
Abstract. Gliomas are among the most commonly diagnosed
central nervous system tumors. Celecoxib has been utilized
with success in the treatment of several types of cancer,
including gliomas. The present study examined the
antiproliferative effects of celecoxib and its benzimidazole-
based analog, LLW-3-6, when used as co-treatment with
sulfasalazine against human glioma LN18 cells. At 48-h
treatment, the glioma cells maintained 60% viability in the
presence of celecoxib or LLW-3-6 at the maximum
concentration tested (40 μM). Co-treatment of glioma cells
under a non-lethal dose (50 μM) of sulfasalazine and either
celecoxib or LLW-3-6 (administered at different
concentrations) resulted in improved inhibition of cell viability.
The concentration of the molecules required to reduce cell
growth in the combined treatment was significantly less than
that needed when either molecule was administered
independently. Based on computational values, LLW-3-6 has
physiochemical characteristics that should allow for improved
bioavailability in comparison to that of celecoxib. 

Cancer that originates in the brain and other locations in the
central nervous system (CNS) are among the rarest forms of
disease. In 2015, it is estimated there will be 22,850 new
cases of cancer of the CNS, representing fewer than 2% of
incidences of cancer predicted for all sites (1). Despite the
rarity of cancer found in the CNS, the malignancies are
associated with a 67% estimated mortality rate, matching
that of cancer in the respiratory system, responsible for the
largest number of cancer deaths annually. Gliomas are the
most frequently diagnosed type of CNS cancer (2, 3).
Overall, outcomes for individuals suffering with gliomas
have shown insignificant improvement despite progress
towards developing more effective treatments, deeming the

disease incurable (4). Even with the late stage treatment
options currently available, radioresistance and tumor
recurrence continue to contribute to poor prognosis for
patients with glioma. In addition, treatment of the late stage
disease using a single-agent chemotherapeutic is limited due
to the low efficacy or low bioavailability of many promising
drug candidates. 

Cyclooxygenase-2 (COX2) inhibitors such as celecoxib
(Figure 1) have rapidly emerged as a new-generation
therapeutic for various cancer types, including gliomas. The
molecule has been used as a single agent and in combination
with conventional therapies to address the disease (5-7).
Protocols using celecoxib have been reported to enhance
radiosensitivity and reduced drug resistance in certain patients
(8, 9). Celecoxib was shown to reduce glioma cell viability by
inducing DNA damage, leading to p53-dependent G1 cell-
cycle arrest and autophagy (10). However, the use of celecoxib
in patients with glioblastoma has seen mixed results, due in
part to the low potential of the drug to cross the blood–brain
barrier (BBB) (11, 12). In vitro pharmacokinetic studies aimed
at better understanding the mechanism of action for celecoxib
have found that after oral administration, it is rapidly absorbed
and achieves maximum concentration in the blood in
approximately 3 h (13, 14). The plasma concentration
achieved in humans is below what is typically needed for in
vitro efficacy in most cells (15, 16). In addition, the molecule
is extensively metabolized in the liver, which may further
complicate in vivo outcomes. Despite concerns related to the
pharmacokinetics, there remains intense interest in the
anticancer effects of celecoxib and its derivatives (17, 18). 

Investigators have developed novel celecoxib analogs
aimed at overcoming the pharmacokinetics that limit the
therapeutic utility of celecoxib. One such molecule is the
benzimidazole-based analog LLW-3-6 (Figure 1) which was
recently shown to exert a dose-dependent antiproliferative
effect on cultured prostate and breast cancer cells (19-21).
The analog has a size-to-lipophilicity ratio better than that of
the parent molecule celecoxib (13), this is primarily due to
the absence of the trifluoromethyl group which has been
replaced by the fused phenyl rings. Both brain penetration
and distribution are related to the lipophilicity of a molecule
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and are important in ensuring that an efficacious
concentration of a drug is available to interact with the
desired CNS target (22). Studies have found that molecules
with high or moderate lipophilicity often exhibit favorable
uptake which increases bioavailability and metabolism,
leading to faster clearance and enhanced capacity for brain
penetration (23). Therefore, the size-to-lipophilicity ratio of
LLW-3-6 should allow the molecule to have improved
penetration across BBB and bioavailability in the brain. 

Sulfasalazine (SAS), is an effective clinically approved
cystine-glutamate antiporter and serine-threonine-specific
protein kinase activation inhibitor. The molecule has been
found useful for both its antiproliferative effect in brain
tumor patients and in treating tumor-associated seizures (1).
The present study investigated the antiproliferative effects of
celecoxib and LLW-3-6 on human glioma LN18 cells when
each molecule is given independently and in combination
with sulfasalazine. In addition, computational methods were
used to provide insight into the potential CNS bioavailability
of LLW-3-6 in comparison to celecoxib. 

Materials and Methods

Chemicals. Celecoxib (CAS# 169590-42-5) and sulfasalazine
(CAS# 599-79-1) were purchased through Sigma-Aldrich (St. Louis,
MO, USA). LLW-3-6 was synthesized in the Department of
Chemistry and Biochemistry at Spelman College using previous
published methods (21).

Cell culture. The LN18 human glioma cell line was obtained from
the American Type Culture Collection (Manassas, VA, USA). Cells
were grown in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 μg/ml streptomycin. The cells were grown at
37˚C in a humidified atmosphere of 5% CO2. Cells were passaged
by exposure to trypsin/EDTA and plated at densities of 5×105 cells
per 25 mm culture flask assay. 

Growth-inhibition assays. Prior to chemical treatment, cells
growing near confluency were harvested, re-suspended in DMEM
supplemented with FBS and seeded into 96-well at 5×104 cells per
well, for the proliferation assay. Cells were incubated overnight to
allow for adhesion and acclimation. Prior to treatment, cells were
incubated in serum-free DMEM for at least 1 h. The medium was
subsequently removed and cells were treated with increasing
concentration of celecoxib, LLW-3-6, or sulfasalazine suspended
in serum-free DMEM. The cells were then incubated for 24 or 48
h in a humidified incubator at 37˚C with 5% CO2. Cell survival
was determined using a modified microculture tetrazolium (MTT)
assay, with the reagent WST-1 (Roche Diagnostics, Indianapolis,
IN, USA). This reagent contains a tetrazolium salt, which is
cleaved by metabolic enzymes to a water-soluble formazan. The
cleavage is accompanied by change in color from light red to dark
red. This directly correlates with the number of metabolically
active cells in culture, allowing for the quantitative colorimetric
assessment of cellular viability and proliferation following
treatment. After the incubation period, absorbance in each well

with treated cells was measured using a microplate reader at 450-
nm. The absorbance of the formazan product at this wavelength,
after correcting for background absorbance of control wells, was
used as an index of cell proliferation. The percentage of viable
cells was computed as follows:

Absorbance 450 nm (sample) ×100
Viable cells (%) =

Absorbance 450 nm (untreated cells)

Statistical analysis. All experiments were carried out in triplicate.
Proliferation data are shown as the mean±standard error of mean
(SEM) (computed from raw data) calculated using Microsoft Excel
(Redmond, WA, USA).

Inhibitory effect analysis of co-therapy. Drug combinations
contained a non-lethal dose of sulfasalazine (50 μM) and either
celecoxib or LLW-3-6, at concentrations from 10-40 μM. Co-
treatment outcomes were analyzed using the CompuSyn Software
(ComboSyn, Paramus, NJ, USA) which calculates the combination
index (CI), the normalized isobologram, and the correlation of the
effect (Fa) to the dose reduction index (DRI) (24). In the calculation
of CI, D represents the concentration of each drug in the
independent treatment dose that produces a specific effect and Dx
represents the concentration of the drug in the combination
treatment dose that produces the same effect:

D1 D2
CI = +

(Dx)1 (Dx)2

In the isobologram, the normalized dose of each drug is calculated
as D/Dx. DRI was calculated as the inverse of the normalized dose.
The log of the DRI was used in the analysis for scaling purposes.

Computational analysis of the potential for celecoxib and LLW-3-6
to cross the BBB. Physicochemical parameters associated with the
bioavailability of each molecule in the brain were calculated using
ACD/I-lab internet toolbox (Advanced Chemistry Development,
Inc., Toronto, ON, Canada). The fraction of the molecule available
for transport into the brain was measured as fu, plasma. The BBB
permeability-surface area (PS) product is a prediction of the
molecule's ability to enter the brain (accounting for both active and
passive transport across the BBB) and was calculated as logPS. The
bioavailability of each molecule in the brain was calculated as the
brain/plasma equilibration rate, log(PS×fu, brain).

Results

Viability of LN18 glioma brain cancer cells after single
treatment with celecoxib and LLW-3-6. The effects of
celecoxib and LLW-3-6 as single agents against LN18 glioma
brain cancer cells were evaluated after 24 and 48 h of
treatment (Figure 2). Cell viability was determined based on a
modified MTT assay. The molecules demonstrated minimal
activity after 24 h treatment at all concentrations (5, 10, 20,
40 μM) tested. LLW-3-6 demonstrated the most significant
effect for the 48-h assay, reducing cell viability by more than
30% at 10 μM in comparison to the 10% reduction achieved
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for cells treated with celecoxib at the same concentration.
Likewise, LLW-3-6 inhibited cell growth by approximately
40% at concentrations of 20 μM, while 40 μM of celecoxib
was required to cause the same effect. However, the activity
of LLW-3-6 appears to plateau at 40% growth inhibition. 
Viability of LN18 glioma brain cancer cells after combined
treatment with sulfasalazine. Viability was evaluated for
LN18 glioma brain cancer cells treated with a non-lethal
concentration of sulfasalazine (50 μM) in combination with
celecoxib or LLW-3-6 at non-constant concentrations (5, 10,
20 and 40 μM), Figure 2. Both the celecoxib/sulfasalazine
and the LLW-3-6/sulfasalazine combinations had a more
significant impact on cell growth than did independent
treatment with either celecoxib or LLW-3-6. After 24 h, the
celecoxib/sulfasalazine combination had no effect on the
glioma cells. LLW-3-6/sulfasalazine reduced cell viability by
approximately 60% in the same time frame. However, the
effect observed in cells treated for 24 h with 40 μM of LLW-
3-6 in combination with sulfasalazine appears to be
diminished with respect to that of the 20 μM treatment. There
was a slight improvement in the treatment outcomes at 24 and
48 h for the LLW-3-6/sulfasalazine combination. After 48 h,
the maximum concentration of LLW-3-6 in combination with
sulfasalazine resulted in only 30% cell survival. Celecoxib in
combination with sulfasalazine showed drastic improvements
when treatment time increased from 24 to 48 h. At the
maximum celecoxib concentration tested in combination with
sulfasalazine, cell viability was reduced to 5%. 
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Figure 1. Calculated size and lipophilicity of celecoxib and LLW-3-6. The
values were obtained using ChemBio Office (PerkinElmer, Inc., Waltham,
MA, USA). The size is calculated as the molar refractivity. The lipophilicity
was calculated as the octanol/water partition coefficient (logP). The size-
to-lipophilicity ratios for the molecules are similar, to that of LLW-3-6
being more favorable than that of celecoxib. 

Figure 2. Effects of single-dose treatment with either celecoxib (CBX; A) or
LLW-3-6 (LLW; B) and combination treatment with celecoxib/sulfasalazine
(CBX-SAS) or LLW-3-6/sulfasalazine (LLW-SAS) on glioma cell survival
at 24 and 48 h. A non-lethal dose of sulfasalazine (50 μM) was used with
different concentrations of celecoxib and LLW-3-6 for the co-treatments.
Effects were measured following 24- and 48-h incubation periods using a
modified MTT assay. 



Analysis of drug interactions with sulfasalazine. The
computer-simulated CI values (Figure 3A and D) and
normalized isobols (Figure 3B and E) revealed a synergistic
effect when sulfasalazine was administered with celecoxib
or LLW-3-6. At the maximum concentration of celecoxib 
(40 μM) administered with sulfasalazine, the CI value for the
inhibitory effect was 0.15. For LLW-3-6 administered with
sulfasalazine, this value was 0.43. The DRI (Figure 3C and
F) indicates that there was on average a 34-fold reduction in
the concentrations of celecoxib needed to produce a median
effect when the celecoxib/sulfasalazine combination was
used. There was a 12-fold DRI for LLW-3-6 in the co-
treatment with sulfasalazine. Sulfasalazine, in single-dose
assays, did not display cytotoxic activity at 50 μM. However
in combination with celecoxib or LLW-3-6, the activity of
sulfasalazine was augmented, resulting in 7- and 4-fold
increase, respectively, in efficacy for the drug. 

Computational analysis of BBB transport. Physiochemical
properties were calculated to predict the availability of
celecoxib and LLW-3-6 in the brain (Table I). Both
molecules have calculated logPS values greater than −2,
indicating their potential to readily penetrate the BBB.

Although the predicted rate of penetration is slightly faster
for celecoxib, the plasma fu values suggest that LLW-3-6 is
less likely to be bound to proteins in the blood. This could
allow a higher concentration of LLW-3-6 to enter the brain in
comparison to that of celecoxib. The fraction of the
molecules that is bioavailable, calculated as a function of
permeability rate and brain tissue binding [log(PS×fu, brain)],
was found to be −2.9 and −2.7 for celecoxib and LLW-3-6,
respectively. Based on this, non-specific lipid binding in the
brain should be low and a peak concentration of the free
molecules should be achieved rapidly. 

Discussion

Combination therapy is considered to be a promising approach
for addressing cancer. Studies have shown celecoxib to have
vast potential as a chemotherapeutic agent when administered
independently and in combination with other drugs (5-7).
Likewise, sulfasalazine has shown notable promise as co-
treatment against the development and progression of
malignancies. Of particular interest to the work reported herein,
both celecoxib and sulfasalazine were shown to increase the
radiosensitivity of glioblastomas, reducing survival of the cells
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Figure 3. Effects on glioma cells of treatment with celecoxib (CBX; A-C) and LLW-3-6 (LLW; D-F) in combination with sulfasalazine for a 48-h
incubation period. The combination effects were evaluated based on values generated in the CompuSyn software; combination index (CI; A and D),
the normalized isobologram (B and E), and the dose reduction index (DRI; C and F). Both CI and logDRI are plotted against the effect level (Fa). 



(8, 9, 25). However, combined use of celecoxib and
sulfasalazine against glioma cells has not previously been
reported. The present study examined the biological activity of
celecoxib and LLW-3-6 in glioma cells when given with and
without sulfasalazine. To address this objective, the activity of
each drug was first examined independently. Little change was
observed in cell viability when glioma cells were treated with
either celecoxib or LLW-3-6 for 24 hours. After 48 h, cell
survival was reduced by 20% following treatment with LLW-3-
6. Twice the concentration of celecoxib was required to
produce the same outcome. It should be noted that the data
presented here complement the single agent cytotoxicity of
celecoxib in glioma cells reported by Kang et al. (10). Overall
in the absence of sulfasalazine, the ability of LLW-3-6 to
inhibit the survival of glioma cells was comparable to that of
celecoxib. Adding sulfasalazine to the drug treatment regimen
led to increased toxicity of celecoxib in the glioma cell line. In
addition, enhanced cytotoxic effects were observed for LLW-
3-6 when given in combination with sulfasalazine. 

The treatment outcomes seem to suggest that sulfasalazine
acts as a sensitizing agent in the glioma cells. Therefore, a
computational analysis was conducted showing the nature of
the drug interactions to be synergistic. The enhancement was
most significant for celecoxib which demonstrated a 34-fold
decrease in the concentration required to reduce cell viability
in comparison to the 12-fold decrease observed for LLW-3-
6. Nevertheless, the outcomes suggest that lower
concentrations of each drug could be used which should limit
or prevent unfavorable side-effects. 

The chemotherapeutic potential of celecoxib is
complicated in part by its limited ability to cross the BBB
(11). It has been shown that celecoxib only achieves a
maximum plasma concentration below what is typically
needed to demonstrate efficacy in most in vitro studies. It is
of interest, therefore, to identify analogs of the drug that that
have a similar efficacy profile to that of celecoxib in terms of
reducing the development and progression of cancer, but
with improved physiochemical properties. The computational
data presented herein suggest that LLW-3-6, having

bioactivity comparable or enhanced with respect to
celecoxib, may overcome the limitations to bioavailability in
the CNS that have been observed for celecoxib. The
calculated protein-binding potential of LLW-3-6 was lower
with respect to that of celecoxib, which suggests that the
analog could have an improved bioavailability over
celecoxib. This, along with the cytotoxic effects of LLW-3-6,
suggests that the therapeutic potential of the drug against
central nervous system cancer warrants further evaluation.
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