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Introduction

Glioblastoma Multiforme (GBM) is a highly aggressive type 
of brain cancer in adults that has a very poor prognosis. Despite 
advances in treatment, the average survival time for patients 
with GBM is still less than two years [1]. The ability of GBM to 
invade surrounding brain tissue is one reason why the disease 
remains incurable to this day [2]. Complete surgical removal is 
very difficult, and chemoradiotherapy is commonly used for 
treatment even after surgery [1].

The CCR5 pathway is a pro-inflammatory signaling path-
way in the immune system. CCR5 (chemokine receptor type 
5) is primarily expressed on the surface of many immune cells, 
and when it is activated by chemokines such as CCL3, CCL4 
and CCL5, the receptor triggers a signaling cascade that leads 
to recruitment of immune cells to sites of infection or inflam-
mation to help eliminate pathogens and promote tissue repair 

[3]. However, excessive activation of the CCR5 pathway can be 
detrimental, as it can lead to chronic inflammation, tissue dam-
age, neuronal death, and cancer metastasis [4]. Inhibiting this 
pathway, by methods such as neuronal knockdown of CCR5, 
ligand knockout, and CCR5 antagonist treatment, has shown 
promising results in reducing inflammation and improving tis-
sue repair and locomotor recovery in preclinical models of Trau-
matic Brain Injury (TBI) and Spinal Cord Injury (SCI) [5,6]. The 
antagonist used in these studies, CCR5 small molecule inhibi-
tor maraviroc (MVR), originally used in HIV therapeutics due to 
CCR5’s role as an HIV coreceptor, is particularly of high interest 
as it is considered to be a new therapeutic strategy for various 
neuroinflammatory diseases [7]. In a recent study on MVR’s ef-
fects after TBI in mice, it was demonstrated that MVR decreases 
neuronal apoptosis by inhibiting neurotoxic reactive astrocyte 
activation while also reducing the neuroinflammatory response 
by decreasing the expression of inducible Nitric Oxide Synthase 
(iNOS) [8].
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In the context of brain cancer, reactive astrocytes are known 
to contribute to the development and progression of GBM and 
other treatment-resistant glioma using ion channels and trans-
porters [9]. Nitric oxide (NO) is a small and short-lived pleiotro-
pic messenger molecule that plays a critical role in multiple cel-
lular processes. It plays a complex role in the pathophysiology 
of GBM, as it maintains the balance between tumor progression 
and suppression [10]. It has been found, histochemically, that 
there is increased expression of nitric oxide synthase (NOS) in 
viable tumor cells [11]. NO is known to regulate vasodilation 
and vascular permeability, which may contribute to tumor cell 
survival [10]. Low levels of NO are associated with tumor cell 
growth, angiogenesis, and invasion, while high levels of NO can 
induce apoptosis and inhibit angiogenesis [12]. Since the deli-
cate balance of NO levels is crucial in the human body, examin-
ing the intracellular levels of NO with and without MVR treat-
ment in our in vitro cell models was considered of high interest 
for our research.

When under stress, both glial cells and neurons can contrib-
ute to increased NO production. Astrocytes generate NO when 
inducible Nitric Oxide Synthase (iNOS) is activated, but this is 
primarily during stress and inflammatory conditions because 
astrocytes have low levels of neuronal Nitric Oxide Synthase 
(nNOS), which is responsible for the general release of NO for 
physiological processes [13]. On the other hand, since neu-
rons express more nNOS than astrocytes, they are reported to 
produce more NO in normal conditions [14]. With this current 
knowledge, it is assumed that neurons produce more total ni-
tric oxide than astrocytes under stressful conditions due to the 
already existent intracellular NO produced by neurons. With 
axenic neuronal and glial cell model systems, we can compare 
NO levels in different conditions between the two cell types to 
evaluate this hypothesis.

Given the widespread presence of CCR5 in various tumor 
types, clinical trials are already underway to explore the poten-
tial therapeutic repositioning of MVR [4]. A study has found that 
MVR inhibits the invasion of primary GBM cells, demonstrating 
that it could be a potential therapeutic agent for slowing the 
progression of cancer in the brain [15].

To study GBM and develop new agents for treatment, pri-
mary human and animal cultures are important since they are 
directly derived from tumor tissue, but due to the possible 
interference of other cell types and microorganisms in these 
cultures, it is difficult to evaluate an agent’s direct effects on 
a cell-to-cell basis, thus axenic cell model systems also have 
importance. With axenic cultures, the mechanism of action by 
which MVR works can be further investigated. By examining 
MVR’s effects on neurons and glial cells individually, the specific 
responses and pathways triggered in those cells by MVR can be 
better understood.

Among the many cell lines used for glial cells, C6 glioma, a rat 
cancer cell line, has been the most common model for neuro-
oncology studies [16]. With similar gene expression to human 
gliomas as well as high rates of tumor growth, invasion, migra-
tion, and angiogenesis, C6 glioma is considered to best simu-
late the behavior of human GBM [17]. Culturing of this popular 
glioma model allows for extensive research on the tumoricidal 
activity of drugs in relation to their activity against primary GBM 
cell lines.

In neurobiology research, the PC-12 cell line has been the 
preferred neuronal cell model due to its favorable neurogenic 
characteristics and morphology [18]. We report here our work 
with both cell types in vitro to explore other potential direct 
effects of MVR. By examining both cell model systems, we aim 
to contribute to a comprehensive understanding of the effects 
of drug treatment. Our investigation holds particular signifi-
cance as it provides insight on how neural tissue may respond 
to these interventions. Furthermore, the utilization of a dual 
model system in our studies makes our findings more relevant 
and applicable. Therefore, our research helps advance our cur-
rent understanding of drug response, serving as a foundation 
for further exploration in animal models and clinical studies.

From examining cell viability and intracellular NO levels in 
this study, we provide a model system that can be used to ob-
tain valuable insights into the potential use of Maraviroc (MVR) 
as a therapeutic option for GBM treatment as well as other neu-
rodegenerative conditions and neurological diseases.

Materials and methods

Cell cultures

From the American Type Culture Collection, Manassas, VA, 
USA (ATCC CCL-107), axenic Rattus norvegicus C6 glioma cells 
were purchased and cultured in sterile 6-well plates (GIBCO; 
Waltham, MA, USA) with low-glucose, no phenol Dulbecco’s 
Modified Eagle’s medium (DMEM; Sigma Life Sciences D6429; 
St. Louis, MO, USA) supplemented with 1.5% (v/v) heat-inac-
tivated fetal bovine serum (GIBCO; Waltham, MA, USA), 10% 
(v/v) horse serum (ATCC; Manassas, VA, USA), and 4% L-glu-
tamine following the method of Platt et al. (2022) [19]. This 
medium supplemented with sera was referred to as “complete 
medium”, while the medium without any supplementation was 
designated as “incomplete”.

Axenic PC-12 Pheochromocytoma cells (ATCC- CCL 1721.1), 
purchased from ATTC, were cultured in the same complete 
medium used for the C6 glioma cells. PC-12 cells were grown 
in separate sterile 6-well plates pre-coated with sterile Poly-L-
lysine (Sigma-Aldrich; St. Louis, MO, USA).

All cells were grown in an incubator set at 37OC with 5% CO2 
and >95% humidity. To harvest, and transfer the cells, trypsin 
was used, following the instructions provided by the manu-
facturer. The trypsin was then promptly neutralized by adding 
complete medium, which contains α-1 antitrypsin. Resultant 
cell preparations were then centrifuged (Labnet Hermle Z 400K, 
Edison, NJ, USA) at 1000 rpm for 10 minutes at 7OC. The su-
pernatant was removed before resuspending the cell pellets in 
complete medium and plated as needed. 

For experimental procedures, cells were grown to confluen-
cy before being harvested as previously described, resuspended 
in 1 mL of complete medium, diluted ten-fold, and then count-
ed with a Scepter 2.0 Handheld Automated Cell Counter (Mil-
lipore, Burlington, MA, USA) with a 60 µm sensor. Cells were 
subsequently seeded into either 96-well or 24-well sterile cell 
culture plates as appropriate for each experiment. Maraviroc 
(MVR) was introduced 24 hours after cell plating. Cell viability 
assays, microscopy, and fluorescence measurements for nitric 
oxide were performed when the cells reached confluency in the 
cell culture plates, on the second or third day of culture.
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Cell viability assays

To determine the cytotoxicity and dose-dependent effect of 
maraviroc (Millipore PZ0002, USA) on our cell model systems, 
cell viability was determined using the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay following 
the procedure of Mosmann (1983) [20]. C6 glioma or PC-12 
cell suspensions were seeded into each well of separate Poly-L-
lysine coated, sterile 96-well plates (6000 cells/well) and left to 
grow for 24 hours. Thereafter, MVR at different concentrations 
were added to the wells. Final MVR concentrations in the wells 
ranged from 10-80 µM. Then cell viability was evaluated.

MVR stock solutions were prepared in Dimethyl Sulfoxide 
(DMSO) before being diluted into complete medium with a final 
DMSO concentration of 1% (v/v). The experimental blank con-
tained 1% DMSO, and complete medium without cells. Negative 
control wells contained 1% DMSO, and complete medium with 
cells. After introducing MVR or control, cells were incubated for 
24 hours. After incubation, the cells were in their second day of 
culture and had reached confluency.

Experiments proceeded by replacing the complete medium 
containing DMSO/MVR with 100 µL of incomplete medium. Ten 
µL of MTT reagent (5 mg/mL water) were then added to each 
well. Cell culture plates were incubated for 60 minutes before 
100 µL of solubilization solution (10% v/v Triton X-100, 1 mM 
HCl in isopropanol) was added to lyse the cells and dissolve the 
formed formazan crystals. Absorbance values were measured 
at a wavelength of 595 nm using a Bio-Rad® Microplate Reader 
Benchmark. All control and experimental groups consisted of 
n=5 replicates. Absorbance values from each group were cor-
rected with the blank’s mean absorbance and converted to 
represent percent of the negative control. Results are reported 
as mean ± standard deviation. Differences in values between 
control and treatment groups were evaluated for statistical sig-
nificance using one-way Analysis Of Variance (ANOVA) and the 
Tukey post hoc test with a significance level of α <0.05. Statisti-
cal significance is symbolized by an asterisk in the figures shown 
in the Results Section.

Cell culture and fluorescent probe preparation for analysis 
of nitric oxide levels

To examine the effects of MVR on intracellular NO levels, 
sterile 24-well cell culture plates were used. Cell suspensions 
were seeded into each well to a total volume of 270 µL (12000 
cells/well). The plates were left in the incubator for 24 hours to 
allow the cells to grow.

The following day, 30 µL of MVR, already diluted into com-
plete medium as described previously, were added to wells to 
reach a final MVR concentration of 80 µM. All wells were treat-
ed with the same concentration of MVR and had a final DMSO 
concentration of 1% (v/v). Control wells had only 1% DMSO. 
After compound addition, cells were incubated for another 24 
hours.

Intracellular NO was detected using a fluorescent probe. 
2’-7’-dichlorofluorescin diacetate (DAF-FM; excitation/emis-
sion: 495/515 nm) was purchased (EDM Millipore Corp., Burl-
ington, MA, USA) and prepared in accordance with the manu-
facturer’s instructions. In the presence of intracellular NO, DAF-
FM fluoresces and can therefore be qualitatively and quantita-

tively analyzed using fluorescence microscopy and fluorometry, 
respectively. Before adding this NO probe, the medium was 
removed from all wells in the cell culture plates. DAF-FM was 
diluted with incomplete medium to a concentration of 10 µM. 
Then, 270 µL of this diluted DAF-FM solution were added to 
all wells then incubated for 60 minutes before microscopy and 
measurements were performed.

Fluorescence microscopy and fluorometry measurements

Following incubation, medium was discarded from all wells. 
Cells were washed with sterile 37OC Phosphate Buffered Saline 
(PBS) before a final 500 µL of warm PBS was added to all wells. 
Using an epifluorescence microscope (Keyence BZ-X810, Itasca, 
IL, USA) with a TRIT-C filter cube, bright field and fluorescence 
microscopy was performed at 20  magnification. By imaging 
control cell wells (1% DMSO) first, scope recording values, light 
exposure, and contrast settings were set to levels appropriate 
for optimal fluorescence acquisition. The imaging conditions 
used for the control were utilized for all the subsequent images. 
Bright field and TRIT-C (thus NO positive) fluorescent images 
were taken for all wells and then overlaid using Keyence analyz-
er software and cells with red color are positive for NO. Higher 
intensity of DAF-FM red fluorescence indicates higher levels of 
intracellular NO. 

After capturing all images, fluorescence spectroscopy mea-
surements were obtained. The PBS was removed and replaced 
with 200 µL of 1% (w/v) Sodium Dodecyl Sulfate (SDS) in water 
to solubilize the adherent cells. Samples from individual wells 
for each condition were pooled and then pipetted into a fluo-
rescence cuvette to be measured by a fluorescence spectrom-
eter (LS-55, Perkin-Elmer; Waltham, MA, USA). DAF-FM probe 
excitation and emission wavelengths were set, and fluorescence 
intensity was recorded every second for 60 seconds.

Results

Maraviroc dose-dependent effect on C6 and PC-12 Cell vi-
ability

The average absorbance at 595 nm of five replicate wells for 
each concentration of MVR is reported as percent relative to 
the cell only negative control’s average absorbance. MTT cell 
viability data of C6 glioma cells and PC-12 neuronal cells as a 
function of MVR at different concentrations are reported in Fig-
ures 1 and 2, respectively.

Figure 1: Dose-Dependent Effect of Maraviroc (MVR) on Cell Vi-
ability of C6 Glioma Cells. Values are the mean and standard devia-
tion for n=5 replicates. One-way ANOVA Tukey HSD test reveals no 
statistically significant differences between the cell viability of the 
control and any of the MVR treatment groups (p<0.05).
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Figure 2: Dose-Dependent Effect of Maraviroc (MVR) on Cell Vi-
ability of PC-12 Neuronal Cells. Values are the mean and standard 
deviation for n=5 replicates. One-way ANOVA and Tukey HSD test 
indicate a statistically significant difference between the cell viabil-
ity of the 35 µM MVR and 80 µM MVR treatment groups (ANOVA: 
p<0.05, Tukey HSD: p<0.05). However, no MVR treatment groups 
are significantly different from the control.
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To compare the effect of the different MVR concentrations 
on the cell viability of C6 glioma cells, a one-way ANOVA was 
performed on the data presented in Figure 1. The omnibus test 
results show that there are no statistically significant differ-
ences in the cell viability between any of the MVR treatment 
groups (F (7,32) = [1.347], p=0.26).

One-way ANOVA performed on the PC-12 cell viability data 
displayed in Figure 2 reveals that there is a statistically signifi-
cant difference in the cell viability between at least two of the 
MVR treatment groups (F(7,32) = [3.736], p=0.005). Tukey’s 
HSD test for multiple comparisons found that the cell viability is 
significantly different between PC-12 cells treated with 35 µM 
MVR and those treated with 80 µM MVR (p=0.049, 95% C.I. = 
[0.107, 53.693]). These data suggest a hormesis effect of MVR 
on this cell type. Cell viability after all MVR treatments, how-
ever, are not significantly different than that of the control.

Maraviroc effect on C6 and PC-12 morphology and intracel-
lular nitric oxide levels 

Brightfield and fluorescent images were obtained for all con-
ditions and are displayed in Figure 3 for C6 cells and Figure 4 
for PC-12 cells. Treatment of 80 µM MVR caused no change in 
the morphology of both cell types. Compared to their respec-
tive controls, C6 and PC-12 cells treated with MVR remained 
adherent, membranes stayed intact, and the presence of cell 
processes was unaffected (Figure 3, A & B; Figure 4, A & B).

Regarding Nitric Oxide (NO) fluorescence levels, fluorescent 
images C & D in Figures 3 and 4 demonstrate that few, if any, 
of either cell type did not exhibit the characteristic NO fluores-
cence. Also, there are no clear observable differences in intra-
cellular NO levels between control cells and those treated with 
MVR for both cell types. Therefore, fluorometry was necessary 
to quantitatively ensure that there are no differences in fluores-
cence intensities.

Our fluorescence spectroscopy measurements further sug-
gest that MVR has no effect on intracellular NO levels of the 
pooled samples for either cell type (Figure 5). There is no clear 
difference between the fluorescence intensities of the control 
group and the MVR treated group within each cell type. How-
ever, PC-12 neuronal cells do have modestly higher NO signal, 
with and without MVR treatment, compared to C6 glioma cells.

Figure 3: Microscopy images of C6 glioma cells  80 µM MVR. (A) 
1% DMSO Control, Brightfield. (B) 80 µM MVR, Brightfield. (C) 1% 
DMSO Control, Brightfield + TRIT-C fluorescence overlay. (D) 80 µM 
MVR, Brightfield + TRIT-C fluorescence overlay.

Figure 4: Microscopy images of PC-12 neuronal cells  80 µM MVR. 
(A) 1% DMSO Control, Brightfield. (B) 80 µM MVR, Brightfield. (C) 
1% DMSO Control, Brightfield + TRIT-C fluorescence overlay. (D) 80 
µM MVR, Brightfield + TRIT-C fluorescence overlay.

Figure 5: Effect of Maraviroc on DAF-FM (NO Probe) Fluorescence 
Intensity of C6 and PC-12 Cells. Values are the measured fluores-
cence intensities of pooled samples (n indicates number of wells 
pooled) taken from each condition group. There is a modest dif-
ference in the fluorescence intensities between cell types, but no 
clear difference caused by MVR treatment within each cell type.
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Discussion

From our MTT cell viability experiments, it is evident that 
maraviroc at concentrations up to 80 µM does not affect the 
cell viability of either C6 glioma cells or PC-12 neuronal cells. 
However, PC-12 cells seem to be more sensitive to maravi-
roc compared to C6 cells. This apparent hormesis effect is of 
interest and may have important implications for MVR thera-
peutic use. The absence of any impact on C6 cell viability by 
MVR aligns with the findings reported by Novak, et al. [15], who 
demonstrated that MVR did not affect the viability of primary 
glioblastoma cells.

Interestingly, when comparing the fluorescence spectrosco-
py data between our cell model systems, a modest (20-30%) dif-
ference was found in intracellular NO levels between C6 and PC-
12 cells while the fluorescence microscopy data do not reveal 
these modest differences. Our results support other reports 
that neurons produce more NO than astrocytes (a type of glial 
cell) in all conditions [14], stressful or not. However, additional 
studies are needed to investigate this difference.

Our brightfield microscopy images show that MVR treatment 
causes no observable changes in the morphology of either C6 or 
PC-12 cells. When MVR was introduced to cells incubated with 
a NO probe, fluorescence levels did not change from that of the 
no MVR controls, as shown both visually in our microscopic im-
age overlays and fluorescence spectroscopy measurements. In-
tracellular NO levels did not change after MVR addition. These 
results extend the work of Liu, et al. [8] who reported that ad-
dition of maraviroc in a mouse model of brain injury decreased 
the expression level of inducible nitric oxide synthase and pro-
moted animal recovery. Our results imply that other isozymes 
of nitric oxide synthase still present in cells remain functional. 
Future work should evaluate if MVR has any direct effect on ni-
tric oxide synthase isozymes. 

Strengths of our study include the use of axenic cell cultures, 
as model systems, as these models allowed us to evaluate 
MVR’s individual effects on neuronal cells versus glioma cells. 
However, we are limited in our ability to assess the roles of each 
of these cell types in the pathology of GBM and other human 
gliomas. Since we have used only axenic cell cultures, our ex-
periments lack the complexity of the in vivo environment. This 
limits our findings from being able to thoroughly demonstrate 
the response of whole organisms. With our focus specifically 
on MTT cell viability and intracellular NO levels, our study is 
not able to demonstrate all interactions and signaling pathways 
that contribute to responses to maraviroc. Therefore, additional 
studies with other cell types or co-cultures can help better rep-
resent the diversity of cell populations in the brain or the tumor 
microenvironment. Future work evaluating the effects of MVR 
on multiple GBM cell lines would be useful and confirm our 
findings. Coupling MVR with other forms of treatment is also 
of interest as a potential continuation of this study. Research 
on the extracellular NO levels following MVR treatment would 
further add to a comprehensive understanding of NO signaling 
changes caused by MVR. Our current results contribute to an 
improved understanding of MVR as a new therapeutic option 
for treating GBM and other neurological conditions.

Conclusion

Our results suggest that maraviroc is not toxic in vitro to both 
cell models which supports the results by others [5,6,8] who 
have used CCR5 inhibition by MVR and other methods, such as 

CCL3 ligand knockout, in preclinical models of traumatic brain 
injury and spinal cord injury. Our findings suggest that MVR may 
not only be used as a treatment after traumatic injuries but also 
for brain cancers like GBM. Thus, MVR may be utilized safely in 
animal models and clinical studies, but more testing with other 
conditions is necessary to evaluate the safety of repositioning 
this drug for potential therapeutics for brain cancer, neurotrau-
ma, and other neurological diseases.
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