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Abstract: This study investigates the impact of allopregnanolone ([3α,5α]3-hydroxypregnan-20-one
or 3α,5α-tetrahydroprogesterone (3α,5α-THP); 10 mg/kg, IP) on fractalkine/CX3-C motif chemokine
ligand 1 (CX3CL1) levels, associated signaling components, and markers for microglial and astrocytic
cells in the nucleus accumbens (NAc) of male and female alcohol-preferring (P) rats. Previous research
suggested that 3α,5α-THP enhances anti-inflammatory interleukin-10 (IL-10) cytokine production
in the brains of male P rats, with no similar effect observed in females. This study reveals that
3α,5α-THP elevates CX3CL1 levels by 16% in the NAc of female P rats, with no significant changes
observed in males. The increase in CX3CL1 levels induced by 3α,5α-THP was observed in females
across multiple brain regions, including the NAc, amygdala, hypothalamus, and midbrain, while no
significant effect was noted in males. Additionally, female P rats treated with 3α,5α-THP exhibited
notable increases in CX3CL1 receptor (CX3CR1; 48%) and transforming growth factor-beta 1 (TGF-β1;
24%) levels, along with heightened activation (phosphorylation) of signal transducer and activator
of transcription 1 (STAT1; 85%) in the NAc. Conversely, no similar alterations were observed in
male P rats. Furthermore, 3α,5α-THP decreased glial fibrillary acidic protein (GFAP) levels by 19%
in both female and male P rat NAc, without affecting microglial markers ionized calcium-binding
adaptor molecule 1 (IBA1) and transmembrane protein 119 (TMEM119). These findings indicate
that 3α,5α-THP enhances the CX3CL1/CX3CR1 pathway in the female P rat brain but not in males,
primarily influencing astrocyte reactivity, with no observed effect on microglial activation.

Keywords: fractalkine; inflammation; allopregnanolone; chemokines; cytokines

1. Introduction

Neuroinflammation is increasingly recognized as a pivotal contributor to the onset and
progression of neurological and psychiatric disorders [1–4]. This recognition has prompted
research into potential therapeutic agents with the capacity to modulate neuroinflammatory
processes. Among these agents, neuroactive steroids, such as allopregnanolone (also known
as (3α,5α)3-hydroxypregnan-20-one or 3α,5α-tetrahydroprogesterone (3α,5α-THP)), have
garnered significant attention. Studies have revealed a diverse array of action sites for
these steroids, indicating that their multifaceted functions significantly contribute to their
neurological effects and potential impact on central nervous system (CNS) disorders [5–7].
Moreover, 3α,5α-THP and other neurosteroids enhance inhibitory neurotransmission me-
diated by gamma-aminobutyric acid type A (GABAA) receptors, leading to anxiolysis,
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anti-convulsant activity and the enhancement of inhibitory circuits in the brain [8–12].
Importantly, the anti-inflammatory actions of neuroactive steroids are distinct from their
GABAergic mechanisms [13–15]. The intravenous formulation of brexanolone (3α,5α-THP),
a GABAA receptor positive allosteric modulator, has been approved by the Food and Drug
Administration (FDA) for the treatment of post-partum depression (PPD) [16]. Subsequent
clinical observations have further indicated that brexanolone operates, at least in part, by
suppressing the production of inflammatory mediators and alleviating the inflammatory
responses triggered by toll-like receptor (TLR) signal activation in individuals suffering
from PPD [17,18].

Research indicates that 3α,5α-THP, pregnenolone, and progesterone possess the ability
to mitigate inflammatory responses triggered by TLR activation in various cell types and
tissues, including the brain. This leads to a reduction in the production of inflammatory
mediators, including tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), IL-
6, monocyte chemoattractant protein-1 (MCP-1), and high-mobility group box 1 protein
(HMGB1) [13,14,17,19–25]. Moreover, additional research has shed light on the trophic and
anti-inflammatory properties exhibited by 3α,5α-THP, revealing its ability to stimulate the
production of brain-derived neurotrophic factor (BDNF) and IL-10 in male, but not female,
rats [26–28].

Neuroinflammation is a complex process governed by intricate bidirectional neuron–
glial signaling, in which fractalkine, alternatively referred to as CX3-C motif chemokine
ligand 1 (CX3CL1), assumes a pivotal modulatory role. Produced by neurons, CX3CL1
undergoes a transition from a transmembrane protein to a soluble chemokine. It exerts
its effects through its sole receptor, CX3CR1, predominantly expressed on microglial and
astrocytic cells [29–32]. Within the CNS, CX3CL1 primarily functions to attenuate the
pro-inflammatory response, with numerous studies demonstrating its neuroprotective and
anti-inflammatory effects [33–45].

Interacting with CX3CR1 receptors on microglia, CX3CL1 plays a pivotal role in
regulating various aspects of microglial physiology. A key function of CX3CL1 in neuron-
microglia interactions is to suppress microglial activation [43,46–49]. For instance, in
ethanol-induced brain injury, CX3CL1 guides microglia to clear apoptotic neurons by
acting as a “find-me” signal, facilitating debris clearance and influencing inflammatory
cytokine gene expression [50]. CX3CL1/CX3CR1 signaling diminishes the overproduction
of inflammatory mediators, such as inducible nitric oxide synthase, IL-1β, TNF-α, and IL-6,
thereby reducing microglial activation [35,36,38,47–49,51,52].

The disruption of CX3CL1/CX3CR1 signaling in the mouse brain results in a signif-
icant increase in glial fibrillary acidic protein (GFAP) expression [53]. Elevated levels of
both GFAP mRNA and protein are characteristic of reactive astrocytes, a common feature
observed across diverse CNS disorders and indicating an early response to injury. No-
tably, GFAP serves as a sensitive indicator, detectable even in scenarios where neuronal
death is not apparent, suggesting synapse loss, minor demyelination, and the presence of
extracellular amyloid-β oligomers [54–56]. The activation of GFAP causes a reduction in
synaptic transmission and a simultaneous elevation in inflammatory and immune-related
processes within the aging human brain [57]. Interestingly, GFAP shows promise as a
reliable marker of subtle and diffuse structural brain damage in various neurological and
systemic diseases, particularly in traumatic brain injury, that may not be easily detectable
on imaging scans. Additionally, GFAP shows potential applications in predicting disability
worsening in progressive multiple sclerosis, cognitive decline, and dementia progression in
the elderly [58].

In selectively bred alcohol-preferring (P) rats, an innate reduction in brain CX3CL1
levels was observed, linked to the activation of inflammatory TLR4 signaling pathways [59].
Similarly, TLR4 inflammatory signal activation downregulates the expression of its receptor,
CX3CR1, in microglia [47,60]. The reduction of CX3CL1 in P rat brains is associated with
an imbalance favoring inflammatory modulators, such as MCP-1, over anti-inflammatory
ones like CX3CL1 [59]. Previous research indicates that 3α,5α-THP mitigates MCP-1 levels
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by inhibiting inflammatory myeloid differentiation primary response 88-dependent TLR4
signaling and increases IL-10 production by enhancing anti-inflammatory toll/interleukin-1
receptor domain-containing adapter-inducing interferon-β (TRIF)-dependent TLR4 signal-
ing in P rat brains [13,19,61]. Thus, 3α,5α-THP holds promise in preserving a balanced state
between inflammatory and anti-inflammatory factors in the brain, potentially influencing
susceptibility to inflammatory brain disorders. Furthermore, progesterone, a precursor of
3α,5α-THP, enhances CX3CL1/CX3CR1 signaling. This modulation effectively regulates
harmful microglial activity, leading to a decrease in multiple pro-inflammatory cytokines
and promoting increased neuroprotection within the retina [62].

While previous research has indicated the involvement of 3α,5α-THP in modulat-
ing inflammatory responses [13,14,19,20,61], its specific effect on CX3CL1 and associated
signaling components in the brain remains unclear. Additionally, previous studies have
demonstrated sex differences in the anti-inflammatory effects of neurosteroids [14,61]. A
comprehensive understanding of these differences, especially concerning CX3CL1/CX3CR1
signaling within the brain, is crucial for tailoring therapeutic interventions precisely to
address neurological disorders.

This study delves into the effects of 3α,5α-THP on CX3CL1, CX3CR1, phosphorylated
(p) signal transducer and activator of transcription 1 (pSTAT1), transforming growth factor
beta 1 (TGF-β1), and suppressor of cytokine signaling 3 (SOCS3) levels as well as the
levels of ionized calcium-binding adapter molecule 1 (IBA1), transmembrane protein
119 (TMEM119), and GFAP as markers for microglia and astrocytes, respectively, in the
brains of male and female P rats [53,54,63–68]. Additionally, we investigated the levels
of cluster of differentiation (CD)68, CD36, triggering receptor expressed on myeloid cells
2 (TREM-2), and adipocyte complement-related protein of 30 kDa (Acrp30), all of which
are pivotal in modulating brain inflammation. These proteins are primarily expressed in
microglia within the brain [66,69–71].

3α,5α-THP is recognized for its regulatory role in cytokine and chemokine produc-
tion, as well as their associated transcription factors [13,14,19]. Investigating the impact
of 3α,5α-THP on STAT1 is crucial, given STAT1’s pivotal role in promoting CX3CL1 pro-
duction. Studies have shown that overexpression of STAT1 enhances CX3CL1 promoter
activity, thereby influencing CX3CL1 gene expression [68]. Additionally, understanding the
influence of 3α,5α-THP on SOCS3 is warranted since the inhibition of SOCS3 function has
been demonstrated to prevent CX3CL1 expression [72]. Notably, SOCS3/CX3CR1 double-
knockout mice exhibited aggregated microglial activation and the degeneration of neuronal
and epithelial cells in the retina [64]. Additionally, we investigated 3α,5α-THP effects on
TGF-β1 since it has been shown to enhance CX3CR1 expression in rat microglial cells at
both mRNA and protein levels, likely through augmented CX3CR1 gene transcription,
leading to the suppression of glial cell activation [65].

This study demonstrates that the effect of 3α,5α-THP on CX3CL1 in P rat brains varies
depending on both sex and brain region. Specifically, following 3α,5α-THP administration,
females exhibit a significant increase in CX3CL1 levels in the nucleus accumbens (NAc),
accompanied by elevated levels of CX3CR1, pSTAT1, and TGF-β1, indicative of enhanced
anti-inflammatory signaling. In contrast, male P rats show negligible changes in CX3CL1,
CX3CR1, pSTAT1, and TGF-β1 levels but exhibit elevation primarily in SOCS3 levels in
the NAc after 3α,5α-THP treatment. Additionally, our findings extend beyond the NAc,
demonstrating that in females, 3α,5α-THP increases CX3CL1 levels not only in the NAc but
also in the amygdala, midbrain (including the periaqueductal gray and the raphe nuclei),
and hypothalamus, with no significant alterations observed in males across these regions.
Furthermore, there are no effects of 3α,5α-THP on CX3CL1 levels in the ventral tegmental
area (VTA), hippocampus, and striatum in both males and females. Notably, both the male
and female P rat NAc exhibit decreased GFAP levels without affecting microglial markers
IBA1 and TMEM119 following 3α,5α-THP treatment. Moreover, 3α,5α-THP does not affect
CD68, CD36, TREM-2, and Acrp30 levels in the male and female NAc, proteins that play
important roles in modulating brain inflammation and are primarily found in microglial
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cells in the brain. This suggests an influence of 3α,5α-THP on astrocyte reactivity but not
on microglial cell reactivity in the NAc. Overall, our study provides valuable insights into
the therapeutic role of 3α,5α-THP in modulating neuroinflammation, with implications for
the development of sex-specific and region-specific treatment strategies for neurological
disorders. Further research is warranted to elucidate the underlying mechanisms and
translate these findings into clinical applications.

2. Materials and Methods
2.1. Animals

Forty female and twenty male P rats, aged 3–4 months and weighing between 250
and 550 g, were used in these studies. The P rats were obtained from the Alcohol Research
Center at Indiana University School of Medicine (Indianapolis, IN, USA) and subsequently
bred in-house at the University of North Carolina School of Medicine (Chapel Hill, NC,
USA). Rats were housed in pairs in Tecniplast cages (Tecniplast, West Chester, PA, USA)
with corn cob bedding, maintained on a 12 h light–dark cycle (lights on at 0700 h), and pro-
vided with ad libitum access to food and water. Prior to experimentation, rats underwent a
one-week period of acclimation to handling and injections to mitigate potential stress or
anxiety, particularly during the administration of allopregnanolone or vehicle.

P rats, developed via selective breeding, serve as a model closely resembling individ-
uals unexposed to alcohol but predisposed to seek and consume it. In contrast to their
alcohol-non-preferring counterparts and wild-type rats, P rats exhibit voluntary alcohol
intake and engage in binge drinking behavior [59,73–76]. The study aimed to investigate
the regulation of CX3CL1/CX3CR1 signaling by 3α,5α-THP in the NAc of P rats. This
interest stemmed from observations that selective breeding for alcohol preference resulted
in the innate inhibition of CX3CL1 levels, and that 3α,5α-THP enhanced IL-10 levels in the
NAc of P rats [59,61]. Moreover, the NAc is a critical brain region involved in the develop-
ment, maintenance, and relapse of alcohol use disorders (AUDs), making it an important
target for research and potential therapeutic interventions aimed at treating AUDs [77,78].
Additionally, CX3CL1 levels after treatments with 3α,5α-THP vs. vehicle control were
examined in the amygdala, hypothalamus, VTA, hippocampus, and striatum, as well as
the midbrain containing both the periaqueductal gray and the raphe nuclei. These brain
regions, along with the NAc, collectively contribute to the complex neurobiology of AUDs,
involving processes such as reward processing, stress regulation, memory formation, and
habit formation. Dysfunction in any of these areas can influence susceptibility to AUDs
and the progression of the disorder [59,75–86].

All experimental procedures adhered to NIH Guidelines and were approved by
the Institutional Animal Care and Use Committee at the University of North Carolina
(Chapel Hill, NC, USA). To mitigate potential circadian variations in neurosteroid levels,
experiments were conducted in the morning [87,88]. The timing of experiments differed by
49 days between males and females.

For immunoblotting and enzyme-linked immunosorbent assay (ELISA) experiments, P
rats were randomly divided into two groups: one receiving 3α,5α-THP (10 mg/kg) (males:
N = 10; females: N = 10) and the other receiving a vehicle (45% w/v 2-hydroxypropyl-
β-cyclodextrin) (males: N = 10; females: N = 10) via intraperitoneal (IP) injection. After
60 minutes, the rats were euthanized via decapitation. Their brains were harvested and
stored at −80 ◦C. Using a rat brain matrix, six 2 mm thick coronal brain sections were
prepared. The initial incision was made at the optic chiasm, followed by two rostral sections
and four caudal sections from this starting point. The NAc, amygdala, hypothalamus, VTA,
hippocampus, and striatum, as well as the midbrain containing both the periaqueductal
gray and the raphe nuclei, were precisely dissected from these slices utilizing established
neuroanatomical landmarks [89].

Twenty female P rats were randomly selected for immunofluorescence tissue staining,
with half of the rats (N = 10) receiving 3α,5α-THP treatment and the other half (N = 10)
receiving vehicle control treatment. The choice of dosage and timing was informed by
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previous studies indicating anti-inflammatory, anticonvulsant, and anxiolytic properties,
without inducing hypnotic effects [90–92].

2.2. Tissue Lysate Preparation for Immunoblotting and ELISA

For immunoblotting and ELISA analysis of whole tissue lysates, brain tissues were
dissected and lysed using CelLytic MT solution (Sigma Aldrich, St. Louis, MO, USA, Cat.
# C3228), supplemented with protease and phosphatase inhibitor cocktails from Sigma
Aldrich (St. Louis, MO, USA).

Following lysis, the samples were sonicated twice for 30 s using a Sonicator ultrasonic
processor (Misonix, Inc., Farmingdale, NY, USA), followed by centrifugation at 15,000× g
at 4 ◦C for 30 min. Total protein levels were quantified using the bicinchoninic acid
assay (BCA) kit from Thermo Fisher Scientific (Waltham, MA, USA, Cat.# 23228 and Cat.#
1859078).

2.3. Immunoblotting

Immunoblotting assays were performed as previously described [61]. The protein
samples (35 µg/lane) were denatured at 95 ◦C for 5 min using lithium dodecyl sulfate (LDS)
sample buffer (Cat.# NP0007, Thermo Fisher Scientific) supplemented with sample reducing
agent (Cat.# NP0009, Thermo Fisher Scientific, Waltham, MA, USA). Electrophoresis was
performed on NuPAGE™ 10% Bis-Tris Midi Protein Gels (Cat.## WG1202 and WG1203,
Thermo Fisher Scientific, Waltham, MA, USA) at an initial voltage of 125 V for 10 min,
followed by 165 V for the remaining duration. After electrophoresis, the separated proteins
were transferred onto a polyvinylidene difluoride membrane (PVDF; Cat.# IB24001, Thermo
Fisher Scientific, Waltham, MA, USA).

The membranes were blocked for 2 h at room temperature using either a 5% solution
of blotting-grade blocker (Cat.# 1706404, Bio-Rad, Hercules, CA, USA) or 5% bovine serum
albumin (BSA) for phosphorylated primary antibodies. Subsequently, the membranes were
incubated overnight at 4 ◦C with primary antibodies, followed by a 1 h incubation at room
temperature with horseradish peroxidase-conjugated secondary antibodies. Both primary
and secondary antibodies were appropriately diluted in either a 5% blotting-grade blocker
buffer or 5% BSA for phosphorylated primary antibodies.

After the antibody incubation steps, the membranes were washed three times for
10 min each in Tris-buffered saline supplemented with 0.05% Tween-20 (TNT). Immunore-
active bands were visualized using the PlusECL kit reagents (Cat.# NEL105001EA, Perkin
Elmer, Waltham, MA, USA), and chemiluminescent signal detection was performed us-
ing the ImageQuant LAS4000 system (Cytiva, Marlborough, MA, USA). Membrane im-
ages were analyzed using ImageQuant TL version 8.1.0.0 software (Cytiva, Marlborough,
MA, USA).

Densitometric measurements were normalized by dividing each value by the cor-
responding β-actin densitometric measurement. The obtained values are presented as
percentages relative to the average value of the vehicle control, along with the correspond-
ing standard error of the mean (SEM).

2.4. ELISA

Enzyme-linked immunosorbent assays (ELISA) were performed on protein extracts
using ELISA kit (Raybiotech, Norcross, GA, USA) designed for CX3CL1 (Cat. # Q6IRF7),
following the manufacturer’s guidelines. The outcomes are presented in picograms per
milligram of total protein (pg/mg).

2.5. Tissue Section Preparation, Immunofluorescence Staining, and Microscopy

P rats were anesthetized using the isoflurane drop method and transcardially perfused
with 1× phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Brains were
then stored in 4% paraformaldehyde for 24 h at 4 ◦C and transferred to 30% sucrose at
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4 ◦C until fully submerged. Coronal brain sections (40 µm) were obtained using a freezing
microtome and stored in cryoprotectant at −30 ◦C until immunofluorescent staining.

For the double-immunofluorescent staining of CX3CL1 alongside neuronal nuclear
protein (NeuN), TMEM119, and GFAP, three coronal sections within the NAc, each 40 µm
thick and selected from a 1:6 series with an approximate spacing of 240 µm between each,
were used. Sections underwent washing in 1× PBS, repeated three times, and were then
treated with Antigen Retrieval Citra (Biogenex Laboratories, Fremont, CA, USA) for 1 h at
70 ◦C. Subsequently, sections were blocked in 10% normal goat serum (Vector Laboratories,
Newark, CA, USA) for 1 h at room temperature and incubated with primary antibodies
(Table 1) at 4 ◦C for 72 h. After washing, sections were incubated with secondary antibodies
(Alexa Fluor 488 or 594 dye) (Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at room
temperature away from light. Following another round of washing, sections were mounted
and cover-slipped with Prolong Gold Antifade Mounting media (Thermo Fisher Scientific,
Waltham, MA, USA) and dried for 24 h. Slides were then stored at 4 ◦C until imaging.
Imaging was performed on the Olympus FV3000RS microscope (Olympus Corporation of
the Americas, Breinigsville, PA, USA) at a magnification of 20× and double zoom (40×)
with an average of 8–5 frames acquired at a sampling speed of 2 µs/pixel. Z-stacks were
acquired with a z step of 0.91 µm/slice. Laser signals for Alexa Fluor 488 and Alexa Fluor
594 were utilized, with power maintained below 10%. Images obtained were later extracted
as .tiff files and imported into NIS Elements (Nikon Instruments Inc., Melville, NY, USA)
for qualitative analysis. Cellular localization of CX3CL1 within neurons (NeuN), microglia
(TMEM119), and astrocytes (GFAP) was examined.

Table 1. Clonality, host species, and dilutions of primary antibodies used in immunoblotting (IB)
and immunohistochemistry (IHC). Acrp30: adipocyte complement-related protein of 30 kDa; CD36:
cluster of differentiation-36; CD68: cluster of differentiation-68; GFAP: glial fibrillary acidic protein;
IBA1: ionized calcium-binding adapter molecule 1; CX3CL1: CX3-C motif chemokine ligand 1
(fractalkine); CX3CR1: CX3CL1 receptor; NeuN: neuronal nuclear protein; SOCS3: suppressor of
cytokine signaling 3; STAT1: signal transducer and activator of transcription 1; TGF-β1: transforming
growth factor beta 1; TMEM119: transmembrane protein 119; TREM-2: triggering receptor expressed
on myeloid cells 2.

Target Catalog
Number Commercial Supplier Clonality Host Dilution

CX3CL1 14-7986-81 Thermo Fisher Scientific,
Waltham, MA, USA Polyclonal Rabbit 1:100/IHC

CX3CR1 14-6093-81 Thermo Fisher Scientific,
Waltham, MA, USA Polyclonal Rabbit 1:1000/IB

Phospho-STAT1 9177 Cell Signaling Technology,
Danvers, MA, USA Polyclonal Rabbit 1:1000/IB

TGF-β1 21898-1-AP Proteintech Group, Rosemont, IL,
USA Polyclonal Rabbit 1:2000/IB

GFAP Z033429-2 Agilent Technologies/Dako,
Santa Clara, CA, USA Polyclonal Rabbit 1:1000/IB

GFAP ab4648 Abcam Inc, Cambridge, MA, USA Monoclonal Mouse 1:500/IHC

IBA1 MA5-27726 Thermo Fisher Scientific,
Waltham, MA, USA Monoclonal Mouse 1:500/IB

TMEM119 400 211 Synaptic Systems GmbH,
Goettingen, Germany Monoclonal Mouse 1:500/IB;

1:500/IHC
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Table 1. Cont.

Target Catalog
Number Commercial Supplier Clonality Host Dilution

SOCS3 sc-73045 Santa Cruz Biotechnology, Santa
Cruz, CA, USA Monoclonal Mouse 1:200/IB

CD68 MCA341R Bio-Rad Laboratories, Hercules,
CA, USA Monoclonal Mouse 1:300/IB

CD36 sc-7309 Santa Cruz Biotechnology, Santa
Cruz, CA, USA Monoclonal Mouse 1:200/IB

Acrp30 sc-136131 Santa Cruz Biotechnology, Santa
Cruz, CA, USA Monoclonal Mouse 1:200/IB

TREM-2 sc-373828 Santa Cruz Biotechnology, Santa
Cruz, CA, USA Monoclonal Mouse 1:200/IB

NeuN MAB377 Sigma-Aldrich, St. Louis, MO,
USA Monoclonal Mouse 1:500/IHC

β-Actin 66009-1-Ig Proteintech Group, Rosemont, IL,
USA Monoclonal Mouse 1:3000/IB

2.6. Antibodies

Antibodies were procured commercially and utilized according to the manufacturer’s
instructions. Details of primary antibodies, host species, clonality, and dilutions are pro-
vided in Table 1. The horseradish peroxidase-labeled secondary antibodies were anti-rabbit
(Cat. # 7074, Cell Signaling Technology, Danvers, MA, USA) and anti-mouse (Cat# 7076,
Cell Signaling Technology, Danvers, MA, USA).

2.7. Statistics

Due to differences in experiment timing between males and females, separate studies
were conducted for each sex. In each experimental group of P rats, protein levels between
neurosteroid and vehicle control treatments were compared. Each group included two
datasets (vehicle vs. neurosteroid), allowing for either a parametric unpaired t-test or
a nonparametric Mann–Whitney U test. The data distribution was assessed using the
Shapiro–Wilk normality test. For normally distributed data, an unpaired t-test was em-
ployed, examining the resulting t-value, degrees of freedom (df), and significance level
(p-value). The t-value reflects the difference between group means relative to within-group
variability. The degrees of freedom (df) are calculated based on the sample sizes of the two
groups being compared. In cases of non-normally distributed data, the Mann–Whitney
U test was utilized, analyzing the resulting U-value, sample size (n), and p-value. The
U-value represents the combined rank order of data points in the two independent groups,
indicating significant differences in their distributions. A lower U-value suggests one group
tends to have lower values, while a higher U-value indicates the opposite. The U-value’s
significance is determined by calculating a p-value. Statistical analysis was performed
using GraphPad Prism 9.5.1 (733) software (GraphPad Software, LLC, Boston, MA, USA),
with a significance level set at p < 0.05. The data are presented as mean values ± SEM,
expressed as a percentage for immunoblotting assays or in pg/mg for ELISA assays.

3. Results
3.1. 3α,5α-THP Upregulates the Levels of CX3CL1 as Well as CX3CR1, pSTAT1, and TGF-β1 in
the NAc of Female, but Not Male, P Rats

In our previous studies, we demonstrated that 3α,5α-THP enhances anti-inflammatory
IL-10 cytokine production via the endosomal TRIF-dependent TLR4 signaling pathway in
the brain of P rats. However, this upregulation occurs in males, but not females [61]. The
baseline levels of the anti-inflammatory chemokine CX3CL1 are innately downregulated
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in the brains of P rats [59]. In this study, we further examined the impact of 3α,5α-THP
(10 mg/kg, IP) on the levels of CX3CL1 in the NAc as well as the amygdala, midbrain
(containing both the periaqueductal gray and the raphe nuclei), hypothalamus, VTA,
hippocampus, and striatum in both male and female P rats. In females, the administra-
tion of 3α,5α-THP led to a statistically significant increase in CX3CL1 levels in the NAc
(+15.6 ± 5.9%; t-test: t = 2.61, df = 18, n = 10, p = 0.02) (Figure 1a). In contrast, 3α,5α-THP
treatment of males did not exert a significant effect on CX3CL1 expression in the NAc
(t-test: t = 0.12, df = 18, n = 10, p = 0.91) (Figure 1a). Moreover, 3α,5α-THP administration
upregulated CX3CL1 levels in the amygdala, midbrain, and hypothalamus in female P rats
but not male P rats. 3α,5α-THP administration had no effects on CX3CL1 levels in both
female and male VTA, hippocampus, and striatum. Detailed statistical data are presented
in Table 2.
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Figure 1. (a) 3α,5α-THP upregulates the levels of CX3-C motif chemokine ligand 1/fractalkine
(CX3CL1) in the nucleus accumbens (NAc) of female, but not male alcohol-preferring (P) rats. Male
and female P rats (n = 10/group) were treated intraperitoneally with 3α,5α-THP (10 mg/kg) or vehicle
(45% w/v 2-hydroxypropyl-β-cyclodextrin) control. After 60 min, the nucleus accumbens (NAc) was
examined using ELISA to determine CX3CL1 expression. In females, the administration of 3α,5α-THP
resulted in a significant increase in CX3CL1 levels within the NAc (p = 0.02). However, in male
rats, 3α,5α-THP treatment did not lead to a notable change in CX3CL1 expression within the NAc
(p = 0.91). In the graphs, every column, along with its error bar, represents the mean ± SEM, expressed
in pg/mg of total protein level. Each circle represents an individual CX3CL1 value for vehicle-treated
rats, while the black squares indicate the CX3CL1 values for the 3α,5α-THP-treated rats. * p < 0.05.
(b) Qualitative evaluation of 3α,5α-THP’s impact on the intracellular distribution of CX3CL1 in
the NAc of female P rats. Double-immunofluorescent staining was conducted using antibodies
targeting CX3CL1 alongside NeuN (a neuronal marker), TMEM119 (a microglial marker) or GFAP
(an astrocyte marker). In vehicle control, CX3CL1 was observed to localize within NeuN-positive
neuronal cells while not co-localizing with TMEM119-positive microglial cells or GFAP-positive
astrocytic cells. Treatment with 3α,5α-THP did not induce any evident alterations in CX3CL1’s
intracellular localization. Scale bar is 50 µm.
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Table 2. Evaluation of CX3CL1 levels by ELISA in tissue lysates obtained from the nucleus accumbens
(NAc), amygdala, hypothalamus, ventral tegmental area (VTA), hippocampus, striatum, midbrain
(containing both periaqueductal gray and the raphe nuclei) of female and male alcohol-preferring P
rats after treatment with 3α,5α-THP or vehicle control. * p < 0.05, ** p < 0.01, *** p < 0.001.

Brain Area

3α,5α-THP vs. Vehicle (Mean ± SEM; pg/mg)
Unpaired t-test: t-Value, Degrees of Freedom (df), Significance Level

(p-Value)

Females Males

NAc
1984 ± 88.2 vs. 1716 ± 52.4 2430 ± 147.0 vs. 2450 ± 85.6
Upregulation: +15.6 ± 5.9% No difference

t-test: t = 2.61, df = 18, p = 0.02 * t-test: t = 0.12, df = 18, p = 0.91

Amygdala
2635 ± 134.0 vs. 2001 ± 64.9 2579 ± 123.4 vs. 2380 ± 125.7
Upregulation: +31.7 ± 7.4% No difference

t-test: t = 4.26, df = 18, p = 0.0002 *** t-test: t = 1.13, df = 18, p = 0.27

Midbrain
1150 ± 52.8 vs. 937.9 ± 36.2 1118 ± 32.6 vs. 1124 ± 29.7
Upregulation: +22.6 ± 6.8% No difference

t-test: t = 3.31, df = 18, p = 0.004 ** t-test: t = 0.13, df = 18, p = 0.90

Hypothalamus
1031 ± 21.1 vs. 838 ± 45.9 872.5 ± 54.1 vs. 929.9 ± 38.7

Upregulation: +23.1 ± 6.0% No difference
t-test: t = 3.83, df = 18, p = 0.002 ** t-test: t = 0.80, df = 18, p = 0.46

VTA
2103 ± 211.3 vs. 1828 ± 153.3 1618 ± 61.5 vs. 1757 ± 157.2

No difference No difference
t-test: t = 1.0, df = 18, p = 0.35 t-test: t = 0.82, df = 18, p = 0.42

Hippocampus
1567 ± 171.4 vs. 1473 ± 109.6 1721 ± 92.5 vs. 1876 ± 169.1

No difference No difference
t-test: t = 0.43, df = 18, p = 0.68 t-test: t = 0.86, df = 18, p = 0.43

Striatum
1930 ± 140.2 vs. 2175 ± 208.5 1971 ± 199.5 vs. 1922 ± 232.2

No difference No difference
t-test: t = 1.0, df = 18, p = 0.35 t-test: t = 0.16, df = 18, p = 0.88

To qualitatively examine the effect of 3α,5α-THP on the intracellular distribution of
CX3CL1 in the NAc of female P rats, we conducted double-immunofluorescent staining
using antibodies against CX3CL1 and NeuN (a neuronal marker), CX3CL1 and TMEM119
(a microglial marker), and CX3CL1 and GFAP (an astrocyte marker). As expected, CX3CL1
was localized in NeuN-positive neuronal cells but not in TMEM119-positive microglial
cells or GFAP-positive astrocytic cells, and treatment with 3α,5α-THP did not alter its
intracellular localization (Figures 1b and S1).

It is essential not only to measure the levels of the CX3CL1 ligand but also its specific re-
ceptor, CX3CR1, as the CX3CL1/CX3CR1 signaling pathway in the brain is associated with
anti-inflammatory responses [34,42,44,93]. Furthermore, we assessed the levels of pSTAT1,
a transcription factor recognized for its role in CX3CL1 production [68] and TGF-β1, con-
sidering its known influence on CX3CR1 expression and CX3CL1-mediated signaling in
microglia, thereby impacting microglial–neuronal interactions and neuroinflammatory
processes [65].

In the female P rat NAc, we observed increased levels of CX3CR1 (+47.6 ± 11.4%;
t-test: t = 4.17, df = 18, n = 10, p = 0.0006) (Figure 2), pSTAT1 (+85.2 ± 17.9%; t-test: t = 4.74,
df = 18, n = 10, p = 0.0002) (Figure 3), and TGF-β1 (+23.7 ± 13.3%; Mann–Whitney test:
U = 26, n = 10, p = 0.04) (Figure 4) following 3α,5α-THP treatment. In contrast, in the male
P rat NAc, there were no changes observed in the levels of CX3CR1 (t-test: t = 0.03, df = 18,
n = 10, p = 0.98), pSTAT1 (t-test: t = 1.84, df = 18, n = 10, p = 0.08), or TGF-β1 (t-test: t = 1.29,
df = 18, n = 10, p = 0.21) following 3α,5α-THP treatment.
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Figure 2. 3α,5α-THP enhances CX3CR1 levels in the nucleus accumbens (NAc) of female P rats, but 
not in males. Male and female alcohol-preferring (P) rats (n = 10/group) were treated 
intraperitoneally with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-hydroxypropyl-β-cyclodextrin) 
control. After 60 min, the NAc was examined using immunoblotting assays to determine CX3CR1 
expression. Specifically, in females, administering 3α,5α-THP resulted in a significant elevation of 
CX3CR1 levels within the NAc (p = 0.0006). Conversely, in male rats, treatment with 3α,5α-THP did 

Figure 2. 3α,5α-THP enhances CX3CR1 levels in the nucleus accumbens (NAc) of female P rats, but
not in males. Male and female alcohol-preferring (P) rats (n = 10/group) were treated intraperitoneally
with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-hydroxypropyl-β-cyclodextrin) control. After
60 min, the NAc was examined using immunoblotting assays to determine CX3CR1 expression.
Specifically, in females, administering 3α,5α-THP resulted in a significant elevation of CX3CR1 levels
within the NAc (p = 0.0006). Conversely, in male rats, treatment with 3α,5α-THP did not induce a
noteworthy alteration in CX3CR1 expression within the NAc (p = 0.98). In the graphs, every column,
along with its error bar, represents the mean ± SEM, expressed as a percentage relative to the average
value of the vehicle control. Each circle represents an individual CX3CR1 value, normalized to
β-Actin for vehicle-treated rats, while the black squares indicate the corresponding values for the
3α,5α-THP-treated rats. *** p < 0.001.
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with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-hydroxypropyl-β-cyclodextrin) control. After
60 min, the NAc was examined using immunoblotting assays to determine pSTAT1 expression. In
females, the administration of 3α,5α-THP resulted in a significant increase in pSTAT1 levels within
the NAc (p = 0.0002). However, in male rats, 3α,5α-THP treatment did not lead to a notable change
in pSTAT1 expression within the NAc (p = 0.08). In the graphs, every column, along with its error
bar, represents the mean ± SEM, expressed as a percentage relative to the average value of the
vehicle control. Each circle represents an individual pSTAT1 value, normalized to β-Actin for vehicle-
treated rats, while the black squares indicate the corresponding values for the 3α,5α-THP-treated
rats. *** p < 0.001.
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and SOCS3, all of which play crucial roles in modulating brain inflammation and are 
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Notably, there was no significant effect observed on the expression of IBA1 and 
TMEM119 in the NAc of both female and male P rats (p > 0.05) following 3α,5α-THP 
treatment (Table 3). Interestingly, the levels of SOCS3 (+27.4 ± 11.7%; t-test: t = 2.35, df = 
18, p = 0.03) significantly increased in the NAc of male P rats following 3α,5α-THP 
treatment but remained unchanged in female P rats (p > 0.05) (Table 3). There was no 
significant effect (p > 0.05) observed on the expression of other proteins associated with 
microglia, such as CD68, CD36, TREM-2, and Acrp30, in the NAc of both female and male 
P rats, like IBA1 and TMEM119 (Table 3). 

Table 3. Evaluation using immunoblotting assays of microglial markers IBA1 and TMEM119, along 
with CD68, CD36, TREM-2, Acrp30, and SOCS3—known for their involvement in modulating brain 

Figure 4. 3α,5α-THP upregulates the levels of TGF-β1 in the nucleus accumbens (NAc) of female,
but not male P rats. Male and female alcohol-preferring (P) rats (n = 10/group) were treated
intraperitoneally with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-hydroxypropyl-β-cyclodextrin)
control. After 60 min, the NAc was examined using immunoblotting assays to determine TGF-β1
expression. In females, the administration of 3α,5α-THP (10 mg/kg, IP) resulted in a significant
increase in TGF-β1 levels within the NAc (p = 0.04). However, in male rats, 3α,5α-THP treatment did
not lead to a notable change in TGF-β1 expression within the NAc (p = 0.21). In the graphs, every
column, along with its error bar, represents the mean ± SEM, expressed as a percentage relative to the
average value of the vehicle control. Each circle represents an individual TGF-β1 value, normalized
to β-Actin for vehicle-treated rats, while the black squares indicate the corresponding values for the
3α,5α-THP-treated rats. * p < 0.05.
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3.2. 3α,5α-THP Downregulates the Levels of the Astrocytic Marker GFAP but Does Not Affect
Microglial Markers IBA1 and TMEM119 in the Nucleus Accumbens (NAc) of Female and Male
P Rats

Given the well-established role of the CX3CL1/CX3CR1 signaling axis as a pivotal
functional regulator of microglia and astrocytes [29,32,34,36,37,47,53], we assessed the lev-
els of IBA1 and TMEM119, and GFAP as markers for microglia and astrocytes, respectively.
IBA1 and GFAP are known to be upregulated in reactive microglia and astrocytes, respec-
tively [94,95], while TMEM119 is typically downregulated in reactive microglia [63,96].
Additionally, we examined the levels of CD68, CD36, TREM-2, Acrp30, and SOCS3, all
of which play crucial roles in modulating brain inflammation and are predominantly
expressed in microglia within the brain [67,97–101].

Notably, there was no significant effect observed on the expression of IBA1 and
TMEM119 in the NAc of both female and male P rats (p > 0.05) following 3α,5α-THP
treatment (Table 3). Interestingly, the levels of SOCS3 (+27.4 ± 11.7%; t-test: t = 2.35, df = 18,
p = 0.03) significantly increased in the NAc of male P rats following 3α,5α-THP treatment
but remained unchanged in female P rats (p > 0.05) (Table 3). There was no significant effect
(p > 0.05) observed on the expression of other proteins associated with microglia, such as
CD68, CD36, TREM-2, and Acrp30, in the NAc of both female and male P rats, like IBA1
and TMEM119 (Table 3).

Table 3. Evaluation using immunoblotting assays of microglial markers IBA1 and TMEM119, along
with CD68, CD36, TREM-2, Acrp30, and SOCS3—known for their involvement in modulating brain
inflammation—in nucleus accumbens (NAc) whole tissue lysates of female P rats did not reveal any
discernible response to 3α,5α-THP. The corresponding data for NAc whole tissue lysates of male P
rats is presented concurrently. * p < 0.05.

Marker

Percentage (%) Change Following 3α,5α-THP Administration vs. Vehicle Control
Unpaired t-Test: t-Value, Degrees of Freedom (df), Significance Level (p-Value)

Mann–Whitney Test: U-Value, Significance Level (p-Value), Sample Size (n)

NAc Females NAc Males

IBA1
No difference No difference

t = 0.66, df = 18, p = 0.52 U = 26, p = 0.08, n = 10

TMEM119
No difference No difference

t = 1.00, df = 18, p = 0.33 t = 0.96, df = 18, p = 0.35

CD68
No difference No difference

t = 1.53, df = 18, p = 0.14 t = 1.75, df = 18, p = 0.10

CD36
No difference No difference

t = 0.08, df = 18, p = 0.94 t = 1.34, df = 18, p = 0.27

TREM-2
No difference No difference

t = 1.99, df = 18, p = 0.06 t = 1.24, df = 18, p = 0.23

Acrp30 No difference No difference
t = 0.16, df = 18, p = 0.88 t = 0.53, df = 18, p = 0.60

SOCS3
No difference Upregulation: +27.4 ± 11.7%

t = 0.38, df = 18, p = 0.71 t = 2.35, df = 18, p = 0.03 *

However, the levels of GFAP were significantly inhibited in the NAc of both females
(−18.6 ± 6.9%; t-test: t = 2.67, df = 18, n = 10, p = 0.02) and males (−18.7 ± 7.8%; t-test:
t = 2.38, df = 18, n = 10, p = 0.03) following 3α,5α-THP treatment (Figure 5). These findings
indicate that 3α,5α-THP primarily influences astrocyte reactivity state and does not appear
to impact microglial reactivity state.
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Figure 5. 3α,5α-THP downregulates the levels of the astrocytic marker GFAP in the nucleus 
accumbens (NAc) of female and male P rats. Male and female alcohol-preferring (P) rats (n = 
10/group) were treated intraperitoneally with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-
hydroxypropyl-β-cyclodextrin) control. After 60 min, the NAc was examined using immunoblotting 
assays to determine GFAP expression. In both females (p = 0.02) and males (p = 0.03), administering 
3α,5α-THP led to a significant decrease in GFAP levels within the NAc. In the graphs, every column, 
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Figure 5. 3α,5α-THP downregulates the levels of the astrocytic marker GFAP in the nucleus accum-
bens (NAc) of female and male P rats. Male and female alcohol-preferring (P) rats (n = 10/group)
were treated intraperitoneally with 3α,5α-THP (10 mg/kg) or vehicle (45% w/v 2-hydroxypropyl-
β-cyclodextrin) control. After 60 min, the NAc was examined using immunoblotting assays to
determine GFAP expression. In both females (p = 0.02) and males (p = 0.03), administering 3α,5α-THP
led to a significant decrease in GFAP levels within the NAc. In the graphs, every column, along with
its error bar, represents the mean ± SEM, expressed as a percentage relative to the average value of the
vehicle control. Each circle represents an individual GFAP value, normalized to β-Actin for vehicle-
treated rats, while the black squares indicate the corresponding values for the 3α,5α-THP-treated
rats. * p < 0.05.

4. Discussion

The results of this study reveal sex-specific effects of 3α,5α-THP on CX3CL1/CX3CR1
signaling in the NAc of P rats. Specifically, in female P rats, administering 3α,5α-THP led
to a significant increase in both CX3CL1 and CX3CR1 levels. However, male P rats did
not show changes in these levels after treatment. Furthermore, the 3α,5α-THP-induced
elevation of CX3CL1 in females, but not males, was consistent across various brain regions,
including the NAc, amygdala, and hypothalamus, as well as the midbrain containing both
the periaqueductal gray and the raphe nuclei. It is noteworthy that not all brain regions
examined in females exhibited elevated CX3CL1 levels after 3α,5α-THP administration.
Specifically, the VTA, hippocampus, and striatum in females did not show an increase in
CX3CL1 expression, emphasizing the brain region-specific effect of 3α,5α-THP. Although
direct statistical comparison between males and females was not conducted due to separate
experimental testing, our findings elucidated significant effects of 3α,5α-THP on multiple
components of the CX3CL1-CX3CR1 pathway in tissues from female, but not male, rats.
This consistent replication of sex-specific effects across several independent experiments
within the study underscores the strength and reliability of our observations. These findings
suggest that different mechanisms may govern the modulation of the CX3CL1/CX3CR1
pathway in the male vs. female brain.

Our previous studies have demonstrated that 3α,5α-THP increases the levels of the
anti-inflammatory cytokine IL-10 and BDNF in P rat brains, exhibiting a sex-specific
effect by elevating their levels in males, but not females [61]. Interestingly, in human
macrophages, 3α,5α-THP selectively inhibits the elevation of inflammatory cytokines IL-1β
and IL-6 in macrophages obtained from female subjects, while showing no such effect in
males [14]. Importantly, the CX3CL1/CX3CR1 signaling reduces the excessive production
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of inflammatory mediators, including these cytokines, in the brain [35,36,38,47–49,51,52].
Understanding the effect of 3α,5α-THP and the possible role of the CX3CL1/CX3CR1
pathway in this effect in the brain is essential due to significant roles of inflammatory
mediators in initiating and perpetuating inflammatory conditions within the brain, as well
as causing disruption of the blood–brain barrier and cognitive impairment [102].

The CX3CL1/CX3CR1 signaling pathway plays a pivotal role in regulating critical
functions within the CNS, spanning immune responses, stress responses, cognitive pro-
cesses, and pain perception. Diminished CX3CL1/CX3CR1 signaling exacerbates brain
inflammation, increasing the production of inflammatory mediators and accelerating the
activation of glial cells, ultimately leading to synaptic loss and heightened neurodegenera-
tion [34,59,103–105]. In alcohol-preferring P rats, utilized in this study, CX3CL1 levels in
the brain are innately downregulated. This downregulation is attributed to the inflamma-
tory activation of TLR4 pathways, resulting in an imbalance between inflammatory and
anti-inflammatory factors, with elevated levels of inflammatory factors such as MCP-1 and
HMGB1 and decreased levels of anti-inflammatory factors such as CX3CL1 and IL-10 [59].
Likewise, activation of the TLR4 inflammatory signal leads to a decrease in the expression
of its receptor, CX3CR1, within microglia [60]. It is essential to underscore that P rats,
developed through selective breeding rather than genetic manipulation like knockout or
mutation, represent a model closely resembling individuals not exposed to alcohol but
predisposed to seek and consume it. In comparison to their alcohol-averse counterparts
and wild-type rats, P rats exhibit voluntary alcohol consumption and engage in binge
drinking behavior [73,74].

Therefore, the ability of 3α,5α-THP to elevate CX3CL1/CX3CR1 signaling and IL-10
production [61], coupled with its capacity to diminish inflammatory factor production
in the brain [13,19], is of vital importance. These mechanisms have the potential to re-
store the equilibrium between inflammatory and anti-inflammatory factors in the brain,
thereby offering protection against neuroinflammatory conditions commonly observed in
neuropsychiatric disorders, including alcohol use disorders.

While the precise mechanisms remain unclear, it is plausible that the activation of
the transcription factor STAT1 and the upregulation of TGF-β1, observed in the NAc of
female P rats but not in the NAc of male P rats, could contribute to the regulation of the
CX3CL1/CX3CR1 pathway. STAT1 is involved in the production of CX3CL1 by regulating
its gene promoter, although it is also possible that STAT1 activation could be a consequence
of CX3CL1/CX3CR1 pathway initiation [68,106]. Additionally, TGF-β1 has been shown to
increase the expression of CX3CR1 in microglial cells by amplifying the transcription of
its gene [65]. These processes highlight the regulatory function of STAT1 and TGF-β1 in
controlling the CX3CL1/CX3CR1 pathway in the female brain.

The observed sex-specific effects of 3α,5α-THP on CX3CL1/CX3CR1 signaling could
potentially be attributed to variations in sensitivity to the administered dose of 3α,5α-THP
between males and females [107]. However, it is important to note that no investigations
into the structural requirements for neurosteroid activity have been conducted thus far.
Therefore, further studies exploring the specific structural aspects of 3α,5α-THP that
mediate its effects on CX3CL1/CX3CR1 signaling are clearly warranted and may uncover
additional factors contributing to the observed sex-specific responses.

In the current study, we observed an increase in SOCS3 expression induced by 3α,5α-
THP in male P rat brains, a response not observed in females. Additionally, while IL-10
levels were elevated in male P rat brains following 3α,5α-THP treatment, this effect was
not observed in females. The increase in IL-10 was associated with the activation of the
endosomal anti-inflammatory TRIF-dependent TLR4 pathway by 3α,5α-THP [61]. SOCS3,
recognized for its role in suppressing pro-inflammatory cytokine production, plays a
crucial role in mitigating inflammatory responses. Its absence leads to cerebellar neutrophil
infiltration and increased reactive oxygen species, ultimately resulting in brain-targeted
autoimmune encephalomyelitis [108,109]. Moreover, IL-10 has been shown to induce
SOCS3 expression [110,111]. Therefore, it is plausible that the elevation of SOCS3 in male P
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rat brains may also be attributed to the activation of the TRIF-dependent TLR4 pathway.
However, further studies are warranted to validate this hypothesis. Importantly, we
previously demonstrated 3α,5α-THP inhibition of this TLR4/TRIF pathway in female P
rat brains, evidenced by the suppression of TRIF-related adaptor molecule activation—a
specific marker for TLR4/TRIF pathway activation [61]. Thus, the upregulation of CX3CL1
in female brains is unrelated to the TLR4/TRIF pathway.

CX3CL1 emerges as a potent modulator of neuroinflammation, exerting its effects by
suppressing both microglial and astrocyte activation and fostering various interactions
among brain cells, which are hallmark features of the CNS immune response [29,32,34,53].
Our observations suggest that 3α,5α-THP primarily influences astrocyte reactivity. This is
evidenced by the downregulation of the astrocytic marker GFAP in both female and male P
rat NAc following treatment. However, we did not observe significant effects on microglial
markers IBA1 and TMEM119. Additionally, 3α,5α-THP demonstrates no impact on the
levels of CD68, CD36, TREM-2, and Acrp30 in the male and female NAc. These proteins
are involved in regulating brain inflammation and are predominantly present in microglial
cells within the brain [66,69–71].

The present study focused on adult P rats aged 3–4 months. However, extending this
investigation to include older animals (9–12 months) and exploring the role of 3α,5α-THP is
essential. Studies have shown that GFAP expression tends to increase with age, indicating
heightened astrocyte reactivity in the aging brain [57,112]. Moreover, microglial activation
is known to be altered in aged brains, contributing to neuroinflammation and cognitive
decline [113]. Notably, endogenous 3α,5α-THP levels have been observed to decrease
significantly with age in the brain [114,115]. Examining how 3α,5α-THP influences GFAP
expression and microglial activation in aged brains could offer valuable insights into its
therapeutic potential for age-related neurodegenerative conditions.

The inhibition of GFAP in the brain by 3α,5α-THP likely involves multiple mechanisms.
One particularly promising avenue is its ability to inhibit inflammatory TLR pathways
while enhancing anti-inflammatory ones. This dual action may lead to the suppression of
GFAP expression by reducing levels of inflammatory factors such as MCP-1, HMGB1, TNF-
α, IL-1β, and IL-6, while simultaneously increasing levels of anti-inflammatory and trophic
factors like CX3CL1, IL-10, and BDNF [13,19,20,61,115]. Notably, studies have shown that
GFAP levels increase in glia treated with TLR4 agonists such as lipopolysaccharide, as well
as with IL-1β and TNF-α [116]. Additionally, 3α,5α-THP may influence calcium signaling,
a critical regulator of GFAP expression [117,118]. Moreover, it is possible that 3α,5α-THP
affects epigenetic mechanisms such as DNA methylation or histone modification, thereby
influencing GFAP expression [119,120]. Investigating the precise mechanisms involved will
require the further exploration of specific cellular pathways and molecular targets.

5. Conclusions

The findings from our study offer insights into the sex-specific and brain region-specific
effects of 3α,5α-THP on CX3CL1/CX3CR1 signaling in the brain of alcohol-preferring P rats.
We observe a significant increase in CX3CL1 and CX3CR1 levels in the NAc exclusively in
female rats following treatment. In females, the increase in CX3CL1 extends to other brain
regions such as the amygdala, midbrain (including the periaqueductal gray and the raphe
nuclei), and hypothalamus. However, some brain areas, including the VTA, hippocampus,
and striatum, show no effects of 3α,5α-THP on CX3CL1, indicating brain-region specificity.

The observed upregulation of pSTAT1 and TGF-β1 in females, contrasted with the
absence of such effects in males, underscores potential pathways contributing to this sex-
specific response. Furthermore, our study reveals a notable decrease in the astrocytic
marker GFAP within the NAc of both female and male P rats following 3α,5α-THP admin-
istration, suggesting a specific influence of 3α,5α-THP on astrocyte reactivity. The absence
of significant effects on microglial markers IBA1 and TMEM119, as well as CD68, CD36,
TREM-2, and Acrp30, predominantly expressed in microglia in the brain, highlights the
targeted impact of 3α,5α-THP on astrocytes.
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The effects of 3α,5α-THP on CX3CL1/CX3CR1 signaling in the female ethanol-naïve
P rat brain seem to involve both the inhibition of inflammatory TLR pathways and the
restoration of balance between inflammatory and anti-inflammatory factors. The restored
CX3CL1/CX3CR1 signaling, which is directly linked to the regulation of neuron–glial
communication, offers potential protection against the neuroinflammatory conditions
frequently observed in neuropsychiatric disorders, including alcohol use disorders.

In the brain of ethanol-naïve P rats, innate activation of inflammatory TLR pathways
leads to upregulation of inflammatory factors, likely resulting in a downregulation of
CX3CL1 levels in neurons and decreased CX3CR1 levels in glia, thereby diminishing
CX3CL1/CX3CR1 signaling between neurons and glia. Concurrently, GFAP upregulation in
astrocytes contributes to heightened neuroinflammatory conditions and disrupted neuron–
glial communication.

After the administration of 3α,5α-THP, inflammatory TLR pathways are inhibited,
leading to the downregulation of inflammatory factors. Subsequently, there is an upregu-
lation of CX3CL1 in neurons likely mediated by the activation of its transcription factor
STAT1, while CX3CR1 in glia seems to be upregulated through the involvement of TGF-β1.
Additionally, there is a concurrent downregulation of GFAP in astrocytes. We suggest that
these events culminate in enhanced neuron–glial communication, potentially protecting
against the neuroinflammatory conditions, as schematically illustrated in Figure 6.

Life 2024, 14, 860 16 of 22 
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arrows crossed by a red zigzag) CX3CL1/CX3CR1 signaling between neurons and glia. 
Concurrently, GFAP upregulation (red arrow up) in astrocytes also contributes to disrupted 
neuron–glial communication. Upon administration of 3α,5α-THP, inflammatory TLR pathways are 
inhibited, resulting in the downregulation of inflammatory factors. Subsequently, CX3CL1 levels in 
neurons increase (green arrow up) through the activation (phosphorylation) of STAT1 (pSTAT1 
upregulation is represented by a green arrow up), while CX3CR1 levels in glia are upregulated 
(green arrow up) via TGF-β1 (TGF-β1 upregulation is represented by a green arrow up) 
involvement. Additionally, GFAP levels in astrocytes decrease (green arrow down). These changes 
ultimately lead to enhanced neuron–glial communication (black double-ended arrows). Created 
with BioRender.com. 
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Figure 6. Schematic of 3α,5α-THP (allopregnanolone) actions on CX3CL1/CX3CR1 signaling in the
brain of female ethanol-naïve alcohol-preferring (P) rats. Initially, activation of inflammatory TLR
pathways leads to the upregulation of inflammatory factors, resulting in decreased levels (red arrows
down) of CX3CL1 in neurons and CX3CR1 in glia, thereby reducing (black double-ended arrows
crossed by a red zigzag) CX3CL1/CX3CR1 signaling between neurons and glia. Concurrently, GFAP
upregulation (red arrow up) in astrocytes also contributes to disrupted neuron–glial communication.
Upon administration of 3α,5α-THP, inflammatory TLR pathways are inhibited, resulting in the
downregulation of inflammatory factors. Subsequently, CX3CL1 levels in neurons increase (green
arrow up) through the activation (phosphorylation) of STAT1 (pSTAT1 upregulation is represented
by a green arrow up), while CX3CR1 levels in glia are upregulated (green arrow up) via TGF-β1
(TGF-β1 upregulation is represented by a green arrow up) involvement. Additionally, GFAP levels in
astrocytes decrease (green arrow down). These changes ultimately lead to enhanced neuron–glial
communication (black double-ended arrows). Created with BioRender.com.
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In summary, our study sheds light on the intricate mechanisms by which 3α,5α-
THP affects neuroinflammation and neuron–glial communication. These insights lay the
basis for future investigations into the therapeutic potential of 3α,5α-THP in addressing
neuroinflammatory conditions. Further research into the structural requirements and
underlying mechanisms of 3α,5α-THP’s effects is warranted, offering promising avenues
for the development of targeted therapies.
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3α,5α-THP and related steroids for the treatment of inflammatory disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life14070860/s1, Figure S1. Qualitative evaluation of 3α,5α-
THP’s impact on the intracellular distribution of CX3CL1 in the NAc of female P rats.
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