and incubated for 15 min at room
temperature (RT). RAW264.7 cells were diluted in DMEM medium
(Gibco), supplemented with 10% FBS (Gemini) (without
antibiotics). Subsequently, 2,495 uL of the diluted cells (0.2x10°
cells/well) were added to each well containing the siRNA-
LipofectamineTM RNAIMAX complexes. This action led to a final
volume of 3,000 pL and a final siRNA concentration of 20 nM. The
cells were then placed in a 37°C incubator (5% CO,) overnight. The
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following day, the medium was replaced with DMEM medium
(Gibco), supplemented with 10% FBS (Gemini) (without
antibiotics). The cells were incubated further for a total duration
of up to 72 h. The cells were collected and subjected to
immunoblotting to assess the levels of TRIF and IL-10. There was
an additional experiment where after overnight incubation with
siRNA complexes, the medium was replaced with either imiquimod
(30 ng/mL) or a mock control solution in DMEM (without FBS and
antibiotics) for 4 h. Subsequently, both the imiquimod and mock
control solutions were substituted with 30,50-THP (1.0 uM) or a
control solution containing 0.05% DMSO, and the experiment
continued for a total duration of 72 h. The collected cells were
then subjected to an enzyme-linked immunosorbent assay (ELISA)
to measure the levels of IL-10.

2.4 Cell lysate preparation for
immunoblotting and ELISA

For immunoblotting and ELISA of whole tissue lysates, the
amygdala and NAc tissues were dissected and lysed using CelLytic
MT (dialyzable mild detergent, bicine, and 150 mM NaCl) from
Sigma Aldrich (St. Louis, MO, USA, Cat. # C3228), along with
protease and phosphatase inhibitor cocktails (Sigma). RAW264.7
cells were lysed using radioimmunoprecipitation (RIPA) buffer
from Sigma (Cat. # R0278), supplemented with protease and
phosphatase inhibitor cocktails (Sigma). The lysates were
sonicated twice for 30 s at 25% output power using a Sonicator
ultrasonic processor from Misonix, Inc. (Farmingdale, NY),
followed by centrifugation at 14,000 x g and 4°C for 30 min.
Total protein levels were quantified using the bicinchoninic acid
(BCA) assay from Thermo Fisher Scientific (Waltham, MA, USA,
Cat.# 23228 and Cat.# 1859078).

2.5 Immunoblotting

The protein samples (35 g/lane) were subjected to denaturation
at 95°C for 5 min using lithium dodecyl sulfate (LDS) sample buffer
(Cat.# NP0007, Thermo Fisher Scientific) along with sample reducing
agent (Cat.# NP0009, Thermo Fisher Scientific). The proteins were
separated through electrophoresis on NuPAGE"™ 10% Bis-Tris Midi
Protein Gel (Cat.# WG1202 and WG1203, Thermo Fisher Scientific),
with an initial voltage of 125 V for 10 min followed by 165 V for the
remaining duration. Electrophoretically separated samples were
translocated onto a polyvinylidene difluoride membrane (PVDEF;
Cat.# 1620177, Bio-Rad). The membranes underwent a blocking
step of 2 h at RT utilizing either a 5% solution of blotting-grade
blocker (Cat.# #1706404, Bio-Rad) or 5% bovine serum albumin
(BSA) (in the case of phosphorylated primary antibodies). Following
the blocking step, the membranes underwent an incubation period
overnight (at 4°C) with primary antibodies, followed by a 1h exposure
to horseradish peroxidase-conjugated secondary antibodies at RT.
Both primary and secondary antibodies were appropriately diluted in
either a 5% blotting-grade blocker buffer or 5% BSA (for
phosphorylated primary antibodies). Following the antibody
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incubation steps, the membranes underwent triple washing in Tris-
buffered saline supplemented with 0.05% Tween-20 (TNT), each
wash lasting 10 min. Immunoreactive bands were visualized using the
PlusECL kit reagents (Cat.# NEL105001EA, Perkin Elmer, Waltham,
MA), and subsequent chemiluminescent signal detection was
performed using the ImageQuant LAS4000 system (GE Healthcare,
Amersham, UK). Membrane images were analyzed using
ImageQuant TL version 8.1.0.0 software. Normalization of each
densitometric measurement occurred through division by the
corresponding B-actin densitometric measurement. The obtained
values are presented as percentages in relation to the average value
of the vehicle control, along with the corresponding standard error of
the mean (SEM).

2.6 ELISA

ELISAs were performed on protein extracts using ELISA kits
(Raybiotech, Norcross, GA) designed for IL-10 (Cat. # ELR-IL10-1),
following the manufacturer’s guidelines. The outcomes are
presented in picograms per milligram of total protein (pg/mg).

2.7 Antibodies

Antibodies were procured commercially and utilized according
to the manufacturer’s instructions following validation. Details of
primary antibodies, host species, clonality, and dilutions are
provided in Table SI. Horseradish peroxidase-labeled secondary
antibodies were anti-rabbit (Cat. # 7074, Cell Signaling Technology)
and anti-mouse (Cat# 7076, Cell Signaling Technology).

2.8 Endosome isolation

Endosomes were isolated from the amygdala of male P rats that
received IP injections of either 30,50-THP (10 mg/kg; 60 min) or
vehicle (45% w/v 2-hydroxypropyl-B-cyclodextrin) (N = 10/group).
The isolation procedure followed the manufacturer’s instructions
utilizing the Minute " Endosome Isolation and Cell Fractionation
Kit (Cat. # ED-028, Invent Biotechnologies, Plymouth, MN). In
summary, the frozen brain tissue (~50-80 mg) was placed within
filter cartridges and ground using 300 pL of buffer A (containing
protease and phosphatase inhibitors) for 1 min on ice.
Subsequently, 200 pL of buffer A containing protease and
phosphatase inhibitors was added to the tissue homogenate,
which was then incubated for 5 min on ice. The homogenate
underwent two centrifugation steps at 16,000 x g for 30 s each.
The resulting pellet was resuspended and subjected to
centrifugation at 700 x g for 2.5 min, with this pellet containing
intact nuclei and some unruptured cells. The collected supernatant
was centrifuged at 4°C for 60 min at 16,000 x g. In this phase, the
pellet primarily comprised larger organelles and plasma
membranes. The supernatant obtained from the previous
centrifugation was combined with buffer B (buffer B to
supernatant ratio: 1:2), and the mixture was then incubated at 4°
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C overnight. Subsequently, the mixture was centrifuged at 10,000 x
g for 30 min at 4°C. The resulting supernatant contained the
cytosolic fraction. The pellet containing isolated endosomes was
resuspended in MinuteTM Denaturing Protein Solubilization
Reagent (Cat # WA-009), along with protease and phosphatase
inhibitors. To ascertain the total protein levels, the BCA assay was
employed (Cat.# 23228, 1859078, Thermo Fisher Scientific). The
protein samples (50 pg/lane) were denatured by heating at 95°C for
5 min using LDS sample buffer (Cat.# NP0007, Thermo Fisher
Scientific) supplemented with a sample reducing agent (Cat.#
NP0009, Thermo Fisher Scientific). After denaturation, the
proteins underwent separation through electrophoresis by
employing a NuPAGE "™ 10% Bis-Tris Midi Protein Gel (Thermo
Fisher Scientific). Subsequently, immunoblotting was conducted
according to the previously described procedure. The outcomes
were normalized by the total protein levels. The total protein levels
were visualized by utilizing the No-StainTM Protein Labeling
Reagent (Cat.# A44449, Thermo Fisher Scientific) following the
manufacturer’s guidelines. The results are expressed as % + SEM of
the vehicle controls. We confirmed the enrichment of endosomes in
the endosomal fraction through immunoblotting using the
endosomal marker early endosomal antigen 1 (EEA1). Negative
controls included the nucleus, plasma membrane, and cytosolic
fractions. Significantly, only the endosomal fractions showed
detectable EEA1-positive immunoblotting bands (data not shown).

2.9 Statistics

Studies were conducted independently in male and female
amygdala and NAc. We conducted comparisons within each P rat
experimental group to assess the differences (%) in the levels of
proteins of interest between neurosteroid treatment and vehicle
control treatment. Each experimental group consisted of two
datasets (vehicle vs. neurosteroid), allowing us to apply either a
parametric t-test or a nonparametric Mann-Whitney U test,
depending on whether the data followed a normal (Gaussian)
distribution, as determined by the Shapiro-Wilk normality test.
For normally distributed data, we utilized an unpaired ¢-test. We
examined the resulting t-value, degrees of freedom (df), and
significance level (p-value). In cases where the data did not pass
the normality test, we employed the Mann-Whitney U test. This
involved analyzing the resulting U-value, sample size (1), and p-
value. To assess the influence of different concentrations of 30.,50.-
THP and 30,50-THDOC on IL-10 expression in imiquimod-
activated RAW264.7 cells, a one-way ANOVA followed by
Fisher’s test was employed. This allowed for the comparison of
IL-10 differences (%) between the imiquimod-activated cells and
the non-activated (control) cells, as well as between the imiquimod-
activated cells and both the imiquimod-activated and neurosteroid-
treated cells. The ANOVA results, including F-values (with degrees
of freedom DFn, DFd) and corresponding p-values, were examined.
Additionally, p-values and n-values for the Fisher’s test were
reported. Statistical analysis was carried out using GraphPad
Prism 9.4.1 software. A significance level of p < 0.05 was adopted
to determine statistical significance.
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3 Results

3.1 30,50.-THP upregulates IL-10 and BDNF
levels in male but not female amygdala and
NAc of P rats

Since TLR4 is involved in both the generation of inflammatory
mediators (17, 18, 21, 52) and the upregulation of anti-inflammatory
mediators and trophic factors (27-29), we further investigated the
impact of 30,50-THP (10 mg/kg, IP) on the levels of IL-10 and BDNF
in the amygdala and NAc of male and female P rats. We also
examined the effects of 30,50t-THDOC on the levels of IL-10 in the
male amygdala and NAc. In males, the administration of 30,50.-THP
led to a statistically significant increase in IL-10 levels in the amygdala
(+13.2 + 6.5%; t-test p = 0.047) (Figure 1A) and NAc (+12.8 £ 5.9%; t-
test p = 0.04) (Figure S1A). Similarly, following 3c.,50-THP treatment,
there were statistically significant elevations in BDNF levels in both the
amygdala (+21.1 £ 11.5%; t-test p = 0.04) (Figure 1B) and the NAc
(+34.2 + 11.2%; Mann-Whitney test p = 0.01) (Figure S1B). In
contrast, 30,50-THP treatment of females did not exert a significant
effect on IL-10 expression in either the amygdala (Figure 1C) or the
NAc (Figure S1C). Additionally, there were no changes observed in
the levels of BDNF in females, either in the amygdala (Figure 1D) or in
the NAc (Figure S1D) following 30,50-THP treatment. In males, the
administration of 30,50-THDOC led to an increase in IL-10 levels in
the amygdala (+40.4 £ 8.3%; t-test p = 0.0001) and NAc (+19.3 £ 6.3%;
t-test p = 0.006) (Figure 2).

These findings highlight the sex-specific effects of 30.,50.-THP
on IL-10 and BDNF expression in the P rat brain, suggesting that its
impact on IL-10 and BDNF may be influenced by sex-
dependent mechanisms.

3.2 Sex-specific effects of 30,50-THP on
TRAM-dependent TLR4/TRIF signaling in
the P rat brain: activation in males,
inhibition in females

Existing data suggest that TLR4/TRIF signaling may exert anti-
inflammatory and neuroprotective effects, leading to the
upregulation of anti-inflammatory type I interferon-associated
genes, as well as IL-10 and BDNF (27-29, 53). Because our
findings demonstrated an increase in IL-10 and BDNF levels
exclusively in male P rat brains, we investigated potential sex-
specific responses of 30,50-THP on TLR4/TRIF signaling
activation in the P rat brain. To investigate potential sex
differences in TLR4/TRIF signaling, we measured the levels of
phosphorylated (p) or activated TRAM, which serves as a specific
marker for TLR4/TRIF pathway activation (25).

We found that in males, the administration of 30.,50-THP led to a
significant increase in pTRAM levels in the amygdala (+86.4 + 28.4%;
Mann-Whitney p = 0.0007) (Figure 3A) and the NAc (+22.9 + 7.5%;
t-test p = 0.007) (Figure S2A). By contrast, in females, P TRAM levels
were reduced in both the amygdala (—16.2 + 7.2%; t-test p = 0.04)
(Figure 3B) and the NAc (-12.1 £ 6.3%; t-test p = 0.03) (Figure S2B).
Additionally, in females, TRIF levels were inhibited in the amygdala
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FIGURE 1

30,50-THP elevates IL-10 and BDNF levels in the amygdala of male P rats. 3a,50-THP (10 mg/kg, IP) or a vehicle control was administered to male
and female P rats, and the levels of IL-10 and BDNF were determined within the amygdala. (A) In male P rats, administration of 30,5a-THP led to a
significant increase in IL-10 levels in the amygdala (+13.2 + 6.5%; t-test: t = 1.77, df = 18, n = 10, p = 0.047). (B) Similarly, a significant elevation in
BDNF levels was observed in the amygdala of male P rats following 3c,50-THP treatment (+21.1 + 11.5%; t-test: t = 1.84, df = 18, n = 10, p = 0.04)
(C) In contrast, female P rats did not exhibit a significant change in IL-10 expression in the amygdala following 3o, 50.-THP treatment (Mann—Whitney
test: U = 50.5, n = 10, p = 0.39). (D) Additionally, there were no significant alterations in the levels of BDNF in the amygdala of female P rats after
30,50-THP administration (t-test: t = 0.52, df = 18, n = 10, p = 0.61). *p < 0.05.
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FIGURE 2
30,50-THDOC elevates IL-10 levels in the amygdala and NAc of male P rats. 30,5a-THDOC (10 mg/kg, IP) or a vehicle control was administered to
male P rats, and the levels of IL-10 were determined within the amygdala and NAc. The administration of 30,50-THDOC led to an increase in IL-10
levels in the amygdala (+40.4 + 8.3%; t-test: t = 4.85, df = 18, n = 10, p = 0.0001) and NAc (+19.3 + 6.3%; t-test: t = 3.09, df = 18, n = 10,
p = 0.006). **p < 0.01, ***p < 0.001.
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Sex-specific effects of 30,50-THP on TRAM-dependent TLR4-TRIF signaling in the amygdala of P rats: activation in males, inhibition in females. After
3a,50-THP (10 mg/kg, IP) or a vehicle administration to male and female P rats, we analyzed the levels of pTRAM within the amygdala. (A) In males,
3a,50-THP administration led to a significant increase in pTRAM levels (+86.4 + 28.4%; Mann—Whitney test: U = 8, n = 10, p = 0.0007), whereas

(B) females exhibited inhibited pTRAM levels (-16.2 + 7.2%; t-test: t = 2.24, df = 18, n = 10, p = 0.04). *p < 0.05; ***p < 0.001.

(—14.0 £ 6.9%, t-test p = 0.049) and the NAc (-17.0 + 6.2%, t-test p =
0.04) (Table S2). However, in males, TRIF levels were not changed in
both the amygdala and NAc (Table 1). The data demonstrate that
30,50-THP promotes activation of the TRAM-dependent TLR4/TRIF
pathway in the P rat brain of males, but inhibits this pathway in female
P rat brain.

3.3 Upregulation of SP1 and p1105-PI(3)K
as well as TIRAP reduction were observed
in both male and female P rat brains

Next, we evaluated the levels of the transcription factor SPI,
which is known to play a role in IL-10 production (54).
Additionally, we investigated the activation of p1108-PI(3)K, a
component associated with anti-inflammatory TLR4/TRIF
signaling that facilitates the degradation of TIRAP, an essential
adaptor involved in inflammatory TLR4/MyD88 signaling (27, 29).

We observed increased levels of SP1 in both male [amygdala:
+122.2 £ 74.9%; t-test p = 0.03 (Figure 4A); NAc: +47.6 + 27.5%; t-test
p =0.049 (Figure S3A)] and female [amygdala: +122.3 + 49.4%; t-test
p =0.01 (Figure 4B); NAc: +254.3 + 134.9%; Mann-Whitney test p =
0.02 (Figure S3B)] P rat brains following 30,50.-THP treatment. The
observation that increases in SP1 were found in both male and female
P rat brain suggests that the transcription factor SP1 may play a
broader role beyond regulating IL-10 expression.

30,50-THP significantly upregulated p1103-PI(3)K levels in
both male [amygdala: +61.6 + 21.6%; Mann-Whitney test p = 0.009
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TABLE 1 Evaluated signaling pathway members that demonstrated no
response to 30,50-THP or they were inhibited by 3c,50-THP in the
whole tissue lysates of the amygdala and nucleus accumbens (NAc) of
male P rats.

Pathway 30,50-THP vs. Vehicle
members t-test (t, df, p)/Mann—Whitney test:
U p n
Amygdala NAc
TLR4 No difference No difference
t=155df=18,p t=184,df = 18, p = 0.08
=007
TRIF No difference No difference
t=1.68,df =18, p t=0.98,df =18, p = 0.34
=0.11
c-Maf No difference No difference
t=0.65df =18, p t =042, df = 18, p = 0.68
=052
pAkt Inhibition: —34.2 + Inhibition: —20.7 + 3.5%
26.4% U=22,p=002%n=10
U=26,p=004n
=10
HSP70 No difference Inhibition: -12.4 £ 5.1%
U=355,p=029n t=226,df = 18, p
=10 =0.04*
pCREB No difference Inhibition: -39.0 + 2.4%
t=101,df = 18, p U =115, p = 0.002*, n
=0.16 =10

*p < 0.05, **p < 0.01.
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3a,50-THP upregulates SP1 and p1103-PI(3)K levels and reduces TIRAP levels in the amygdala of male and female P rats. 30,50-THP (10 mg/kg, IP)
or a vehicle control was administered to male and female P rats to assess its impact on SP1, p1108-PI(3)K, and TIRAP levels within the amygdala.

30, 50-THP elevates SP1 levels in the amygdala of both (A) male (+122.2 + 74.9%; t-test: t = 1.94, df = 18, n = 10, p = 0.03) and (B) female (+122.3 +
49.4%; t-test: t = 2.48, df = 18, n = 10, p = 0.01) P rats. 30.50-THP upregulates p1103-PI(3)K levels in the amygdala of both (C) male (+61.6 + 21.6%;
Mann-Whitney test: U = 16, n = 10, p = 0.009) and (D) female (+47.8 + 21.1%; t-test: t = 2.66, df = 18, n = 10, p = 0.02) P rats. 30, 50.-THP reduces
TIRAP levels in the amygdala of both (E) male (-13.7 + 6.0%; t-test: t = 2.26, df = 18, n = 10, p = 0.02) and (F) female (-33.2 + 8.9%; t-test: t = 3.71,

df =18, n =10, p = 0.002) P rats. *p < 0.05; **p < 0.01.

(Figure 4C); NAc: +47.3 + 20.6%; Mann-Whitney test p = 0.03
(Figure S3C)] and female [amygdala: +47.8 £ 21.1%; t-test p = 0.02
(Figure 4D); NAc: +72.2 + 26.5%; Mann-Whitney test p = 0.01
(Figure S3D)] P rat brains. As expected, in males, the upregulation
of p1108-PI(3)K is accompanied by a reduction in TIRAP levels
both in the amygdala (-13.7 + 6.0%; t-test p = 0.02) (Figure 4E) and
in the NAc (-16.7 + 7.1%; t-test p = 0.02) (Figure S3E). In females, a
significant reduction in TIRAP occurs in the amygdala (-33.2 +
8.9%; t-test p = 0.002) (Figure 4F) but not in the NAc (Figure S3F).
The results indicate that 30,50-THP’s activation of p1108-PI(3)K
may lead to reduced TIRAP levels in the brains of male P rats and,
to some extent, in certain brain regions of female P rats.

In addition, we evaluated additional potential members of the anti-
inflammatory TLR4/TRIF signaling pathway, including transcription
factor cellular musculoaponeurotic fibrosarcoma (c-Maf),
phosphorylated protein kinase B (pAkt), heat shock protein 70
(HSP70), and pCREB, in tissue lysates obtained from the amygdala
and NAc of male and female P rats following the administration of
30,50-THP or vehicle control. Our findings reveal that these proteins
either demonstrated no response to 30,50-THP or were inhibited by
30,50-THP, indicating that they are unlikely to play a significant role in
the anti-inflammatory regulation. In the male amygdala and male NAc,
c-Maf demonstrated no response to 30,50-THP (p > 0.05) (Table 1). In
the female amygdala, c-Maf levels also showed no significant response to
30,50-THP (p > 0.05) (Table S2). However, in the female NAc, c-Maf
levels were inhibited (—29.4 + 6.5%, t-test p = 0.01) (Table S2). The levels
of pAkt exhibited inhibition by 30,50-THP in the male amygdala (-34.2
+ 26.4%, Mann-Whitney test p = 0.04) and male NAc (-20.7 + 3.5%,
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Mann-Whitney test p = 0.02) (Table 1). Conversely, pAkt showed no
significant response to 30,50-THP in the female amygdala and female
NAc (p > 0.05) (Table S2). 30,50-THP led to inhibition of HSP70 levels
in the male NAc (-124 + 5.1%, t-test, p = 0.04) (Table 1) and female
amygdala (-23.0 £ 7.1%, Mann-Whitney test, p = 0.02) (Table S2).
However, HSP70 levels did not significantly change in the male
amygdala (Table 1) and female NAc (Table S2) in response to 30,50
THP. 30,50-THP resulted in the inhibition of pCREB levels in the male
NAc (-39.0 £ 2.4%, Mann-Whitney test p = 0.002) (Table 1) and female
NAc (-13.0 + 3.5%, t-test p = 0.04) (Table S2). In contrast, pCREB levels
showed no significant change in the male amygdala (Table 1) or female
amygdala (Table S2) in response to 30,50.-THP.

3.4 30,50-THP enhances TLR4 and TRIF
translocation to endosomes and promotes
endosomal Rab7 levels without

affecting EEAL

To better understand the anti-inflammatory effects of 30,50
THP on the endosomal TLR4/TRIF signaling pathway, we isolated
endosomes from the amygdala of male P rats after administering
either 30,50-THP (n = 10) or a vehicle control (n = 10) and
examined the levels of endosomal proteins, TLR4, TRIF, TLR3, Ras-
related protein Rab-7 (Rab7), and EEAL1 (55).

30,50-THP administration produced an increase in the
accumulation of TLR4 (+43.9 + 11.3%; t-test p = 0.001) and TRIF
(+64.8 £ 32.8%; t-test p = 0.03) within endosomes (Figure 5A), but

frontiersin.org


https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Balan et al.

did not affect the total levels of TLR4 and TRIF in the whole-tissue
lysates of male P rat brains (Table 1). In contrast, 30,50.-THP
administration had no significant effect on both full-length TLR3 or
cleaved TLR3 endosomal accumulation (Figure 5B). These results
suggest that 30,50-THP likely impacts the endosomal TLR4/TRIF
signaling pathway, while having no significant effect on the
endosomal TLR3/TRIF signaling pathway.

Furthermore, we observed that 30,50-THP induced a rise in
Rab7 levels within endosomes (+35.8 £ 18.4%; t-test p = 0.03), but
there was no significant effect on EEA1 levels (Figure 5C). These
findings imply that 30,50-THP promotes the transition between
early endosomes (EEA1) and late endosomes (Rab7).

3.5 30,50-THP and 30,50-THDOC elevate
IL-10 levels in RAW264.7 cells following
imiquimod-induced reduction

In our previous studies, we demonstrated the inhibitory effects of
30,50-THP, but not 301,50-THDOC on the activation of inflammatory
TLR4 signals and the subsequent production of pro-inflammatory
cytokines and chemokines, such as tumor necrosis factor alpha, high
mobility group box 1, and monocyte chemoattractant protein-1 in the
RAW?264.7 monocyte/macrophage cell line (6). As part of our ongoing
investigation, we examined the impact of 30,50-THP and 30,50t
THDOC on IL-10 levels. It has been previously shown that TLR7
activation inhibits IL-10 expression in immune cells (56). Therefore,
RAW?264.7 cells were activated with the TLR7 agonist imiquimod (30
pg/mL) and treated with varying concentrations of 3o0,50-THP (0.1,
0.3, and 1.0 uM) or 30,50-THDOC (0.1, 0.3, and 1.0 uM), or a vehicle
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control. We also investigated the effects of 30,50-THP and 30,50
THDOC on the levels of IL-10 in the absence of TLR7 activation.
Neither 3a,50-THP (1.0 uM) nor 30,50-THDOC (1.0 (M) exhibited
any significant effects (Fisher’s test: p > 0.05) on IL-10 levels in non-
activated RAW264.7 cells (cells not treated with imiquimod)
(Figures 6A, B). Following activation of RAW264.7 cells by
imiquimod, both 30,50-THP (one-way ANOVA, p < 0.0001) and
30,50-THDOC (one-way ANOVA, p < 0.0001) led to elevated IL-10
levels. Imiquimod activation of RAW264.7 cells reduced IL-10 levels by
-36.0 £ 5.9% (Fisher’s test: p < 0.0001) compared to the vehicle control.
30,50-THP restored IL-10 levels (Fisher’s test: 0.1 pM: +30.2 + 9.6%,
p=0.0006; 0.3 uM: +42.3 + 8.5%, p < 0.0001; 1.0 ytM: +38.6 + 7.5%, p <
0.0001) to levels statistically equivalent to control levels (Figure 6A). All
three concentrations of 30,50-THDOC demonstrated a significant
increase in IL-10 levels (Fisher’s test: 0.1 pM: +21.6 + 8.6%, p = 0.02; 0.3
UM: +35.9 + 10.5%, p = 0.0001; 1.0 uM: +35.4 + 8.0%, p < 0.0001). Both
0.3 uM and 1.0 uM concentrations of 30,50-THDOC demonstrated
comparable effects on IL-10 levels, and the increases in IL-10 levels by
30,50-THDOC were statistically indistinguishable from the control IL-
10 levels (Figure 6B).

3.6 Role of TRIF-dependent TLR4 signaling
pathway in IL-10 production: evidence
from siRNA transfection experiment in
RAW264.7 cells

To validate the role of the TRIF-dependent TLR4 signaling
pathway in IL-10 production, we transfected RAW264.7 cells with
TRIF siRNA (20 nM, 72 h), and measured IL-10 levels using an

(o]
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30,50-THP increases TLR4 and TRIF accumulation in endosomes and elevates endosomal Rab7 levels without impacting EEAL in the male P rat
amygdala. After intraperitoneal administration of either 3o, 50.-THP (10 mg/kg) or a vehicle control to male P rats, we isolated endosomes from
amygdala and analyzed the levels of TLR4, TRIF, TLR3, Rab7, and EEAL within the endosomes. (A) 3a,50.-THP significantly increased the
accumulation of TLR4 (+43.9 + 11.3%; t-test: t = 3.89, df = 18, n = 10, p = 0.001) and TRIF (+64.8 + 32.8%; t-test: t = 1.98, df = 18, n = 10, p = 0.03)
within endosomes. (B) In contrast, 3o, 50-THP had no significant impact on the endosomal accumulation of either full-length TLR3 (t-test: t = 1.32,
df =18, n = 10, p = 0.10) or cleaved TLR3 (Mann-Whitney test: U = 40, n = 10, p = 0.48). (C) Additionally, 30,5a.-THP induced a significant elevation
in Rab7 levels within endosomes (+35.8 + 18.4%; t-test: t = 1.95, df = 18, n = 10, p = 0.03), while EEA1 levels showed no statistically significant

change (t-test: t = 0.50, df = 18, n = 10, p = 0.31). *p < 0.05; **p < 0.01.
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FIGURE 6

Modulation of IL-10 levels by 3c,5a-THP and 30, 50.-THDOC in RAW264.7 cells. We explored the potential impact of 3a,5a-THP (1.0 pM) and 3o, 50.-
THDOC (1.0 uM) on IL-10 levels within non-activated RAW264.7 cells (non-treated with TLR7 agonist imiquimod). Under these conditions, neither
(A) 30, 50-THP nor (B) 30,5a-THDOC demonstrated statistically significant effects on IL-10 levels (Fisher's test: p > 0.05). In contrast, the TLR agonist
imiquimod (30 pg/mL) reduced IL-10 levels by -36.0 + 5.9% [Fisher's test: p < 0.0001, n = 19; see (A) and (B)]. Both (A) 3a.,50-THP (0.1, 0.3, and 1.0
uM) [one-way ANOVA: F (5, 57) = 15.06, p < 0.0001] and (B) 3a,50.-THDOC (0.1, 0.3, 1.0 uM) [one-way ANOVA: F (5, 58) = 9.91, p < 0.0001] restored
IL-10 levels to those observed in the vehicle control group (Veh). To elucidate the role of the TRIF-dependent TLR4 pathway, we conducted TRIF
siRNA transfection experiments in RAW264.7 cells and the levels of TRIF and IL-10 were examined using an immunoblotting assay. The reduction of
(C) TRIF (-62.9 + 28.2%; t-test: t = 2.23, df = 14, n = 8, p = 0.04) through TRIF siRNA transfection (20 nM, 72 h) led to a significant decrease in

(D) IL-10 levels (—42.3 + 8.4%; t-test: t = 5.05, df = 14, n = 8, p = 0.0002). This effect was further confirmed by ELISA, showing a decrease in (E) IL-
10 levels [one-way ANOVA: F (4, 25) = 5.37, p = 0.003; Fisher's test: —=30.4 + 9.3%, n = 6, p = 0.004] following TRIF downregulation. Treatment with
3a,50-THP (1.0 uM) did not reverse the reduced IL-10 levels (Fisher's test: p = 0.52, n = 6). Similarly, imiquimod (30 pg/mL) alone or in combination

10.3389/fendo.2023.1299420

with 30,50-THP (1.0 uM) did not alter the decreased level of IL-10 (Fisher's test: p = 0.61 and p = 0.36, respectively, n = 6). *p < 0.05; **p < 0.01;

**%p < 0.001; ****p < 0.0001.

immunoblotting assay. The findings showed that the
downregulation of TRIF (-62.9 + 28.2%; t-test, p = 0.04) resulted
in a decrease in IL-10 levels (—42.3 + 8.4%, t-test, p = 0.0002)
(Figures 6C, D). ELISA results further confirmed that the
downregulation of TRIF resulted in a decrease in IL-10 levels
(one-way ANOVA, p = 0.003; Fisher’s test: =30.4 = 9.3%,
p = 0.004) (Figure 6E). Importantly, 30,50-THP (1.0 uM) did not
alter the reduced level of IL-10 (Fisher’s test: p = 0.52). Furthermore,
imiquimod (30 pg/mL) alone (Fisher’s test: p = 0.61) or 30,50.-THP
(1.0 uM) in combination with imiquimod did not restore the
decreased level of IL-10 (Figure 6E) in the cells treated with TRIF
siRNA. These results provide strong support for the role of TRIF, a
key adaptor for endosomal TLR4, in the production of IL-10 as well
as its enhancement by 30,50-THP.

4 Discussion

This work offers evidence for the potential of 30,50-THP in
enhancing IL-10 levels through elevated endosomal TLR4-TRIF
anti-inflammatory signals (Figure 7). However, these effects were
specific to male P rat brains and were not observed in the female P
rat brains. No direct statistical comparison was made between males
and females, since we tested them in separate experiments.
However, it is noteworthy that we found effects of 30,50.-THP on

Frontiers in Endocrinology

virtually every component of the TRIF-dependent TLR4 pathway in
the tissues from male, but not female rats, thereby independently
replicating the sex-specific effects in multiple separate experiments
within the study. In male P rats, administering 30.,50.-THP led to a
significant increase in IL-10 levels within both the amygdala and
NAc. Similar effects were observed following 3a,50-THDOC
administration in male P rats. This marks the first demonstration
of 30,50-THP enhancement of IL-10 levels in the brain through the
modulation of TLR4-TRIF signaling.

The implications of IL-10’s role are substantial at the central
nervous system (CNS) level (34). IL-10 plays a critical role in
inhibiting the production of pro-inflammatory cytokines by
microglia, thus safeguarding astrocytes from excessive
inflammation (60, 61). Additionally, IL-10 has been shown to
enhance the production of transforming growth factor by
astrocytes (62). In neurons, IL-10 receptor signaling has been
linked to increased cellular survival (58, 63) and the regulation of
adult neurogenesis (64, 65). This positions IL-10 as a pivotal
mediator of communication among microglia, astrocytes, and
neurons. It is worth noting that besides its established role in
regulating immune interactions in the CNS, numerous studies
directly link impaired IL-10 production or signaling to
neurological disorders in patients and animal models. These
conditions encompass a range of indications, from neuropathic
pain (66) to multiple sclerosis (67), Alzheimer’s disease (68), and
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Parkinson’s disease (57). The involvement of 3o,50-THP in
upregulating IL-10, coupled with its previously recognized
inhibitory effects on TLR-mediated pro-inflammatory signaling
and the production of cytokines and chemokines, underscores the
broader anti-inflammatory role played by this neurosteroid (5-8,
10). In contrast, 30,50,-THDOC mimicked the effects of 30,50
THP on the enhancement of IL-10 levels, but not in the inhibition
of TLR4 activation in cultured macrophages from male donors (10).
These differences highlight the structural specificity of each
neurosteroid in the regulation of distinct TLR-mediated
immune pathways.

In addition, our findings revealed a substantial elevation in BDNF
levels within the amygdala and NAc of male P rats following 30,50.-
THP administration, suggesting potential indirect neurotrophic
effects of 30,50-THP (Figure 7). Notably, a similar effect of 3a,50.-
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THP on BDNEF levels in the amygdala of male rats was previously
reported in the study by Naert et al. (2007) (69). Furthermore, a
correlation between decreased cerebrocortical 30,50.-THP levels and
the decline in hippocampal BDNF levels in male rats was established
by Nin et al. (2011) (70) and Almeida et al. (2020) (71). Almeida et al.
also successfully restored BDNF levels upon administration of 30,50t
THP. In a clinical context, patients anesthetized with alfaxalone, an
analog of 30,50-THP, during hip replacement surgery exhibited
higher serum BDNF levels compared to those anesthetized with
propofol and sevoflurane (72). Moreover, several studies have
suggested a potential interplay between BDNF and IL-10
production and release (30-32), suggesting a possible connection
between neurotrophic and anti-inflammatory signaling pathways.
In contrast, the effects of 30,50.-THP in females differed. 30,50
THP did not significantly influence IL-10 and BDNF expression in

3a,5a-THP

N

Anti-inflammatory
signal activation

Endosome

TLR4

=
o
=

TRIF

V4 Nucleus\

/

Schematic model of 3a,5a-THP induction of endosomal TLR4-TRIF anti-Inflammatory signaling and the subsequent elevation of IL-10 levels. 30,50~
THP facilitates the transition of TLR4 from the TIRAP-MyD88-associated plasma membrane complex to an endosomal TRAM-TRIF complex,
triggering the activation of the endosomal anti-inflammatory TLR4-TRIF signal and subsequent induction of IL-10 production. Mechanistically,
3a,50.-THP upregulates the p1108 isoform of PI(3)K, which, in turn, triggers the degradation of TIRAP and the release of TLR4 from the TIRAP-
MyD88-associated plasma membrane complex, facilitating TLR4 translocation to endosomes. This process is supported by studies by Aksoy et al.
(2012) (29) and Siegemund and Sauer (2012) (27). The translocation of TLR4 to endosomes may be facilitated by its adaptors TRAM or TRIF, as

discussed in Kagan's article

(2012) (59). Additionally, the involvement of 30,50.-THP in TIRAP degradation was documented by Murugan et al. (2019)

(5). Notably, the release of TLR4 from the TIRAP-MyD88-associated plasma membrane complex could also be attributed to direct 3o, 50-THP-
induced inhibition of the binding between TLR4 and MyD88, and TLR4 and MD2, as observed in Balan et al.'s studies (2019, 2021) (6, 7).

Furthermore, both the inhibition of binding and TIRAP degradation led to

the suppression of inflammatory TLR4 pathway components, along with

inflammatory cytokines and chemokines, as indicated by studies by Balan et al. (2019, 2021, 2022, 2023) (6-8, 10) and Murugan et al. (2019) (5).
30,50-THP activates the anti-inflammatory endosomal TLR4-TRIF pathway by triggering an increase in phosphorylated (p) or activated TRAM, which
acts as a specific marker for TLR4-TRIF pathway activation (25). The model further encompasses the 3a,50-THP-induced enhanced presence of
transcription factor SP1, leading to an increase in the production of anti-inflammatory cytokine IL-10. Additionally, 3o, 5c.-THP upregulates the levels
of BDNF, which might further amplify IL-10 production and release (30-32). Furthermore, 3a,5a.-THP stimulates the accumulation of endosomal
Rab7, a process that potentially exerts a significant impact on the equilibrium between pro-inflammatory and anti-inflammatory TLR4 signaling
pathways. An increase in protein levels is indicated by a green up-arrow. Protein degradation is indicated by a red X. Inhibition of protein—protein
binding is indicated by a red T sign. The schematic figure was created with BioRender.com.
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the amygdala or NAc of female P rats. The data align with Almeida
et al.’s (2020) (71) observations that 30,50.-THP modulated BDNF
levels in male rat brains, but not in female rat brain. Our findings
have demonstrated distinct and sex-specific outcomes of 30,50t
THP’s influence on the TRIF-dependent TLR4 signaling pathway
within the P rat brain. Specifically, in males, 3a,50-THP activated
the TLR4/TRIF signaling pathway, while in females, it inhibited the
TLR4/TRIF signaling pathway. Since the activation of the TLR4/
TRIF pathway and the concurrent elevation in IL-10 levels was
present in males and absent in females, it implies a potential
association between TLR4/TRIF signaling and IL-10 production
specifically in males. Thus, in males, the administration of 30,50t
THP triggered a significant elevation in phosphorylated (activated)
TRAM levels, observed both in the amygdala and in the NAc. The
activation of TRAM serves as a direct indicator of the activation of
the TRIF-dependent TLR4 pathway (25, 26). In contrast, in female
P rats, the administration of 3c,50.-THP resulted in the suppression
of phosphorylated TRAM levels in both the amygdala and the NAc.
These differences raise questions about the underlying factors
contributing to these sex-specific responses. Considering the
complex interplay of hormonal, genetic, and epigenetic factors
influencing neuroinflammation and trophic signaling, it is
reasonable to assume that 30,50-THP’s effects are mediated by
sex-dependent mechanisms (10, 73-79). In addition, the distinct
impact of 30,50-THP on TLR4 signaling in males and females
could also arise from sex-specific protein—protein interactions upon
TLR4 activation, leading to potential alterations in the TLR4
signaling pathways (80-83). Additional research is essential to
unravel the molecular, hormonal factors and/or sex-specific
protein—protein interactions underlying these sex-specific effects
of 30,50.-THP on the TLR4 anti-inflammatory signaling and IL-10
and BDNF expression.

To enhance our understanding of the anti-inflammatory effects
of 30,50.-THP on the endosomal TLR4/TRIF signaling pathway, we
assessed the levels of TLR4, TRIF, TLR3, Rab7, and EEA1 within
isolated endosomes from the amygdala of male P rats. These rats
were exposed to either 30.,50-THP or a vehicle control. Notably, we
observed significant increases in both TLR4 and TRIF within the
endosomes. In contrast, the administration of 30,50-THP seemed
to have limited impact on the accumulation of TLR3 within the
endosomes. These results suggest that 30,,50-THP might trigger the
transfer of TLR4 from the plasma membrane to endosomes, a
process that probably depends on adaptor proteins TRIF and/or
TRAM. This aligns with the established role of adaptor proteins
TIRAP (at the plasma membrane) and TRAM (in endosomes) in
governing TLR4 compartmentalization (59). Furthermore, we
observed an elevation in p1108-PI(3)K levels in the brain
following 3c.,50-THP administration. Notably, p1103-PI(3)K is
known to facilitate the transition of TLR4 from an initial TIRAP-
MyD88-associated complex at the plasma membrane (associated
with proinflammatory mediators) to a subsequent endosomal
TRAM-TRIF complex (associated with anti-inflammatory
mediators like IL-10) (Figure 7). Mechanistically, p1108-PI(3)K
partly acts by reducing the presence of the TIRAP-anchoring lipid
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) at the
plasma membrane, which triggers TLR4 endocytosis via Ca*"
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mobilization. This turnover of PtdIns(4,5)P2 leads to the release
of TIRAP into the cytoplasm, where it undergoes degradation by
calpains and the proteasome. Deactivation of p1103-PI(3)K shifts
the balance towards early proinflammatory TLR4 signaling (27, 29).

Additionally, our study examined the progression of endosomal
maturation by assessing the levels of EEA1 (a marker of the early
endosome stage) and Rab7 (a marker of the late endosome stage)
(55) within endosomes isolated from the amygdala of male P rats
that were treated with 30,50.-THP or a control vehicle. Notably, we
observed an elevation in Rab7 levels within the endosomes
following 30,50.-THP administration. In contrast, the levels of
EEA1 remained unaffected by the 30,50-THP treatment. These
results suggest a potential role for 30,50-THP in facilitating the
transition between early endosomes, marked by EEAI, and the
subsequent stage characterized by the presence of Rab7 as a marker
of late endosomes, a process that likely influences the balance
between proinflammatory and anti-inflammatory TLR4 signaling.

TRIF siRNA transfection in mouse RAW264.7 macrophages
confirmed the pivotal role of the TRIF-dependent TLR4 signaling
pathway in IL-10 production. The downregulation of TRIF led to a
significant decrease in IL-10 levels and prevented 3o,50-THP
enhancement of IL-10 levels, highlighting TRIF’s critical function
as a key adaptor in endosomal TLR4-mediated IL-10 production.
Additionally, the study delved into the interplay between pro-
inflammatory TLR7 activation and TRIF-dependent anti-
inflammatory TLR4 activation, along with the effects of 30.,50-THP
and 30,50-THDOC on IL-10 expression using RAW264.7 cells.
When these cells were activated by the TLR7 agonist imiquimod,
there was a noticeable reduction in IL-10 levels, consistent with
findings by Chodisetti et al. (2020) (56). However, treatment with
different concentrations (0.1, 0.3, and 1.0 uM) of 3a,50-THP and
30,50-THDOC effectively reversed the imiquimod-induced
reduction in IL-10. Importantly, these neurosteroids did not
significantly affect non-activated RAW264.7 cells. It is noteworthy
that our earlier research demonstrated the ability of both
neurosteroids to inhibit inflammatory TLR7 activation in female
human macrophages, with 3a,50.-THP also inhibiting inflammatory
TLR7 activation in RAW264.7 cells (7, 10). This dual mechanism
involving both TLR7 and TLR4/TRIF signaling provides valuable
insights into the therapeutic potential of these neurosteroids for
modulating immune responses and controlling inflammation.

The potential involvement of SP1, c-Maf, p1103-PI(3)K,
TIRAP, Akt, HSP70, and CREB (27, 29, 84-88) in the TLR4 anti-
inflammatory signaling pathways and their potential modulation by
30,50-THP, particularly in the male P rat brains, was also
examined. Our investigation extended to the transcription factors
SP1 and c-Maf, known to influence IL-10 production (54, 86).
Notably, our results revealed elevated levels of SP1 in both male and
female P rat brains following 3a,50-THP treatment. These
increases in SP1 levels suggests that the role of this transcription
factor could potentially extend beyond its established regulation of
IL-10 expression, as observed in the male P rat brain. Moreover, Xu
et al. (2016) (89) have suggested that SP1 might also play a role in
regulating other genes. Therefore, it is plausible that 3o0,50-THP
could exert a broader influence on gene expression by
upregulating SP1.
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We examined the activation of p1103-PI(3)K, a key participant
in the anti-inflammatory TLR4/TRIF signaling pathway,
influencing the degradation of TIRAP, a central adaptor engaged
in inflammatory TLR4/MyD88 signaling (27, 29). Our results
indicate that 30,50-THP significantly enhances p1108-PI(3)K
levels in both male and female P rat brains. Consistently, in
males, the elevation of p1108-PI(3)K is accompanied by a
concurrent reduction in TIRAP levels, observed in both the
amygdala and the NAc regions. A similar reduction in TIRAP is
observed in the amygdala of females, albeit without a significant
change in the NAc. This reduction in TIRAP levels may
consequently lead to a decrease in TIRAP-dependent
inflammatory TLR4/MyD88 signaling, aligning with previous
observations (27, 29). Additionally, the study by Murugan et al.
(2019) (5) demonstrated 30,50-THP’s involvement in TIRAP and
TLR2 degradation in macrophages and microglial cells.

Prior research has shown that the activation of signaling
pathways involving Akt in humans leads to a shift in microglia
polarization from the proinflammatory M1 phenotype to the anti-
inflammatory M2 phenotype (84). However, our findings indicate
that 30,50-THP inhibits the activation of Akt, as evidenced by
decreased levels of phosphorylated (activated) Akt in both the
amygdala and the NAc of male P rats. This suggests that Akt
activation may not play a role in the anti-inflammatory signaling
pathway. Notably, an association has been previously identified
between the Akt activation and increased astrocyte reactivity (90).
Therefore, potential therapeutic approaches utilizing 30.,50-THP to
inhibit Akt activation could offer avenues for addressing the
negative impacts of astrogliosis (91).

Previous studies have highlighted that the anti-inflammatory
compounds resveratrol (87), nobiletin (92), and quercitrin (88) exert
their neuroprotective effects through signaling pathways involving
CREB and BDNF. Nevertheless, we found that phosphorylated
(activated) CREB levels decrease in the NAc, while BDNF levels
increase in both the NAc and the amygdala of male P rats after
30,50-THP administration. These results imply that the CREB and
BDNF pathways operate independently. Unlike the BDNF pathway, it
appears that the CREB pathway does not contribute to the anti-
inﬂammatory responses. However, it is important to note that 30,50
THP might exert a transient impact on CREB concentrations. Thus,
intravenous 30,,50.-THP administration triggers a rapid but temporary
rise in CREB at 5 min, followed by a significant decline relative to
baseline by 15 min in plasma (93). Moreover, it is worth mentioning
that CREB’s role extends beyond BDNF production, encompassing
the generation of inflammatory mediators (94). Our prior studies have
demonstrated that 30,50-THP substantially inhibits phosphorylated/
activated CREB levels in RAW264.7 cells and human macrophages
activated by TLR4 agonist lipopolysaccharide (6, 7).

In conclusion, these findings provide strong evidence that
30,50-THP and 30,50-THDOC enhance IL-10 levels through
endosomal TLR4-TRIF anti-inflammatory signals, in male rat
brains. This amplification of IL-10, a critical mediator of immune
homeostasis, holds significant implications for the CNS and the
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periphery, glial, and neuronal cells as well as immune cells.
Furthermore, the observed elevation in BDNF levels within male
rat brains suggests that 30,50-THP may exert neurotrophic effects.
The ability of these endogenous neurosteroids to enhance IL-10
production in male P rat brains and mouse macrophages positions
them as valuable candidates for therapeutic intervention aimed at
immune and neuroimmune disorders. These results together with
known inhibitory effects of 30,50-THP on TLR pro-inflammatory
pathways in both male and female P rat brain as well as mouse and
human macrophages (5-10) contribute to the broader
understanding of 3o,50.-THP’s anti-inflammatory and
neuroprotective roles. Further research is necessary to unravel the
underlying molecular mechanisms and to elucidate the sex-specific
differences in 30,50-THP’s effects on the IL-10 pathway, ultimately
paving the way for potential clinical applications in promoting
immune homeostasis and mitigating inflammation- and
neuroinflammation-related conditions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at the University of North Carolina, School of
Medicine. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

IB: Conceptualization, Data curation, Formal analysis,
Investigation, Validation, Writing - original draft, Writing — review
& editing. AG: Data curation, Investigation, Writing - review &
editing. TKO: Data curation, Investigation, Writing - review &
editing. ALM: Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Validation, Writing -
original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Sage Therapeutics Inc. and the Bowles Center for
Alcohol Studies at UNC School of Medicine. The funders were not
involved in the study design, collection, analysis, interpretation of
data, the writing of this article or the decision to submit it
for publication.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Balan et al.

Acknowledgments

We thank Dr. Giorgia Boero from the Bowles Center for
Alcohol Studies at the University of North Carolina (Chapel Hill,
NC, USA) for helping us collect rat brain tissue and creating
schematic Figure 7 using BioRender.

Conflict of interest

ALM and IB declare a U.S. provisional patent on the anti-
inflammatory effects of 30,50-THP and related steroids for the
treatment of inflammatory disease.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Cervellati C, Trentini A, Pecorelli A, Valacchi G. Inflammation in neurological
disorders: the thin boundary between brain and periphery. Antioxid Redox Signal
(2020) 33(3):191-210. doi: 10.1089/ars.2020.8076

2. Morrow AL, Price LH. Neuroimmune signaling in neuropsychiatric
disease. Psychopharmacol (Berl) (2019) 236(10):2855. doi: 10.1007/s00213-
019-05355-4

3. He ], Evans CO, Hoffman SW, Oyesiku NM, Stein DG. Progesterone and
allopregnanolone reduce inflammatory cytokines after traumatic brain injury. Exp
Neurol (2004) 189(2):404-12. doi: 10.1016/j.expneurol.2004.06.008

4. Yilmaz C, Karali K, Fodelianaki G, Gravanis A, Chavakis T, Charalampopoulos I,
et al. Neurosteroids as regulators of neuroinflammation. Front Neuroendocrinol (2019)
55:100788. doi: 10.1016/j.yfrne.2019.100788

5. Murugan S, Jakka P, Namani S, Mujumdar V, Radhakrishnan G. The
neurosteroid pregnenolone promotes degradation of key proteins in the innate
immune signaling to suppress inflammation. J Biol Chem (2019) 294(12):4596-607.
doi: 10.1074/jbc.RA118.005543

6. Balan I, Beattie MC, O'Buckley TK, Aurelian L, Morrow AL. Endogenous
neurosteroid (3a,50t)3-hydroxypregnan-20-one inhibits toll-like-4 receptor activation
and pro-inflammatory signaling in macrophages and brain. Sci Rep (2019) 9(1):1220.
doi: 10.1038/541598-018-37409-6

7. Balan I, Aurelian L, Schleicher R, Boero G, O'Buckley T, Morrow AL.
Neurosteroid allopregnanolone (3alpha,5alpha-THP) inhibits inflammatory signals
induced by activated MyD88-dependent toll-like receptors. Transl Psychiatry (2021)
11(1):145. doi: 10.1038/541398-021-01266-1

8. Balan I, Patterson R, Boero G, Krohn H, O'Buckley TK, Meltzer-Brody S, et al.
Brexanolone therapeutics in post-partum depression involves inhibition of systemic
inflammatory pathways. EBioMedicine (2023) 89:104473. doi: 10.1016/
j.ebiom.2023.104473

9. Morrow AL, Balan I, Boero G. Mechanisms underlying recovery from postpartum
depression following brexanolone therapy. Biol Psychiatry (2022) 91(3):252-3. doi:
10.1016/j.biopsych.2021.11.006

10. Balan I, Aurelian L, Williams KS, Campbell B, Meeker RB, Morrow AL.
Inhibition of human macrophage activation via pregnane neurosteroid interactions
with toll-like receptors: Sex differences and structural requirements. Front Immunol
(2022) 13:940095. doi: 10.3389/fimmu.2022.940095

11. Patterson R, Balan I, Morrow AL, Meltzer-Brody S. Novel neurosteroid
therapeutics for post-partum depression: perspectives on clinical trials, program
development, active research, and future directions. Neuropsychopharmacology
(2023). doi: 10.1038/s41386-023-01721-1

12. Majewska MD. Neurosteroids: endogenous bimodal modulators of the GABAA
receptor. Mechanism of action and physiological significance. Prog Neurobiol (1992)
38:379-95. doi: 10.1016/0301-0082(92)90025-A

13. Lambert JJ, Belelli D, Peden DR, Vardy AW, Peters JA. Neurosteroid modulation
of GABAA receptors. Prog Neurobiol (2003) 71(1):67-80. doi: 10.1016/
j.pneurobio.2003.09.001

14. Pinna G. Allopregnanolone (1938-2019): A trajectory of 80 years of outstanding
scientific achievements. Neurobiol Stress (2020) 13:100246. doi: 10.1016/
jynstr.2020.100246

Frontiers in Endocrinology

10.3389/fendo.2023.1299420

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1299420/full#supplementary-material

15. Pinna G. Allopregnanolone, the neuromodulator turned therapeutic agent:
thank you, next? Front Endocrinol (Lausanne) (2020) 11:236. doi: 10.3389/
fendo.2020.00236

16. Antonoudiou P, Colmers PLW, Walton NL, Weiss GL, Smith AC, Nguyen DP,
et al. Allopregnanolone mediates affective switching through modulation of oscillatory
states in the basolateral amygdala. Biol Psychiatry (2022) 91(3):283-93. doi: 10.1016/
j.biopsych.2021.07.017

17. Gay NJ, Symmons MF, Gangloff M, Bryant CE. Assembly and localization of
Toll-like receptor signalling complexes. Nat Rev Immunol (2014) 14(8):546-58. doi:
10.1038/nri3713

18. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

19. Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine
(2008) 42(2):145-51. doi: 10.1016/j.cyt0.2008.01.006

20. Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol (2003)
21:335-76. doi: 10.1146/annurev.immunol.21.120601.141126

21. Vijay K. Toll-like receptors in immunity and inflammatory diseases: Past,
present, and future. Int Immunopharmacol (2018) 59:391-412. doi: 10.1016/
j.intimp.2018.03.002

22. Okun E, Griffioen KJ, Lathia JD, Tang SC, Mattson MP, Arumugam TV. Toll-
like receptors in neurodegeneration. Brain Res Rev (2009) 59(2):278-92. doi: 10.1016/
j-brainresrev.2008.09.001

23. Okun E, Griffioen KJ, Mattson MP. Toll-like receptor signaling in neural
plasticity and disease. Trends Neurosci (2011) 34(5):269-81. doi: 10.1016/
j.tins.2011.02.005

24. Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H, et al. Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science
(2003) 301(5633):640-3. doi: 10.1126/science.1087262

25. Yamamoto M, Sato S, Hemmi H, Uematsu S, Hoshino K, Kaisho T, et al. TRAM
is specifically involved in the Toll-like receptor 4-mediated MyD88-independent
signaling pathway. Nat Immunol (2003) 4(11):1144-50. doi: 10.1038/ni986

26. Ullah MO, Sweet MJ, Mansell A, Kellie S, Kobe B. TRIF-dependent TLR
signaling, its functions in host defense and inflammation, and its potential as a
therapeutic target. J Leukoc Biol (2016) 100(1):27-45. doi: 10.1189/jlb.2RI1115-531R

27. Siegemund S, Sauer K. Balancing pro- and anti-inflammatory TLR4 signaling.
Nat Immunol (2012) 13(11):1031-3. doi: 10.1038/ni.2452

28. Abd El-Rahman SS, Fayed HM. Improved cognition impairment by activating
cannabinoid receptor type 2: Modulating CREB/BDNF expression and impeding TLR-
4/NFxBp65/M1 microglia signaling pathway in D-galactose-injected ovariectomized
rats. PloS One (2022) 17(3):¢0265961. doi: 10.1371/journal.pone.0265961

29. Aksoy E, Taboubi S, Torres D, Delbauve S, Hachani A, Whitehead MA, et al. The
p1103 isoform of the kinase PI(3)K controls the subcellular compartmentalization of
TLR4 signaling and protects from endotoxic shock. Nat Immunol (2012) 13(11):1045—
54. doi: 10.1038/ni.2426

30. Makar TK, Bever CT, Singh IS, Royal W, Sahu SN, Sura TP, et al. Brain-derived
neurotrophic factor gene delivery in an animal model of multiple sclerosis using bone
marrow stem cells as a vehicle. ] Neuroimmunol (2009) 210(1-2):40-51. doi: 10.1016/
j.jneuroim.2009.02.017

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1299420/full#supplementary-material
https://doi.org/10.1089/ars.2020.8076
https://doi.org/10.1007/s00213-019-05355-4
https://doi.org/10.1007/s00213-019-05355-4
https://doi.org/10.1016/j.expneurol.2004.06.008
https://doi.org/10.1016/j.yfrne.2019.100788
https://doi.org/10.1074/jbc.RA118.005543
https://doi.org/10.1038/s41598-018-37409-6
https://doi.org/10.1038/s41398-021-01266-1
https://doi.org/10.1016/j.ebiom.2023.104473
https://doi.org/10.1016/j.ebiom.2023.104473
https://doi.org/10.1016/j.biopsych.2021.11.006
https://doi.org/10.3389/fimmu.2022.940095
https://doi.org/10.1038/s41386-023-01721-1
https://doi.org/10.1016/0301-0082(92)90025-A
https://doi.org/10.1016/j.pneurobio.2003.09.001
https://doi.org/10.1016/j.pneurobio.2003.09.001
https://doi.org/10.1016/j.ynstr.2020.100246
https://doi.org/10.1016/j.ynstr.2020.100246
https://doi.org/10.3389/fendo.2020.00236
https://doi.org/10.3389/fendo.2020.00236
https://doi.org/10.1016/j.biopsych.2021.07.017
https://doi.org/10.1016/j.biopsych.2021.07.017
https://doi.org/10.1038/nri3713
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1146/annurev.immunol.21.120601.141126
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1016/j.brainresrev.2008.09.001
https://doi.org/10.1016/j.brainresrev.2008.09.001
https://doi.org/10.1016/j.tins.2011.02.005
https://doi.org/10.1016/j.tins.2011.02.005
https://doi.org/10.1126/science.1087262
https://doi.org/10.1038/ni986
https://doi.org/10.1189/jlb.2RI1115-531R
https://doi.org/10.1038/ni.2452
https://doi.org/10.1371/journal.pone.0265961
https://doi.org/10.1038/ni.2426
https://doi.org/10.1016/j.jneuroim.2009.02.017
https://doi.org/10.1016/j.jneuroim.2009.02.017
https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Balan et al.

31. Jiang Y, Wei N, Zhu J, Lu T, Chen Z, Xu G, et al. Effects of brain-derived
neurotrophic factor on local inflammation in experimental stroke of rat. Mediators
Inflamm (2010) 2010:372423. doi: 10.1155/2010/372423

32. XuD, Lian D, Wu ], Liu Y, Zhu M, Sun J, et al. Brain-derived neurotrophic factor
reduces inflammation and hippocampal apoptosis in experimental Streptococcus
pneumoniae meningitis. ] Neuroinflammation (2017) 14(1):156. doi: 10.1186/s12974-
017-0930-6

33. Porro C, Cianciulli A, Panaro MA. The regulatory role of IL-10 in
neurodegenerative diseases. Biomolecules (2020) 10(7):1017. doi: 10.3390/
biom10071017

34. Lobo-Silva D, Carriche GM, Castro AG, Roque S, Saraiva M. Balancing the
immune response in the brain: IL-10 and its regulation. ] Neuroinflammation (2016) 13
(1):297. doi: 10.1186/512974-016-0763-8

35. Lima Giacobbo B, Doorduin J, Klein HC, Dierckx R, Bromberg E, de Vries EFJ.
Brain-derived neurotrophic factor in brain disorders: focus on neuroinflammation. Mol
Neurobiol (2019) 56(5):3295-312. doi: 10.1007/s12035-018-1283-6

36. Balan I, Warnock KT, Puche A, Gondre-Lewis MC, Aurelian L. Innately
activated TLR4 signal in the nucleus accumbens is sustained by CRF amplification
loop and regulates impulsivity. Brain Behavior Immun (2018) 69:139-53. doi: 10.1016/
j.bbi.2017.11.008

37. Crews FT, Walter TJ], Coleman LG]Jr., Vetreno RP. Toll-like receptor signaling
and stages of addiction. Psychopharmacol (Berl) (2017) 234(9-10):1483-98. doi:
10.1007/s00213-017-4560-6

38. Crews FT, Sarkar DK, Qin L, Zou J, Boyadjieva N, Vetreno RP. Neuroimmune
function and the consequences of alcohol exposure. Alcohol Res (2015) 37(2):331-41,
44-51.

39. Bohnsack JP, Teppen T, Kyzar EJ, Dzitoyeva S, Pandey SC. The IncRNA BDNF-
AS is an epigenetic regulator in the human amygdala in early onset alcohol use
disorders. Trans Psychiatry (2019) 9(1):34. doi: 10.1038/s41398-019-0367-z

40. Aurelian L, Balan I. GABA4R o2-activated neuroimmune signal controls binge
drinking and impulsivity through regulation of the CCL2/CX3CL1 balance.
Psychopharmacol (Berl) (2019) 236(10):3023-43. doi: 10.1007/s00213-019-05220-4

41. Liu ], Yang AR, Kelly T, Puche A, Esoga C, June HL Jr., et al. Binge alcohol
drinking is associated with GABAA alpha2-regulated Toll-like receptor 4 (TLR4)
expression in the central amygdala. Proc Natl Acad Sci U S A. (2011) 108(11):4465-70.
doi: 10.1073/pnas.1019020108

42. Aurelian L, Warnock KT, Balan I, Puche A, June H. TLR4 signaling in VTA
dopaminergic neurons regulates impulsivity through tyrosine hydroxylase modulation.
Trans Psychiatry (2016) 6:¢815. doi: 10.1038/tp.2016.72

43. Knapp DJ, Overstreet DH, Huang M, Wills TA, Whitman BA, Angel RA, et al.
Effects of a stressor and corticotrophin releasing factor on ethanol deprivation-induced
ethanol intake and anxiety-like behavior in alcohol-preferring P rats. Psychopharmacol
(Berl) (2011) 218(1):179-89. doi: 10.1007/s00213-011-2366-5

44. Stewart RB, Gatto GJ, Lumeng L, Li TK, Murphy JM. Comparison of alcohol-
preferring (P) and nonpreferring (NP) rats on tests of anxiety and for the anxiolytic
effects of ethanol. Alcohol (1993) 10(1):1-10. doi: 10.1016/0741-8329(93)90046-Q

45. McKinzie DL, Sajdyk TJ, McBride W], Murphy JM, Lumeng L, Li TK, et al.
Acoustic startle and fear-potentiated startle in alcohol-preferring (P) and
-nonpreferring (NP) lines of rats. Pharmacol Biochem Behav (2000) 65(4):691-6. doi:
10.1016/S0091-3057(99)00252-X

46. Ogle TF, Kitay JI. Ovarian and adrenal steroids during pregnancy and the
oestrous cycle in the rat. ] Endocrinol (1977) 74(1):89-98. doi: 10.1677/j0e.0.0740089

47. SzeY, Brunton PJ. Sex, stress and steroids. Eur | Neurosci (2020) 52(1):2487-515.
doi: 10.1111/ejn.14615

48. Heffner TG, Hartman JA, Seiden LS. A rapid method for the regional dissection
of the rat brain. Pharmacol Biochem Behav (1980) 13(3):453-6. doi: 10.1016/0091-3057
(80)90254-3

49. Mendelson WB, Martin JV, Perlis M, Wagner R, Majewska MD, Paul SM. Sleep
induction by an adrenal steroid in the rat. Psychopharmacology (1987) 93:226-9. doi:
10.1007/BF00179939

50. Devaud LL, Purdy RH, Morrow AL. The neurosteroid, 3 alpha-hydroxy-5 alpha-
pregnan-20-one, protects against bicuculline-induced seizures during ethanol
withdrawal in rats. Alcohol Clin Exp Res (1995) 19(2):350-5. doi: 10.1111/j.1530-
0277.1995.tb01514.x

51. Crawley JN, Glowa JR, Majewska MD, Paul SM. Anxiolytic activity of an
endogenous adrenal steroid. Brain Res (1986) 398:382-5. doi: 10.1016/0006-8993(86)
91500-3

52. Guha M, Mackman N. LPS induction of gene expression in human monocytes.
Cell Signal (2001) 13(2):85-94. doi: 10.1016/S0898-6568(00)00149-2

53. Vartanian KB, Stevens SL, Marsh BJ, Williams-Karnesky R, Lessov NS, Stenzel-
Poore MP. LPS preconditioning redirects TLR signaling following stroke: TRIF-IRF3
plays a seminal role in mediating tolerance to ischemic injury. ] Neuroinflammation
(2011) 8:140. doi: 10.1186/1742-2094-8-140

54. Tone M, Powell MJ, Tone Y, Thompson SA, Waldmann H. IL-10 gene
expression is controlled by the transcription factors Spl and Sp3. J Immunol (2000)
165(1):286-91. doi: 10.4049/jimmunol.165.1.286

55. Kulkarni VV, Maday S. Neuronal endosomes to lysosomes: A journey to the
soma. ] Cell Biol (2018) 217(9):2977-9. doi: 10.1083/jcb.201806139

Frontiers in Endocrinology

15

10.3389/fendo.2023.1299420

56. Chodisetti SB, Fike AJ, Domeier PP, Choi NM, Soni C, Rahman ZSM. TLR7
negatively regulates B10 cells predominantly in an IFNYy Signaling dependent manner.
Front Immunol (2020) 11:1632. doi: 10.3389/fimmu.2020.01632

57. Arimoto T, Choi DY, Lu X, Liu M, Nguyen XV, Zheng N, et al. Interleukin-10
protects against inflammation-mediated degeneration of dopaminergic neurons in
substantia nigra. Neurobiol Aging (2007) 28(6):894-906. doi: 10.1016/
j.neurobiolaging.2006.04.011

58. Zhou Z, Peng X, Insolera R, Fink DJ, Mata M. IL-10 promotes neuronal survival
following spinal cord injury. Exp Neurol (2009) 220(1):183-90. doi: 10.1016/
j.expneurol.2009.08.018

59. Kagan JC. Defining the subcellular sites of innate immune signal transduction.
Trends Immunol (2012) 33(9):442-8. doi: 10.1016/}.it.2012.06.005

60. Ledeboer A, Breve JJ, Wierinckx A, van der Jagt S, Bristow AF, Leysen JE, et al.
Expression and regulation of interleukin-10 and interleukin-10 receptor in rat astroglial
and microglial cells. Eur J Neurosci (2002) 16(7):1175-85. doi: 10.1046/j.1460-
9568.2002.02200.x

61. Balasingam V, Yong VW. Attenuation of astroglial reactivity by interleukin-10. J
Neurosci (1996) 16(9):2945-55. doi: 10.1523/JNEUROSCI.16-09-02945.1996

62. Norden DM, Fenn AM, Dugan A, Godbout JP. TGFp produced by IL-10 redirected
astrocytes attenuates microglial activation. Glia (2014) 62(6):881-95. doi: 10.1002/glia.22647

63. Zhou Z, Peng X, Insolera R, Fink DJ, Mata M. Interleukin-10 provides direct
trophic support to neurons. ] Neurochem (2009) 110(5):1617-27. doi: 10.1111/j.1471-
4159.2009.06263.x

64. Pereira L, Font-Nieves M, Van den Haute C, Baekelandt V, Planas AM, Pozas E.
IL-10 regulates adult neurogenesis by modulating ERK and STATS3 activity. Front Cell
Neurosci (2015) 9:57. doi: 10.3389/fncel.2015.00057

65. Perez-Asensio FJ, Perpina U, Planas AM, Pozas E. Interleukin-10 regulates
progenitor differentiation and modulates neurogenesis in adult brain. J Cell Sci (2013)
126(Pt 18):4208-19.

66. George A, Kleinschnitz C, Zelenka M, Brinkhoft J, Stoll G, Sommer C. Wallerian
degeneration after crush or chronic constriction injury of rodent sciatic nerve is
associated with a depletion of endoneurial interleukin-10 protein. Exp Neurol (2004)
188(1):187-91. doi: 10.1016/j.expneurol.2004.02.011

67. van Boxel-Dezaire AH, Hoff SC, van Oosten BW, Verweij CL, Drager AM, Ader
HJ, et al. Decreased interleukin-10 and increased interleukin-12p40 mRNA are
associated with disease activity and characterize different disease stages in multiple
sclerosis. Ann Neurol (1999) 45(6):695-703. doi: 10.1002/1531-8249(199906)45:6<695::
AID-ANA3>3.0.CO;2-R

68. Kiyota T, Ingraham KL, Swan RJ, Jacobsen MT, Andrews SJ, Ikezu T. AAV
serotype 2/1-mediated gene delivery of anti-inflammatory interleukin-10 enhances
neurogenesis and cognitive function in APP+PS1 mice. Gene Ther (2012) 19(7):724-33.
doi: 10.1038/gt.2011.126

69. Naert G, Maurice T, Tapia-Arancibia L, Givalois L. Neuroactive steroids
modulate HPA axis activity and cerebral brain-derived neurotrophic factor (BDNF)
protein levels in adult male rats. Psychoneuroendocrinology (2007) 32(8-10):1062-78.
doi: 10.1016/j.psyneuen.2007.09.002

70. Nin MS, Martinez LA, Pibiri F, Nelson M, Pinna G. Neurosteroids reduce social
isolation-induced behavioral deficits: a proposed link with neurosteroid-mediated
upregulation of BDNF expression. Front Endocrinol (Lausanne) (2011) 2:73. doi:
10.3389/fendo.2011.00073

71. Almeida FB, Nin MS, Barros HMT. The role of allopregnanolone in depressive-
like behaviors: Focus on neurotrophic proteins. Neurobiol Stress (2020) 12:100218. doi:
10.1016/j.ynstr.2020.100218

72. Serrao JM, Goodchild CS. Alfaxalone anaesthesia increases brain derived
neurotrophic factor levels and preserves postoperative cognition by activating
pregnane-X receptors: an in vitro study and a double blind randomised controlled
trial. BMC Anesthesiol (2022) 22(1):401. doi: 10.1186/s12871-022-01940-x

73. Kelley MH, Kuroiwa M, Taguchi N, Herson PS. Sex difference in sensitivity to
allopregnanolone neuroprotection in mice correlates with effect on spontaneous
inhibitory post synaptic currents. Neuropharmacology (2011) 61(4):724-9. doi:
10.1016/j.neuropharm.2011.05.017

74. Reddy DS. Neurosteroids and their role in sex-specific epilepsies. Neurobiol Dis
(2014) 72 Pt B:198-209. doi: 10.1016/j.nbd.2014.06.010

75. Nagaya N, Acca GM, Maren S. Allopregnanolone in the bed nucleus of the stria
terminalis modulates contextual fear in rats. Front Behav Neurosci (2015) 9:205. doi:
10.3389/fnbeh.2015.00205

76. Brunton PJ, Donadio MV, Yao ST, Greenwood M, Seckl JR, Murphy D, et al. 50
Reduced neurosteroids sex-dependently reverse central prenatal programming of
neuroendocrine stress responses in rats. J Neurosci (2015) 35(2):666-77. doi:
10.1523/JNEUROSCI.5104-13.2015

77. Altaee R, Gibson CL. Sexual dimorphism following in vitro ischemia in the
response to neurosteroids and mechanisms of injury. BMC Neurosci (2020) 21(1):5.
doi: 10.1186/512868-020-0553-1

78. Boero G, Tyler RE, Todd CA, O'Buckley TK, Balan I, Besheer J, et al.
(3alpha,5alpha)3-hydroxypregnan-20-one (3alpha,5alpha-THP) regulation of
hypothalamic and extrahypothalamic corticotropin releasing factor (CRF): Sexual
dimorphism and brain region specificity in Sprague Dawley rats. Neuropharmacology
(2021) 186:108463. doi: 10.1016/j.neuropharm.2021.108463

frontiersin.org


https://doi.org/10.1155/2010/372423
https://doi.org/10.1186/s12974-017-0930-6
https://doi.org/10.1186/s12974-017-0930-6
https://doi.org/10.3390/biom10071017
https://doi.org/10.3390/biom10071017
https://doi.org/10.1186/s12974-016-0763-8
https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1016/j.bbi.2017.11.008
https://doi.org/10.1016/j.bbi.2017.11.008
https://doi.org/10.1007/s00213-017-4560-6
https://doi.org/10.1038/s41398-019-0367-z
https://doi.org/10.1007/s00213-019-05220-4
https://doi.org/10.1073/pnas.1019020108
https://doi.org/10.1038/tp.2016.72
https://doi.org/10.1007/s00213-011-2366-5
https://doi.org/10.1016/0741-8329(93)90046-Q
https://doi.org/10.1016/S0091-3057(99)00252-X
https://doi.org/10.1677/joe.0.0740089
https://doi.org/10.1111/ejn.14615
https://doi.org/10.1016/0091-3057(80)90254-3
https://doi.org/10.1016/0091-3057(80)90254-3
https://doi.org/10.1007/BF00179939
https://doi.org/10.1111/j.1530-0277.1995.tb01514.x
https://doi.org/10.1111/j.1530-0277.1995.tb01514.x
https://doi.org/10.1016/0006-8993(86)91500-3
https://doi.org/10.1016/0006-8993(86)91500-3
https://doi.org/10.1016/S0898-6568(00)00149-2
https://doi.org/10.1186/1742-2094-8-140
https://doi.org/10.4049/jimmunol.165.1.286
https://doi.org/10.1083/jcb.201806139
https://doi.org/10.3389/fimmu.2020.01632
https://doi.org/10.1016/j.neurobiolaging.2006.04.011
https://doi.org/10.1016/j.neurobiolaging.2006.04.011
https://doi.org/10.1016/j.expneurol.2009.08.018
https://doi.org/10.1016/j.expneurol.2009.08.018
https://doi.org/10.1016/j.it.2012.06.005
https://doi.org/10.1046/j.1460-9568.2002.02200.x
https://doi.org/10.1046/j.1460-9568.2002.02200.x
https://doi.org/10.1523/JNEUROSCI.16-09-02945.1996
https://doi.org/10.1002/glia.22647
https://doi.org/10.1111/j.1471-4159.2009.06263.x
https://doi.org/10.1111/j.1471-4159.2009.06263.x
https://doi.org/10.3389/fncel.2015.00057
https://doi.org/10.1016/j.expneurol.2004.02.011
https://doi.org/10.1002/1531-8249(199906)45:6%3C695::AID-ANA3%3E3.0.CO;2-R
https://doi.org/10.1002/1531-8249(199906)45:6%3C695::AID-ANA3%3E3.0.CO;2-R
https://doi.org/10.1038/gt.2011.126
https://doi.org/10.1016/j.psyneuen.2007.09.002
https://doi.org/10.3389/fendo.2011.00073
https://doi.org/10.1016/j.ynstr.2020.100218
https://doi.org/10.1186/s12871-022-01940-x
https://doi.org/10.1016/j.neuropharm.2011.05.017
https://doi.org/10.1016/j.nbd.2014.06.010
https://doi.org/10.3389/fnbeh.2015.00205
https://doi.org/10.1523/JNEUROSCI.5104-13.2015
https://doi.org/10.1186/s12868-020-0553-1
https://doi.org/10.1016/j.neuropharm.2021.108463
https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Balan et al.

79. Boero G, Tyler RE, O'Buckley TK, Balan I, Besheer J, Morrow AL.
(3alpha,5alpha)3-hydroxypregnan-20-one (3alpha,5alpha-THP) regulation of the
HPA axis in the context of different stressors and sex. Biomolecules (2022) 12
(8):1134. doi: 10.3390/biom12081134

80. Hsieh YC, Frink M, Thobe BM, Hsu JT, Choudhry MA, Schwacha MG, et al.
17Beta-estradiol downregulates Kupfter cell TLR4-dependent p38 MAPK pathway and
normalizes inflammatory cytokine production following trauma-hemorrhage. Mol
Immunol (2007) 44(9):2165-72. doi: 10.1016/j.molimm.2006.11.019

81. Moeinpour F, Choudhry MA, Kawasaki T, Timares L, Schwacha MG, Bland KI,
et al. 17 Beta-estradiol normalizes Toll receptor 4, mitogen activated protein kinases
and inflammatory response in epidermal keratinocytes following trauma-hemorrhage.
Mol Immunol (2007) 44(13):3317-23. doi: 10.1016/j.molimm.2007.02.023

82. Jiang W, Gilkeson G. Sex Differences in monocytes and TLR4 associated
immune responses; implications for systemic lupus erythematosus (SLE). J
Immunother Appl (2014) 1:1. doi: 10.7243/2055-2394-1-1

83. Santos-Galindo M, Acaz-Fonseca E, Bellini MJ, Garcia-Segura LM. Sex
differences in the inflammatory response of primary astrocytes to lipopolysaccharide.
Biol Sex Dif (2011) 2(1):7. doi: 10.1186/2042-6410-2-7

84. Tarassishin L, Suh HS, Lee SC. Interferon regulatory factor 3 plays an anti-
inflammatory role in microglia by activating the PI3K/Akt pathway. J
Neuroinflammation (2011) 8:187. doi: 10.1186/1742-2094-8-187

85. Zhang Y, Zhang X, Shan P, Hunt CR, Pandita TK, Lee PJ. A protective Hsp70-
TLR4 pathway in lethal oxidant lung injury. J Immunol (2013) 191(3):1393-403. doi:
10.4049/jimmunol.1300052

86. Liu M, Zhao X, Ma Y, Zhou Y, Deng M, Ma Y. Transcription factor c-Maf is
essential for IL-10 gene expression in B cells. Scand ] Immunol (2018) 88(3):e12701.
doi: 10.1111/sji.12701

87. Ge L, Liu L, Liu H, Liu S, Xue H, Wang X, et al. Resveratrol abrogates
lipopolysaccharide-induced depressive-like behavior, neuroinflammatory response,

Frontiers in Endocrinology

16

10.3389/fendo.2023.1299420

and CREB/BDNF signaling in mice. Eur ] Pharmacol (2015) 768:49-57. doi:
10.1016/j.ejphar.2015.10.026

88. Sun Y, Zhang H, Wu Z, Yu X, Yin Y, Qian S, et al. Quercitrin rapidly alleviated
depression-like behaviors in lipopolysaccharide-treated mice: the involvement of PI3K/
AKT/NF-kappaB signaling suppression and CREB/BDNF signaling restoration in the
hippocampus. ACS Chem Neurosci (2021) 12(18):3387-96. doi: 10.1021/
acschemneuro.1¢00371

89. Xu K, Wang X, Zhang Q, Liang A, Zhu H, Huang D, et al. Spl downregulates
proinflammatory cytokine—induced catabolic gene expression in nucleus pulposus
cells. Mol Med Rep (2016) 14(4):3961-8. doi: 10.3892/mmr.2016.5730

90. Cheng YY, Ding YX, Bian GL, Chen LW, Yao XY, Lin YB, et al. Reactive
astrocytes display pro-inflammatory adaptability with modulation of notch-PI3K-AKT
signaling pathway under inflammatory stimulation. Neuroscience (2020) 440:130-45.
doi: 10.1016/j.neuroscience.2020.05.023

91. Pérez-Nuiiez R, Chamorro A, Gonzalez MF, Contreras P, Artigas R, Corvalan
AH, et al. (AKT) upregulation and Thy-1-0(v)B(3) integrin-induced phosphorylation
of Connexin43 by activated AKT in astrogliosis. ] Neuroinflammation (2023) 20(1):5.
doi: 10.1186/s12974-022-02677-7

92. Zhang L, Zhao H, Zhang X, Chen L, Zhao X, Bai X, et al. Nobiletin protects
against cerebral ischemia via activating the p-Akt, p-CREB, BDNF and Bcl-2 pathway
and ameliorating BBB permeability in rat. Brain Res Bull (2013) 96:45-53. doi: 10.1016/
j.brainresbull.2013.04.009

93. Irwin RW, Solinsky CM, Loya CM, Salituro FG, Rodgers KE, Bauer G, et al.
Allopregnanolone preclinical acute pharmacokinetic and pharmacodynamic studies to
predict tolerability and efficacy for Alzheimer's disease. PloS One (2015) 10(6):
€0128313. doi: 10.1371/journal.pone.0128313

94. Li R, Zhang J, Wang Q, Cheng M, Lin B. TPMI1 mediates inflammation
downstream of TREM2 via the PKA/CREB signaling pathway. ] Neuroinflammation
(2022) 19(1):257. doi: 10.1186/s12974-022-02619-3

frontiersin.org


https://doi.org/10.3390/biom12081134
https://doi.org/10.1016/j.molimm.2006.11.019
https://doi.org/10.1016/j.molimm.2007.02.023
https://doi.org/10.7243/2055-2394-1-1
https://doi.org/10.1186/2042-6410-2-7
https://doi.org/10.1186/1742-2094-8-187
https://doi.org/10.4049/jimmunol.1300052
https://doi.org/10.1111/sji.12701
https://doi.org/10.1016/j.ejphar.2015.10.026
https://doi.org/10.1021/acschemneuro.1c00371
https://doi.org/10.1021/acschemneuro.1c00371
https://doi.org/10.3892/mmr.2016.5730
https://doi.org/10.1016/j.neuroscience.2020.05.023
https://doi.org/10.1186/s12974-022-02677-7
https://doi.org/10.1016/j.brainresbull.2013.04.009
https://doi.org/10.1016/j.brainresbull.2013.04.009
https://doi.org/10.1371/journal.pone.0128313
https://doi.org/10.1186/s12974-022-02619-3
https://doi.org/10.3389/fendo.2023.1299420
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Neurosteroid [3α,5α]-3-hydroxy-pregnan-20-one enhances IL-10 production via endosomal TRIF-dependent TLR4 signaling pathway
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Cell culture and reagents
	2.3 siRNA transfection
	2.4 Cell lysate preparation for immunoblotting and ELISA
	2.5 Immunoblotting
	2.6 ELISA
	2.7 Antibodies
	2.8 Endosome isolation
	2.9 Statistics

	3 Results
	3.1 3α,5α-THP upregulates IL-10 and BDNF levels in male but not female amygdala and NAc of P rats
	3.2 Sex-specific effects of 3α,5α-THP on TRAM-dependent TLR4/TRIF signaling in the P rat brain: activation in males, inhibition in females
	3.3 Upregulation of SP1 and p110&delta;-PI(3)K as well as TIRAP reduction were observed in both male and female P rat brains
	3.4 3α,5α-THP enhances TLR4 and TRIF translocation to endosomes and promotes endosomal Rab7 levels without affecting EEA1
	3.5 3α,5α-THP and 3α,5α-THDOC elevate IL-10 levels in RAW264.7 cells following imiquimod-induced reduction
	3.6 Role of TRIF-dependent TLR4 signaling pathway in IL-10 production: evidence from siRNA transfection experiment in RAW264.7 cells

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


