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Abstract 

 
Inflammation is a crucial and driving factor in many pathological conditions. Additionally, 
neuroinflammation has been associated with poorer outcomes in brain and spinal cord injuries, as 
well as fueling and exacerbating neurodegenerative and neuropsychiatric conditions.  Microglia 
are keystones of neuroinflammation, but efforts to isolate their role in neuroinflammation have 
been challenging due to heterogeneity based on brain region, sex, age, and/or disease.  There is a 
dearth of pharmaceuticals that can cross the blood-brain barrier to target neuroinflammation 
without dependency or toxicity issues.  Our lab has been investigating the impact of a well-
tolerated, non-addictive irreversible μ-opioid antagonist and reversible kappa-opioid agonist, β-
funaltrexamine (β-FNA), on neuroinflammation, peripheral inflammation, and inflammation-
induced behavior deficits.  Previously, our lab discovered that β-FNA has anti-inflammatory 
effects on normal human astrocytes and male C57BL/6J mice, as well as ameliorating effects on 
anxiety-like and sickness-like behavior in male C57BL/6J mice.  Now, we examined the effects 
of acute β-FNA treatment on lipopolysaccharide (LPS)-stimulated BV2 murine microglial cells.  
We discovered that β-FNA dampens morphological changes associated with LPS-driven 
microglial activation and inhibits CCL2.  Consequently, these findings provide novel insights 
into the cell-specific anti-inflammatory effects of β-FNA and its potential as a therapeutic agent. 
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1.  Introduction 
 
Neuroinflammation underlies and spurs brain and spinal cord inflammation, neurodegenerative 
conditions, and neuropsychiatric conditions, such as schizophrenia and depression 1–6.  Microglia, 
the resident macrophages of the central nervous system, act as sentinels and drive inflammation 
by triggering the immune system when a threat is perceived 7–13.  While research has shed light on 
the role of microglia in driving neuroinflammation, the heterogeneity of these cells based on sex, 
brain region, age and/or disease poses challenges in determining effects 11,12,14–19.  Combined with 
the impermeability of the blood-brain barrier, it is often challenging to develop pharmaceuticals 
that can access the central nervous system without being toxic or causing dependency.   
 
Previously, the authors discovered that β-FNA, an irreversible μ-opioid antagonist and reversible 
kappa opioid agonist, is a potent non-toxic, non-addictive anti-inflammatory agent that can pass 
the blood-brain barrier and robustly decrease neuroinflammation 20–25.  Interestingly, it was 
discovered that many of its anti-inflammatory actions involve modulation of non-opioid receptor 
targets, such as NF-κB and TLR4 22,23,25,26.  To date, in vitro studies have demonstrated that β-
FNA selectively reduces CXCL10, but not CCL2 or IL-6, via inhibition of NF-κB p50 and p65 
subunit phosphorylation and p38 MAPK phosphorylation in stimulated normal human astrocytes 
22,23.  Additionally, C20 human microglial cells exhibited no sensitivity to the anti-inflammatory 
actions of acute β-FNA 25.  The authors also discovered through in vivo studies with C57BL/6J 
mice that β-FNA reduces anxiety- and sickness-like behavior and inhibition of 
cytokine/chemokine expression in the brain and peripheral tissues20,21,24.   
 
The purpose of this study was to further elucidate the effects of acute β-FNA treatment on LPS-
induced neuroinflammation by investigating its effects on BV2 murine microglial cells via 
measurement of the inflammatory chemokines CCL2 and CXCL10, as well as the upstream 
activator STAT1.  Furthermore, drug cytotoxicity and cell morphological changes under control 
and experimental conditions were examined.  
 
 
2. Methodology 

 
2.1. Cell Culture 
 
BV2 murine microglial cells (cat# AMS.EP-CL-0493, AMSBIO, Cambridge, MA) were cultured 
using reagents and procedures provided by the supplier.  Cultures were maintained in a humidified 
incubator at 37°C, 5% CO2, and 95% air in growth media (Dulbecco’s Modified Eagle Medium, 
cat#10-013-CV, Corning) supplemented with 2.5 mmol/L L-glutamine (cat#25030-081, Gibco), 
10% fetal bovine serum (FBS; cat#26140-079, Gibco), and 1% penicillin/streptomycin.  Culture 
medium was replenished every 48h, and experimental cultures were switched to a low-serum 
media (1% FBS) 24h prior to stimulation. 
 
 
 
 
 



2.2. LDH Cytotoxicity Assay 
 
A standard LDH cytotoxicity assay kit (cat#88954, Thermo Scientific) was used according to 
manufacturer’s instructions to determine cytotoxicity associated with various concentrations of 
LPS, β-FNA, and LPS plus β-FNA.  Per the International Organization for Standardization (ISO), 
cell toxicity was defined as greater than 30% cell death (cell viability < 70%) 27. 
 
2.3. Experimental Protocol 
 
BV2 murine microglial cells were seeded and maintained in growth media until 80-90% confluent 
at the time of stimulation.  Cells designated for Western blot assays were seeded in 6-well plates 
at a density of 1.5×105 cells/well, while cells designated for ELISA assays were seeded in 24-well 
plates at a density of 3.0x104 cells/well.  Cells were co-exposed in growth medium to LPS 
(4μg/mL) or saline and β-FNA (3μM) or saline.  (Drug concentrations and duration of stimulation 
were based on findings from previous experiments.)  Cell culture medium or whole cell lysate was 
collected based upon the assay being performed. 
 
2.4. Enzyme-linked Immunosorbent Assay (ELISA) 
 
Standard dual-antibody solid phase immunoassays (ELISA Development Kit; Peprotech, Rocky 
Hill, NJ) were used according to manufacturer’s instructions for quantitation of secreted CXCL10 
(cat#900-K153) and CCL2 (cat#900-K126) into BV2 cell culture medium.  Absorbance was read 
at 405 nm (650 nm wavelength correction) using a BIOTEK Synergy 2 Multi-Detection Microplate 
Reader and quantified using BioTek Gen5 software.  Levels were normalized to total cell protein 
as determined by bicinchoninic (BCA) protein assay. 
 
2.5. Immunoblotting Assay (Western Blot) 
 
Western blot analysis was used to measure the expression of phosphorylated STAT1 (p-STAT1) 
and STAT1 in BV2 whole cell lysates.  Thirty micrograms of total protein were loaded on a 7.5% 
polyacrylamide gel (cat#1610171, Bio-Rad), electrophoresed, and then transferred to a 
polyvinylidene difluoride (PVDF) membrane.  Membranes were blocked in tris-buffered saline 
containing 0.1% Tween (TBST) and 5% bovine serum albumin (BSA, cat#BP1605-100, Fisher) 
for 2h and then incubated overnight at 4°C in 1:1000 target-specific 1° antibody (p-STAT1, 
cat#9171; STAT1, cat#14995; β-tubulin, cat#2146S, Cell Signaling Technology).  Membranes 
were then washed in TBST (3 x 20m), incubated at room temperature for 2h in 2° antibody 
(1:10,000 Goat anti-Rabbit IgG in TBST with 0.2% SDS; cat#925-32211, Li-Cor), and washed 
again (2 × 20m TBST, 2 × 10m TBS).  A Li-Cor CLx Odyssey Infrared Imaging System was used 
to image and quantify relative protein signals using direct detection of secondary antibodies with 
near-infrared fluorescent dyes.  Stripping buffer (Cat# 21059; Thermo Fisher Scientific) was 
utilized to re-probe membranes with subsequent primary antibodies for the purposes of data 
normalization.  β-tubulin was used as the loading control for normalization of total protein levels, 
while total protein levels were used to normalize phosphorylated protein levels.  Results were 
presented relative to the control group. 
 
 



2.6  Statistical Analysis 
 
Data were analyzed using two-way ANOVA (β-FNA × LPS) and Fisher’s LSD for pairwise 
comparisons.  Data are presented as mean ± SEM, and p-values < 0.05 are considered statistically 
significant.  GraphPad Prism 10.0.1 software (GraphPad Inc, San Diego, CA) was used for data 
analysis and figure preparation.   
 
 
3. Results 
 
3.1. Cytotoxicity of LPS stimulation and/or β-FNA treatment  
 
BV2 cells were treated with a serial dilution of LPS concentrations (0 μg/mL to 300 μg/mL).  None 
of the tested concentrations reduced cell viability below 70%, and the mean viability for each 
concentration ranged from 86-93% (Fig. 1A).  BV2 cells were also treated with a serial dilution of 
β-FNA (0 μM to 90 μM) to determine if treatment with β-FNA alone was cytotoxic.  None of the 
tested concentrations reduced cell viability below 70%, and the mean viability for each 
concentration ranged from 90-99% (Fig. 1B).  A final assay was performed to determine if there 
was a concentration of β-FNA that could induce cytotoxicity in BV2 cells when stimulated with 4 
μg/mL LPS.  BV2 cells were stimulated with 4 μg/mL and then immediately treated with a serial 
dilution of β-FNA (0 μM to 90 μM).  None of the tested concentrations reduced cell viability below 
70%, and the mean viability for each concentration ranged from 89-94% (Fig. 1C).  These results 
indicate that BV2 cells are resilient to very high concentrations of LPS and/or β-FNA, and the 
concentrations of LPS and β-FNA utilized in subsequent experiments would not induce 
cytotoxicity.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
Fig. 1: Cytotoxicity of multiple concentrations of LPS, β-FNA, and β-FNA + LPS.  Standard LDH 
cytotoxicity assays were used to determine if (A) LPS (n=7-12/concentration), (B) β-FNA (n=8-
12/concentration), and (C) β-FNA + LPS (n=12-17/concentration) induced cell cytotoxicity (< 70% 
viability).  Concentrations ranged from 0-300 μg/mL for LPS and 0-90 μM for β-FNA.  For β-FNA + LPS, 
concentrations for β-FNA varied from 0-90 μM, but LPS was held constant at 4 μg/mL.  Data are presented 
as mean ± SEM.  The dashed line indicates the threshold of cytotoxicity; any data bars that fell below this 
line indicated a cytotoxic concentration.    
 
 
3.2. Effects of β-FNA on LPS-driven rises in pro-inflammatory chemokines  
 
ELISA assays were performed on BV2 cell culture medium to determine whether β-FNA treatment 
affected LPS-driven elevations in CCL2 and CXCL10.  Two-way ANOVA also revealed that there 
was a significant main effect of LPS (F1, 65 = 1492.00, p < 0.0001) and a significant interaction of 
main effects (F1, 65 = 5.21, p < 0.05) on CCL2 levels in BV2 cells (Fig. 2A).  While β-FNA trended 
towards a main effect on CCL2 levels, it was not significant (F1, 65 = 3.96, p = 0.051).  Pairwise 
comparisons revealed that both the LPS and β-FNA + LPS groups had higher levels of CCL2 than 
the saline or β-FNA groups, which were similar (p < 0.0001 and p = 0.83, respectively).  
Additionally, the β-FNA+LPS group had lower levels of CCL2 than the LPS group (p < 0.005).  
These results indicate that β-FNA attenuates LPS-induced elevations in CCL2.   



Two-way ANOVA revealed a significant main effect of LPS (F1, 64 = 841.40, p < 0.0001), but no 
significant main effect of β-FNA (F1, 64 = 0.14, p = 0.71) or interaction of main effects (F1, 64 = 
0.52, p = 0.47) on CXCL10 levels in BV2 cells (Fig. 2B).  Pairwise comparisons revealed that the 
saline and β-FNA groups were similar (p = 0.80), as well as the LPS and β-FNA + LPS groups (p 
= 0.46).  Additionally, the LPS and β-FNA+LPS groups had significantly higher levels of CXCL10 
than the saline and β-FNA groups (p < 0.0001).  These results indicate that β-FNA does not alter 
CXCL10 levels in BV2 cells.    
 
 

 
 
Fig. 2: Acute effects of β-FNA on LPS-induced elevations of CCL2 and CXCL10 in BV2 cells.  BV2 
cells were stimulated with 4 μg/mL LPS or control and then immediately dosed with either 3μM B-FNA or 
saline.  Cells were harvested 24h after stimulation, and (A) CCL2 and (B) CXCL10 were quantified in cell 
supernatant by ELISA and normalized to protein (as determined by BCA assay utilizing whole cell lysates).  
Data are presented as mean ± SEM.  (A) Two-way ANOVA indicated a significant main effect of LPS (p 
< 0.0001) and a significant interaction of main effects (p < 0.05), but no significant effect of β-FNA (p = 
0.051) on CCL2 levels in BV2 cells (n=16-18/group).   (B) Two-way ANOVA also  indicated a significant 
main effect of LPS (p < 0.0001), but no significant main effect of β-FNA (p = 0.71) or interaction of main 
effects (p = 0.49) on CXCL10 levels in BV2 cells (n=15-18/group).  Pairwise comparisons were assessed 
using Fisher's LSD test; bars with letters in common indicate data are not significantly different (p > 0.05).   
 
 
3.3. Effects of β-FNA on STAT1 pathway in LPS-stimulated BV2 cells 
 
Two-way ANOVA revealed a significant main effect of LPS (F1, 55 = 153.2, p < 0.0001), but no 
main effect of β-FNA (F1, 55 = 0.17, p =0.68) or interaction of main effects on p-STAT1 levels in 
BV2 cells (F1, 55 = 1.30, p =0.26).  Pairwise comparisons showed that saline and β-FNA groups 
were similar (p = 0.62), as were LPS and β-FNA + LPS groups (p = 0.26) (Fig. 3).  Both LPS and 
β-FNA + LPS groups had significantly higher levels of p-STAT1 than either saline or β-FNA 
groups (p < 0.0001).  Collectively, these results indicate that β-FNA does not significantly affect 
p-STAT1 levels in BV2 cells.  
 



 

 
Fig. 3: Acute effects of β-FNA on LPS-induced activation of STAT1 in BV2 cells.  BV2 cells were 
stimulated with 4 μg/mL LPS or control and then immediately dosed with either 3μM β-FNA or saline.  
Cells were harvested 24h after stimulation.  Levels of p-STAT1, STAT1, and β-tubulin were determined in 
whole cell lysate by Western Blot using 30μg total protein (as determined by BCA assay).  Levels of p-
STAT1 were normalized to STAT-1 and STAT-1 was normalized to housekeeping β-tubulin.  Data are 
presented as mean ± SEM.  Two-way ANOVA indicated a significant main effect of LPS (p < 0.0001), no 
main effect of β-FNA (p = 0.68), and no significant interaction of main effects (p = 0.26) on p38 MAPK 
levels in BV2 cells (n=14-16/group).  Pairwise comparisons were assessed using Fisher's LSD test; bars 
with letters in common indicate data are not significantly different (p > 0.05).  Representative Western blots 
are shown below the graph. 
 
 
3.4. Morphological changes in BV2 cells from LPS and/or β-FNA treatment 
 
Microglia alternate between an M1 or M2 phenotype based on the activating stimulus 10,28.  LPS 
or IFN-γ stimulates microglia to convert to the pro-inflammatory and neurotoxic M1 phenotype, 
characterized by an amoeboid cell body with retracted cell processes 10,11,28,29.  On the other hand, 
anti-inflammatory cytokines (IL-4, IL-13, etc.) stimulate microglia to convert to the anti-
inflammatory and neuroprotective M2 phenotype, characterized by an elongated cell body with 
unipolar or bipolar processes  10,11,28,29.  The ability to convert between phenotypes creates a 
bidirectional continuum of morphological changes, where microglia can present with aspects of 
both phenotypes while converting from one phenotype to the other 10,11,30. 



Pictures of BV2 experimental cultures were taken 24h after LPS stimulation to illustrate 
morphological differences between treatment groups.  Cells treated with a saline control or β-FNA 
alone exhibited a typical M2 phenotype (Figs. 4A, 4B).  Conversely, cells treated with LPS 
exhibited a conversion to the M1-like phenotype, with complete loss of processes and a rounded, 
amoeboid cell body (Fig. 4C).  Interestingly, when LPS-stimulated BV2 cells were treated with β-
FNA, they demonstrated a “bushy” morphology (Fig. 4D).  This intermediate phenotype was 
characterized by bloated, truncated processes and an enlarged cell body  10,31.  Therefore, it appears 
that β-FNA mitigates LPS-induced morphological changes and hinders the complete conversion 
to the M1-like phenotype.    
 
 

 
Fig. 4: BV2 morphology with LPS stimulation and/or β-FNA treatment.  BV2 cells were seeded in 6-well plates 
at 3.0 × 105 cells per well and maintained in growth media at 37 °C and 5% CO2 until 90-95% confluent.  Cells were 
starved 24h prior to stimulation and then stimulated with 4 μg/mL LPS or control and then immediately dosed with 
either 3μM β-FNA or saline.  Representative pictures of (A) saline, (B) β-FNA, (C) LPS, and (D) β-FNA + LPS 
experimental cell cultures were taken 24h after LPS stimulation with an iPhone 14 camera aimed through a microscope 
ocular lens.  Red arrows point to (1, 2) a resting ramified morphology, (3) an activated amoeboid morphology, and (4) 
a “bushy” intermediate morphology 
 
 
 
 
 
 



4. Discussion 
 
To the best of the authors’ knowledge, these studies are the first to examine the specific effects of 
acute β-FNA treatment on LPS-induced inflammation in BV2 cells.  The study demonstrated that 
acute β-FNA treatment of LPS-induced inflammation in BV2 murine microglial cells results in 
selective inhibition of CCL2 and amelioration of inflammation-induced morphological changes.  
Specifically, β-FNA attenuates LPS-driven elevations in CCL2 but does not impact CXCL10 
levels.  Interestingly, previous work conducted by the authors has shown that β-FNA attenuates 
CXCL10 levels but not CCL2 levels in normal human astrocytes (NHA) in a MOR-independent 
manner when stimulated with IL-1β 22,23.  Furthermore, the authors’ research has also shown that 
acute β-FNA treatment has sex-specific effects in an LPS-driven in vivo model of inflammation, 
in which brain levels of both chemokines were reduced 24h post-treatment in males, but not in 
females20,21,24.  Consequently, there appears to be disparities in responses to β-FNA between cell 
culture and animal models. 
 
TLR4 activation can lead to different inflammatory responses based upon whether the MyD88-
dependent or MyD88-independent pathway is triggered.   When LPS binds to TLR4, the adaptor 
protein MyD88 is recruited and initiates a cascade of downstream effects that trigger the inhibitor 
of nuclear factor-κB kinase (IKK) complex and the mitogen-activated protein kinases (MAPKs) 
to activate the transcription factors NF-κB and AP-1, respectively 32.  This upregulates pro-
inflammatory gene expression and induces immune cell and inflammasome activation, pro-
inflammatory cytokine production, and regulation of development, growth, and apoptosis32.  
However, upon endocytosis, TLR4 can then bind a second set of adaptor proteins, TRAM and 
TRIF, within the endosome to initiate MyD88-independent signaling 32.  MyD88-independent 
signaling results in alternative activation of NF-κB and AP-1, as well activation of the IRF3 and 
IRF7 transcription factors, which are responsible for inducing type I IFN cytokines that activate 
intracellular antimicrobial programs, influence immune responses, and upregulate other important 
pro-inflammatory mediators, such as the chemokine CXCL10 (IP-10) 33–36.  Furthermore, the type 
I IFN IFN-β can act in an autocrine fashion to bind to the IFN-α/β receptor (IFNAR), triggering 
the formation of STAT1 homodimers and STAT1/STAT2 heterodimers that directly bind to 
gamma interferon activation sites (GAS) on DNA 33–36.  This triggers the release of the type II IFN 
IFN-γ, which further amplifies pro-inflammatory gene expression and activates antiviral defenses, 
increases antiproliferative activities, and stimulates adaptive immunity 33–36.    
 
The discrepancy in CCL2 and CXCL10 inhibition between in vitro and in vivo studies may be due 
to differences in activation of the MyD88-dependent or MyD88-independent pathways.  Human 
monocytes and macrophages and mouse microglia and macrophages stimulated with LPS have 
been shown to regulate CCL2 in a TLR4 MyD88-dependent manner and CXCL10 in a TLR4 
MyD88-independent manner 37–40.  MAPK cascades, while directly targeted by MyD88-dependent 
pathways, can also be amplified indirectly through STAT1 homodimers induced by IFN-β, which 
is upregulated by the TLR4 TRAM-TRIF adaptors of the MyD88-independent pathway 32–36.   
Remarkably, it has also been shown that rodent astrocytes do not release IFN-β after LPS, but still 
regulate CXCL10 through tyrosine phosphorylation of STAT1 to form STAT1 homodimers 41,42.  
Furthermore, CXCL10 mRNA is predominantly associated with astrocytes during viral and 
nonmicrobial neuroinflammation and actively participates in microglial activation, suggesting that 
the in vivo effects may, in part, be due to inhibition of microglial activation via inhibition of 



CXCL10 in astrocytes 43,44.  Additionally, it is possible that β-FNA may favorably inhibit MyD88-
dependent and MyD88-indepent pathways in cell-specific ways, preferentially inhibiting MyD88-
dependent pathways for microglia and MyD88-independent pathways and/or tyrosine kinases for 
astrocytes, resulting in the disparity of chemokine effects between cell types.  Since it has been 
established that acute β-FNA treatment inhibits both CCL2 and CXCL10 in the brains and/or brain 
regions of male mice but not female mice, this indicates that the sex-specific cell differences, 
region-dependent responses, and/or the interplay of glial cells are crucial to the overall anti-
inflammatory response of β-FNA. 
 
The disparities in BV2 chemokine response may also be attributed to the concentration of β-FNA 
used during experimentation.  Previous studies have demonstrated that inflammation in BV2 cells 
was not significantly inhibited until the concentration of β-FNA approached or exceeded 10 μM, 
and studies on the anti-inflammatory effects of β-FNA in neuron and glial mixed cultures were not 
apparent until β-FNA reached 30μM23,45.  It is possible that lower β-FNA concentrations may have 
chemokine specificity, which is abolished with higher concentrations.  In the future, increasing the 
concentration of β-FNA may parse out additional anti-inflammatory effects. 
 
It has been well-documented that microglia display heterogeneity in density, phenotype, function, 
and/or transcriptomic profile based on brain region, age, and/or sex  11,12,14–17.  As such, the brain 
region from which the microglial cell line was derived could significantly alter interpretations of 
a study’s findings.  Additionally, the preponderance of experimental research has been performed 
on male cell lines and animals, and, therefore, has driven an unbalanced and androcentric approach 
to pharmaceutical development and disease treatment 46. The importance of this cannot be 
overstated, as evidence continues to mount that female inflammatory, immune, drug, and pain 
responses are often significantly different, and sometimes antithetically opposed, to male 
responses 18,24,47–55.   
 
BV2 cells were created in 1989 by immortalizing murine primary microglial cell cultures with a -
raf/v-myc oncogene-carrying retrovirus (J2) 56.  The cells were harvested from mixed brain 
cultures derived from 1-week-old female C57BL/6 mice and purified by shaking  56,57.  Mice are 
usually classified as adults with mature brains at the age of eight weeks, and recent research has 
suggested that mouse brain maturation and changes may occur for onwards of six months 58,59.  As 
such, BV2 experimental results could be affected by regional heterogeneity, passage-to-passage 
changes in component populations, sex-specific cell responses, and cell line sampling age.  
Consequently, this highlights the need for cell line validity, consistency, and specificity when 
comparing experimental results across studies.   
 
β-FNA did not affect p-STAT1/STAT1 in LPS-stimulated BV2 cells.  STAT1 phosphorylation 
drives CXCL10 expression; therefore, the study’s findings that β-FNA did not alter p-
STAT1/STAT1 and CXCL10 levels support the hypothesis that β-FNA may predominantly affect 
the MyD88-dependent pathway in BV2 microglia.  Interestingly, Shen et al. has shown that BV2 
cells predominantly regulate CXCL10 through MAPK pathways; however, the BV2 cells were co-
stimulated with IFN-γ and incubated for a period of 48 hours at a concentration of 100ng/mL LPS 
60.  The conflict in our results and this study suggest that β-FNA may not affect p38 MAPK, which 
would imply that β-FNA inhibits the MyD88-dependent pathway further downstream, or that β-
FNA has concentration-dependent effects.  Additionally, it is possible that co-stimulation, 



stimulation duration, and/or LPS concentration may differentially affect production pathways of 
CXCL10 in BV2 cells. 
 
While the effects of β-FNA on LPS-stimulated BV2 cells were limited to inhibiting CCL2, it is 
worth mentioning that β-FNA had a noticeable anti-inflammatory effect on BV2 morphology.   
The LPS-only cells switched to a de-ramified amoeboid body, which is indicative of microglial 
activation and a M1 phenotype 10,29.  With β-FNA treatment, the cells exhibited an intermediate 
phenotype characterized by bloated, truncated processes and an enlarged cell body.  This 
indicates that β-FNA ameliorates LPS-induced morphological changes and opposes activation.  
As such, further studies are needed to further elucidate the effects of β-FNA on microglial 
activation and neuroinflammation.   
 
 
5. Conclusions 
 
In summary, these studies are the first to the authors’ knowledge that examine the specific, acute 
effects of β-FNA on LPS-stimulated BV2 cells.  It was found that β-FNA ameliorated microglial 
activation and inhibited CCL2 expression.  β-FNA did not affect CXCL10 or  p-STAT1/STAT1 
expression; however, sex, brain region, and sampling age of the BV2 cell line made it difficult to 
determine if other factors may be obscuring potential effects.  Future efforts should focus on 
expanding experiments to look deeper into signaling pathways and crosstalk to further parse out 
the cell and sex-specific effects of β-FNA on MyD88-dependent and MyD88-independent 
pathways. Regardless, β-FNA continues to show therapeutic potential for reducing 
neuroinflammation and mitigating microglial activation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix A:  List of Abbreviations 

ANOVA: Analysis of Variance 
β-FNA: beta-funaltrexamine 
BCA: bicinchoninic assay 
CCL2 : C-C motif chemokine ligand 2  
CXCL10: C-X-C motif chemokine 10  
CO2:  carbon dioxide 
ELISA: Enzyme-Linked Immunosorbent Assay 
FBS: fetal bovine serum 
IFN-β: interferon-beta 
IFN-γ: interferon-gamma 
IL-1: interleukin-1 
IL-4: interleukin-4 
IL-6: interleukin-6 
IL-13: interleukin-13 
LDH: lactate dehydrogenase 
LPS: lipopolysaccharide 
LSD: least significant difference 
MyD88: myeloid differentiation primary response 88 
NF-κB: nuclear factor kappa B 
NHA: normal human astrocytes 
p-STAT1: phosphorylated STAT1 
p38 MAPK: p38 mitogen-activated protein kinase 
SEM: standard error of mean 
STAT1: signal transducer and activator of transcription 1 
TBST: tris-buffered saline + Tween 20 
TLR4: Toll-like receptor 4 
TNF-α: tumor necrosis factor-alpha 
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