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Abstract: Benzoxazoles are DNA base bioisosteres and studies suggest that their derivatives have antiproliferative
activities. Based on their antiproliferative activities they have been mostly studied as new generation anticancer drugs.
In our study we exploited their antiproliferative effect, aiming to delineate bisbenzoxazole derivatives’ (RHE 231 and
RHE 238) potential antiinflammatory effect on mouse macrophages that are activated in vitro through danger signal LPS
stimulation. RAW 267.4 mammalian macrophages were activated in the presence of our derivatives with or without danger
mimic E. coli derived LPS. We present data that support the strong antiinflammatory activity of the bisbenzoxazole
derivatives RHE 231 and RHE 238 on stimulated mammalian macrophages. There was a significant and substantial
decrease in the production levels of TNF-«, IL-1 3, and IL-6 proinflammatory cytokines in the presence of RHE 231 and
RHE 238. These molecules had an antiproliferative effect on the macrophages and, probably, this was their mechanism
of action on the cells to alter their inflammatory functions. Our results show that bisbenzoxazole structures RHE 231

and RHE 238 have potential to be used as antiinflammatory drug agents.
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1. Introduction

One of the essential types of cells in the human immune system is macrophages. They play a significant role
in the development of a proper immune response. Other than their direct effect via cytokine production and
phagocytosis they also activate other immune cells by antigen presentation [1-7].

Macrophages have an active role as the first line of defense against infections in living organisms;
these functions include pathogen recognition and enhancement of bactericidal activities [1-7]. Stimulated or
activated macrophages produce proinflammatory cytokines in response to danger signals and these signals lead
to inflammation in the tissue [1-14]. Inflammation aims to encircle the pathogen or danger molecule in the
affected tissue and later eradicate it [1-14]. After elimination of the danger, antiinflammatory cytokines are
produced and macrophages produce some of these to clear the tissue and start the wound healing process [1-14].

The aim of inflammatory reactions is to protect endangered tissue. Associated tissue injury is a result
of an excess and persistent inflammatory reaction, and this situation can eventually become life-threatening,
such as anaphylaxis and septic shock. In addition, patients with chronic inflammation also suffer from certain

associated diseases such as obesity, cardiovascular disorders, and cancer [15-29].
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It has been shown by other studies that pathogen-associated molecular patterns act as danger signals and
can activate the immune cells [1-7]. Lipopolysaccharides (LPSs) from the cell wall of gram-negative bacteria
have been a good tool in in vitro studies in order to mimic the danger and activate macrophages to stimulate the
production of proinflammatory cytokines [7-14]. These proinflammatory cytokines include tumor necrosis factor
alpha (TNF-«), interleukin 1 beta (IL-13), granulocyte macrophage stimulating factor (GMCSF), interleukin
12p40 (IL12p40), and interleukin 6 (IL-6) [7-14].

TNF-« was initially described for its ability to induce necrosis and stimulate the acute phase reactions of
the immune system; it was known to be the first cytokine type that is released in response to an inflammatory
stimulus [7-14]. However, excess amounts of TNF-a can be harmful, since it can endanger the organism with
its role in the induction of necrosis, fever, vasodilation, and synthesis of acute phase proteins like C reactive
protein (CRP) [7-14]. Similar to TNF-a, IL-10 is also produced and released in the early stages of the immune
response. IL-15 leads to secretion of prostaglandins and production of CRP from the liver [7—14]. Moreover,
IL-15 can induce the release of histamines from the mast cells, which causes further problems in patients with
chronic inflammatory systemic diseases [7-14].

IL-6 differs from TNF-« and IL-15 in terms of its functions [7-14]. It can act in both proinflammatory
and antiinflammatory ways during the tissue repair stage at the end of inflammation [7-14]. Similar to TNF-«
and IL-13, IL-6 promotes fever and the synthesis of CRP [7-14]. IL-6 is a soluble cytokine that plays an
important role in the migration of monocytes into the inflammatory site and their maturation during this
process, and is also associated with T-cell functions, such as maintenance of Thl7 cells, inhibition of T-cell
apoptosis, and development of Tregs [7-14].

Although inflammatory responses are the first line of defense against infections, excessive and chronic cases
turn out to be harmful [15-29]. These inflammatory disorders include common chronic inflammatory systemic
diseases (CIDs) and autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, and
multiple sclerosis [15-29]. Molecules that can modulate the immune system cells create new alternatives as
therapeutics to regulate the immune system cells according to our need in certain disease conditions [15-30].

Previous studies reported antiproliferative, anticancer, and antiinflammatory activities for similar molecules
[30-36]. Benzoxazole derivatives interfere with DNA synthesis due to their structural similarities to the nu-
cleotides of DNA [30-36]. RHE 231 and RHE 238 are bisbenzoxazole derivatives that were designed to suppress
antiinflammatory activities. In the present study we aimed to decipher the immunomodulatory roles of these

benzoxazole derivatives.

2. Results and discussion
2.1. RHE 231 and RHE 238 did not change the live cell percentages in macrophage samples after
24 h of incubation

RHE 231 and RHE 238 were synthesized as specified in the Experimental section and Supplementary Informa-
tion. Their characterization studies were conducted by taking IR and NMR spectra (S1-S6). In order to assess
cell viability in the presence of our chemicals, cell viability measurements were conducted. Under all conditions,
including the negative control, which was treated with dimethyl sulfoxide (DMSO), the positive control, which
was treated with combination of LPS and DMSO, and 50 pg/mL, 75 pg/mL, and 100 pug/mL of RHE 231
or RHE 238 with or without LPS, macrophages had 100% cell viability (Figure 1). These results support the

biocompatibility of our reagents on macrophage cells in terms of cell viability.
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Figure 1. Percentage of RAW 264.7 cell viability in the presence of bisbenzoxazole derivatives. RAW macrophages
were stimulated with RHE 231 and RHE 238 for 24 h in different concentrations, including 50, 75, and 100 pg/mL, with
or without LPS. DMSO was used for negative control wells, 1 pg/mL LPS and DMSO were used for positive control
groups. After 24 h percentage of viable cells was counted with Trypan blue staining.

2.2. RHE 231 and RHE 238 led to decreased cell proliferation in macrophages after 24, 48, and

72 h of incubation

RHE 231 and RHE 238 had a strong antiproliferative effect on mouse macrophages at all concentrations. Even
at the earliest time point and the lowest concentrations used of both chemicals, there was a substantial and
significant decrease in the cell proliferation of these cells (Figure 2). This implies that our reagents were exerting
their antiinflammatory roles possibly by decreasing the cell proliferation and metabolism in the macrophages.
Since by Trypan blue staining we did not observe any change in the cell viability percentages, RHE 231 and
RHE 238 did not have cytotoxic effect on macrophages but rather they had an antiproliferative effect.
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Figure 2. Dose-dependent effect of the compounds RHE 231 and RHE 238 on the proliferation rate of RAW 264.7
macrophage cells after 24 h, 48 h, and 72 h of incubation. Macrophages were treated with RHE 231 and RHE 238 in
three different concentrations: 50 pg/mL, 75 pg/mL, and 100 pg/mL for 24 h, 48 h, and 72 h. MTT assay was used
to assess the rate of cell proliferation. Two-tailed t-test was applied for the statistical analysis, P < 0.0001, N = 9.
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2.3. RHE 231 and RHE 238 treatment led to complete knockout of TNF-a production

In order to measure TNF-« secretion, macrophages were treated with 50 pg/mL, 75 pg/mL, and 100 pg/mL
RHE 231 or RHE 238 with or without LPS and then supernatants were collected for ELISA. There was a
significant decrease in TNF-a secretion by the LPS stimulated macrophages in the presence of our chemicals
compared to only LPS treated positive control macrophages. In addition, our chemicals did not stimulate
macrophages to secrete TNF-a by themselves (Figure 3). Therefore, our reagents had an immunomodulatory

role rather than exerting immunostimulatory effects.
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Figure 3. Production of TNF-«a. Macrophages were treated with 50, 75, and 100 pg/mL RHE 231 and RHE 238 with
or without LPS. DMSO was used in negative control wells, 1 pg/mL LPS and DMSO were used in the positive control
groups. TNF-a ELISA was applied to the supernatants to measure the TNF-a production after 24 h of incubation.
Two-tailed t-test was applied for the statistical analysis, P < 0.0001, N = 9.

2.4. Interleukin-13 production was significantly and completely abrogated by RHE 231 and RHE
238 treatment

Similar to changes in the TNF-« production patterns of LPS stimulated macrophages, in the presence of RHE

231 and RHE 238 at all concentrations used there was a significant decrease in IL.-15 production compared to

positive control wells after 24 h (Figure 4).

2.5. Interleukin-6 production was significantly reduced in the presence of RHE 231 and RHE 238
in LPS activated macrophages but these reagents were able to stimulate IL-6 production by

themselves even in the absence of a danger signal

IL-6 cytokine production was stimulated by the presence of our chemicals RHE 231 and RHE 238. These reagents
stimulated the macrophages by themselves to produce IL-6. In the presence of an LPS signal our reagents caused
a significant drop in the production of IL-6 compared to only LPS treated positive control macrophages (Figure
5). At higher doses of RHE 231 and RHE 238 this immunostimulatory role was suppressed compared to at lower
concentrations of the chemicals (Figure 5). Therefore, at higher concentrations our reagents were suppressing

their own immunostimulatory functions on macrophages.
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Figure 4. Production of IL-13. Macrophages were treated with 50, 75, and 100 pg/mL RHE 231 and RHE 238 with
or without LPS. DMSO was used in negative control wells, 1 pg/mL LPS and DMSO was used in the positive control
groups. IL-18 ELISA was applied to the supernatants to measure the IL-15 production after 24 h of incubation. In
order to stimulate the secretion of IL-13, the cells were treated with 2 mM fresh ATP 2 h before the harvest. Two-tailed

t-test was applied for the statistical analysis, P < 0.0001, N = 9.

8000+ 8000+

6000 6000

ILB (pg/mL)
3
8

IL3 (pg/mL)
3
8

2000+ 2000+

R

& & <& & £
& & X XX
+LPS +LPS

Figure 5. Production of IL-6. Macrophages were treated with 50, 75, and 100 pg/mL RHE 231 and RHE 238 with
or without LPS. DMSO was used in negative control wells, 1 pg/mL LPS and DMSO were used in the positive control
groups. IL-6 ELISA was applied to the supernatants to measure the IL-6 production after 24 h of incubation. Two-tailed
t-test was applied for the statistical analysis, P < 0.0001, N = 9.

2.6. Discussion

Macrophages are essential due to their efficacy on presenting antigen and producing cytokines [1-14]. Through
these functions a proper immune response is developed to fight against a particular danger [1-14]. However,
cytokine production becomes a primary concern as in chronic situations stimulated or activated macrophages
produce excessive amounts of proinflammatory cytokines and prolonged exposure of the tissue resident cells
may eventually lead to tissue injury [15-29]. Undesirable inflammation becomes life-threatening in numerous
disease conditions such as CIDs and autoimmune diseases [15-29)].

In order to maintain tissue homeostasis and prevent the destructive effects of inflammation, there has been
increasing interest in the design and synthesis of new drug candidates that can regulate the activities of immune

system cells [15-29]. Previous studies reported an antiproliferative, anticancer, and antiinflammatory role for
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bisbenzoxazole-based chemical structures [30-36]. Based on those results, we designed two bisbenzoxazole
derivatives and further examined their effect on macrophage activity in the presence of proinflammatory danger
signal LPS.

Our study shows that RHE 231 and RHE 238 have an antiinflammatory effect on macrophages, based
on TNF-«, IL-6, and IL-1gproinflammatory cytokine production levels. Both reagents led to a significant
and substantial decrease in the proinflammatory cytokine secretion levels by LPS stimulated macrophages.
There was a significant decrease in TNF-«, IL-153, and IL-6 production in RHE 231 and RHE 238 treated
groups compared to the only LPS treated positive control macrophages. In addition, our chemicals did not
stimulate macrophages by themselves for the secretion of TNF-a and IL-1/3. Therefore, our reagents had an
immunomodulatory role rather than exerting immunostimulatory effects. IL-6 cytokine production was different
due to, depending on the case, its ability to act as both a proinflammatory and an antiinflammatory molecule.
Our chemicals could stimulate IL-6 production by macrophages even in the absence of the LPS danger signal.
However, in the presence of LPS our reagents caused a significant drop in the production of IL-6 in a dose-
dependent fashion, compared to LPS only treated positive control macrophages. Although in the absence of a
danger molecule our reagents were able to stimulate IL-6 production, which can help with tissue renewal and
wound healing, in the presence of a danger signal these same reagents were able to suppress IL-6 production
and acted as ultimate antiinflammatory molecules. This property is especially crucial since in the presence of a
danger signal I11.-6 would act as a proinflammatory molecule. Moreover, our results are in line with the findings
of previous studies suggesting that benzoxazole derivatives can antagonize IL-6 production [37].

In order to examine the possible cytotoxicity of our reagents on the immune system cells (macrophages),
Trypan blue staining was used. There was no effect on cell viability, whereas based on the MTT assay there
was a significant and substantial decrease in cell proliferation in the presence of our reagents. These results
suggest antiproliferative roles for the chemicals without causing any cell death on macrophages. RHE 231 and
RHE 238 had strong antiproliferative effects on the mouse macrophages in a time- and dose-dependent fashion,
but those same macrophages did not cause any decrease in cell viability compared to the control wells.

Previous studies suggest that the benzoxazole structures exert their anticancer and antiinflammatory
activities through their antiproliferative activities. Our findings overlap with previous studies. Based on the
Trypan blue assay our reagents lacked cytotoxic activities on the macrophages. The MTT assay revealed that the
same compounds decreased cell proliferation and this was their mechanism of action to suppress the production
of inflammatory cytokines.

Overall, bisbenzoxazole derivatives RHE 231 and RHE 238 have great potential as new drug candidates
to modulate immune system cells without causing any cytotoxic effect. Currently, we are focusing on possible

signaling pathways that are affected by our reagents.

3. Experimental
3.1. Cell culture
ATCC RAW 264.7 macrophages were cultured in 10% fetal bovine serum and 1% antibiotics (100 pg/mL
penicillin and 100 pg/mL streptomycin) containing Roswell Park Memorial Institute medium (RPMI 1640) at
37 °C with 5% CO4. Then 1 mL/well of cells were seeded in a 24-well plate at a density of 1 x 10° cells/mL.

3.2. Reagents and LPS stimulation
RHE 231 and RHE 238: 2 mg of RHE231 and RHE238 were dissolved in 1000 gL (1 mL) of dimethyl sulfoxide

(DMSO). The chemicals were added in different concentrations and conditions after resting the cells overnight
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at 37 °C with 5% CO4 in an incubator: 50 pg/mL RHE 231, 50 pg/mL RHE 231 and LPS treatment, 75
pg/mL RHE 231, 75 pg/mL RHE 231 and LPS treatment, 100 pg/mL RHE 231, 100 pg/mL RHE 231 and
LPS treatment. LPS (1 mg/mL, Enzo Life Sciences, Salmonella minnesota R595) treatment was given in a
final concentration of 1 pg/mL. RHE238 was added in the same order. Moreover, 1 uL of DMSO was added
to 1 mL of medium of overnight rested cells. The same volume of only LPS was added to the positive control
wells. All treated cells were incubated at 37 °C with 5% CO» for 24 h and then the supernatants of each well
were collected into Eppendorf tubes and stored at —80 °C. IL-1/ secretion was stimulated by adding freshly
prepared 5 mM ATP (Fisher Scientific) to RAW 264.7 cell wells 2 h before the harvest.

3.3. Cell viability using Trypan blue staining

After the incubation cells were counted by staining with Trypan blue.

3.4. Cytotoxicity: MTT assay
The cell metabolic activity of cell lines was evaluated using the MTT assay, which is based on the ability of viable
cells to metabolize yellow tetrazolium salt MTT to purple formazan crystals by mitochondrial dehydrogenases.

Briefly, cells were seeded at a density of 1 x 10° per well in 96-well plates; subsequently, after 24 h
incubation, they were treated with various concentrations (50 pg/mL, 75 pg/mL, and 100 pg/mL) of RHE
231 and RHE 238 for three different durations of incubation at 37 °C with 5% CO35: 24 h, 48 h, and 72 h. The
untreated or DMSO treated well was considered as a negative control, and all were in triplicate.

After 24 h, 48 h, and 72 h of incubation, the instructions for the Roche MTT kit were followed.

3.5. Enzyme-linked immunosorbent assay (ELISA)
Secreted cytokines (TNF-a, IL-153, and IL-6) were analyzed by ELISA kits (BD Biosciences, San Jose, CA,

USA) according to the manufacturer’s instructions.

3.6. Statistical analysis

For the statistical analysis of each data set a two-tailed t-test was applied through GraphPad Prism Software
version 5.
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Supplementary Information

General Procedure for Preparation of Compounds: 5 mmol of 4-chloro-2-
aminophenol (1) and 2.5 mmol of the corresponding carboxylic acid derivatives (2 and
3) were refluxed in a reflux condenser with a magnetic stirrer for 13—15 h after being
dissolved in PPA heated in an oil bath at 180 °C. The reaction was followed by thin
layer chromatography (TLC). Ultraviolet light was used in the determination of stains in
the TLC (Kieselgel 60 F254, ready-to-use aluminum plate coated with 0.2 mm
thickness), which was conducted using ready-made plates. After cooling, the reaction
mixture was poured onto ice water and neutralized by mixing with 5 N NaOH until
slightly basic pH (8-9) to get the precipitate. The resulting precipitate was filtered off
and washed with cold water. The resulting crystalline compounds were filtered and the

vacuumed product was dried.

O x
cl NH, X. oA Q‘z/ =N
\Q + Hooc” " “cooH __PPA O\Q
OH Cl Cl
1
X=-CoHy- 2 X= -C,Hy- RHE-238
-CaHe- 3 -C3He- RHE-231

1,2-bis(5-chlorobenzo[d]oxazol-2-yl)ethane (RHE 238):

0
0 \
/ N cl



The above procedure was followed with 1 and 2 to yield RHE 238 as a crystalline solid

(41% yield). The crystallization solvent is ethanol/water. Rf (hexane:ethyl acetate 1:1) =

0.51; mp = 179 °C; IR (KBr, cm™") Vimax 3090, 3066, 3048, 1562, 1344, 810, 777, 687;

'H NMR (400 MHz, CDCl3) § = 7.57 (d, J = 2.06 Hz, 2H, Ar-H), 7.33 (bs, 1H, Ar-H),

7.22 (dd, J = 2.06 Hz, J = 8.64 Hz, 2H, Ar-H), 7.19 (bs, 1H, Ar-H), 3.49 (s, 1H, —CH.,).

BC NMR (100 MHz, CDCl3) § = 165.2, 148.5, 141.3, 128.9, 124.2, 118.9, 110.1, 24.4.
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Figure S1. IR spectrum of 1,2-bis(5-chlorobenzo[d]oxazol-2-yl)ethane (RHE 238).
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Figure S3. °C NMR spectrum of 1,2-bis(5-chlorobenzo[d]oxazol-2-yl)ethane (RHE

238).



1,3-bis(5-chlorobenzo[d]oxazol-2-yl)propane (RHE 231):

The above procedure was followed with 1 and 3 to yield RHE 231 as a crystalline solid
(47% yield). The crystallization solvent is ethanol/water. Rf (hexane:ethyl acetate 1:1) =
0.48; mp = 200 °C; IR (KBr, cm ') Vpax 3065, 1567, 1447, 800, 753, 701; "H NMR
(400 MHz, CDCls) 6 = 7.52 (d, J=1.99 Hz, 2H, Ar-H), 7.32-7.29 (m, 1H, Ar-H), 7.20
(dd, J=1.99 Hz, J = 8.25 Hz, 3H, Ar-H), 3.05 (t, J = 7.28 Hz, 4H, H-1), 2.43 (p, J =
2.48 Hz, 2H, H-2). *C NMR (100 MHz, CDCLs) 6 = 167.3, 149.4, 142.4, 129.8, 125.0,

119.7,111.0, 27.8, 23.4.
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Figure S4. IR spectrum of 1,3-bis(5-chlorobenzo[d]oxazol-2-yl)propane (RHE 231).
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