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Abstract

The Nuclear Factor-kappa B (NF-κB) pathway is vital for immune system regulation and pro-

inflammatory signaling. Many inflammatory disorders and diseases, including cancer, are linked to 

dysregulation of NF-κB signaling. When macrophages recognize the presence of a pathogen, the 

signaling pathway is activated, resulting in the nuclear translocation of the transcription factor, 

NF-κB, to turn on pro-inflammatory genes. Here, we demonstrate the effects of a novel 

microtubule depolymerizer, NT-07-16, a polysubstituted pyrrole compound, on this process. 

Treatment with NT-07-16 decreased the production of pro-inflammatory cytokines in RAW264.7 

mouse macrophages. It appears that the reduction in pro-inflammatory mediators produced by the 

macrophages after exposure to NT-07-16 may be due to activities upstream of the translocation of 

NF-κB into the nucleus. NF-κB translocation occurs after its inhibitory protein, IκB-α is 

phosphorylated which signals for its degradation releasing NF-κB so it is free to move into the 

nucleus. Previous studies from other laboratories indicate that these processes are associated with 

the microtubule network. Our results show that exposure to the microtubule-depolymerizer, 

NT-07-16 reduces the phosphorylation of IκB-α and also decreases the association of NF-κB with 

tubulin which may affect the ability of NF-κB to translocate into the nucleus. Therefore, the anti-

inflammatory activity of NT-07-16 may be explained, at least in part, by alterations in these steps 

in the NF-κB signaling pathway leading to less NF-κB entering the nucleus and reducing the 

production of pro-inflammatory mediators by the activated macrophages.
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1. Introduction

Inflammation is the body’s natural means of protection against infection and the restoration 

to homeostasis after cellular and tissue damage from injury or metabolic stress1–3. 

Macrophages play an important role in initiating the inflammatory response by recognizing 

damage-associated molecular patterns (DAMPs) released by necrotic cells or by recognizing 

pathogen-associated molecular patterns (PAMPs) found on pathogens, and then releasing 

cytokines and chemokines that are involved in recruiting other immune cells to the affected 

area4–6. Lipopolysaccharide (LPS) is a PAMP in gram-negative bacterial cell walls that 

elicits an inflammatory response by binding to the toll-like receptor 4 (TLR4) complex 

located on the cell surface of macrophages4,7. TLR4 binding triggers the NF-κB 

inflammatory pathway by activating IκB Kinase (IKK) which in turn phosphorylates the 

inhibitory protein IκB-α which is then ubiquitinated, targeting it for proteasomal 

degradation7–9. After being released by IκB-α, NF-κB translocates into the nucleus where it 

stimulates the transcription of pro-inflammatory genes7. The resulting mRNA is translated 

and the macrophages secrete these signals to mediate a local inflammatory response in the 

infected region7. These mediators include reactive oxygen and nitrogen species as well as 

cytokines such as interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-

alpha (TNF-α)7. Additionally, the activation of the NF-κB signaling pathway has been 

correlated to the dynamics of the microtubule cytoskeleton network10–15. Although 

inconsistencies have been found about how stabilization or depolymerization of the 

microtubules affect the pathway, most studies are in agreement that the translocation of NF-

κB from the cytoplasm into the nucleus is influenced by microtubule dynamics10–17.

Acute inflammation is protective and usually self-limiting but under some conditions it may 

become chronic and lead to disease18–20. Therefore, the dysregulation of the pro-

inflammatory NF-κB pathway may lead to chronic inflammation and trigger inflammatory 

diseases. It may also influence tumor development and the aggressiveness of the cancer by 

enhancing angiogenesis and tumor proliferation while repressing apoptosis21–23. Thus, NF-

κB appears to serve as a link between inflammation and many disease states, and therefore, 

is an attractive therapeutic target.

Since microtubules play a critical role in cell physiology, compounds that target the 

microtubule network have been studied for their potential use as chemotherapeutic 

agents24–27. However, some of these compounds, such as colchicine, are too toxic to be used 

in a clinical setting25–27. Polysubstituted pyrroles like JG-03-14 (3,5-dibromo-4-(3,4-

dimethoxyphenyl)-1H-pyrrole-2-carboxylic_acid ethyl ester) also bind microtubules at the 

“colchicine site” but have been shown to be less toxic while still inhibiting the proliferation 

of many cancer cell lines28–32. Previous studies from our laboratory with the polysubstituted 

pyrrole, JG-03-14, have also shown significant decreases in pro-inflammatory signaling in 

activated RAW264.7 macrophages exposed to the compound33. Treatment with JG-03-14 

resulted in the depolymerization of microtubules and decreased the production of nitric 

oxide (NO) and the pro-inflammatory cytokine TNF-α in RAW264.7 mouse macrophages. 

These studies provide further evidence that pyrrole-containing compounds may exhibit anti-

inflammatory properties while also suggesting that this activity may enhance the 

chemotherapeutic potential of this microtubule-depolymerizing compound34–39.
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Although JG-03-14 clearly depolymerizes microtubules, an earlier study demonstrated that 

this compound also has some off-target effects40. Therefore, Rohena et al. used information 

from a diverse group of colchicine site-interacting compounds to design improved analogs 

of JG-03-1440. NT-07-16 (2,3,4-trimethoxyphenyl analog; Fig. 1), is a refined analog of 

JG-03-14 with an additional methoxy group at the 2-position of the phenyl ring, which 

enhances its ability to interact with tubulin and reduces its off-target effects29,40. Further, the 

addition of the methoxy group enhances the water solubility of NT-07-16 improving its 

ability to serve as a chemotherapeutic agent40.

To further understand the effects of polysubstituted pyrroles, specifically NT-07-16, on 

macrophage pro-inflammatory activity, we used the widely accepted model, the RAW264.7 

mouse macrophage cell line for our studies. Macrophages were exposed to NT-07-16 prior 

to activation with LPS and the production of pro-inflammatory cytokines was measured. 

Also, since the previous results from Ciemniecki et al. suggest that the anti-inflammatory 

properties of the parent compound, JG-03-14 may be due to a decrease in the ability of NF-

κB to translocate into the nucleus we performed fluorescence microscopy and image 

anaylsis to directly assess this event. We also analyzed the phosphorylation of IκB-α and the 

interaction of NF-κB with microtubulues to better understand how the depolymerization of 

the microtubules by NT-07-16 may alter NF-κB nuclear translocation33.

2. Materials and Methods

2.1 Cell culture and reagents

RAW264.7 mouse macrophages were purchased from ATCC and plated in T75 filter-top 

flasks. Cells were maintained under sterile conditions in RPMI complete medium with 10% 

fetal calf serum and supplemented with -glutamine, penicillin/streptomycin, non-essential 

amino acids, and MEM vitamins. Cells incubated at 37 °C with 5% CO2 and grown to 

approximately 80–95% confluency prior to being plated for experiments. NT-07-16 (3,5-

dibromo-4-(2,3,4-trimethoxyphenyl)-1H-pyrrole-2-carboxylic acid ethyl ester) was provided 

by Dr. John Gupton (Chemistry department, University of Richmond) and was solubilized in 

DMSO and then diluted in fresh RPMI media (<1% DMSO) prior to use in experiments. 

Lipopolysaccharide (E. coli 055:B5) was purchased from Sigma-Aldrich.

2.2 MTT cell viability assay

RAW264.7 macrophages were plated 5 x 103 cells/well in a 96-well plate in 100 μl RPMI 

complete medium and allowed to adhere for 2 hours at 37 °C with 5% CO2. Then the media 

was removed and replaced with fresh media. Cells were exposed to concentrations of 

NT-07-16 ranging from 0.0156 μM to 2 μM and incubated for an hour. LPS (500 ng/ml) was 

then introduced to designated wells so that each concentration of drug was observed with 

both activated and control macrophages. Cells were then incubated for an additional 20 

hours. A volume of 10 μl of MTT (Sigma-Aldrich) solution was added to each well and 

allowed to sit for 4 hours in the dark. Then 100 μl of isopropanol in 0.04 μM HCl was added 

to each well and the absorbance at 570 nm was read using a Beckman-Coulter DTX 800 

Multimode Detector.
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2.3 ELISA for TNF-α and IL-6

Populations of 1.0 x 106 cells were cultured in 3 ml of complete RPMI in 6-well plates. 

Each culture was incubated for 1 hour in the presence or absence of various concentrations 

of NT-07-16 (0.25 μM, 0.5 μM, 1.0 μM). Then cells were activated with LPS (500 ng/ml) 

and incubated for an additional 20 hours. Supernatants were collected from each culture and 

diluted 1:100 in order to analyze them and quantify the amount of TNF-α and IL-6 present 

using an OptEIA™ ELISA Assay kit (BD Biociences). Assays were carried out according to 

the manufacturer’s protocol.

2.4 qPCR for TNFA, IL1B, and IL6

Populations of 3 x 105 cells were treated as described above but were only activated with 

500 ng/ml of LPS for 4 hours. RNA from these cultures was harvested using the Qiagen 

RNEasy Mini-Kit. After RNA was collected, cDNA was created using Origene's First-

Strand cDNA Synthesis Kit following Origene's standard protocols and using a Bio-Rad 

DNAEngine thermo-cycler. The gene of interest was amplified using Origene primers 

(qSTAR qPCR primer pairs against Mus musculus TNF-α, IL-6, IL-1β and actin) and 

Quanta Biosciences B-R SYBR Green SuperMix for iQ in 20 μl reactions. Reaction progress 

was monitored using a Bio-Rad CFX Connect Real-Time System and its associated 

software. Cq data were analyzed using a normalized expression method (κCq).

2.5 SDS-PAGE/Western blotting

Populations of 1.0 x 106 cells were cultured in 6-well plates and then incubated with 

NT-07-16 for 1 hour prior to LPS activation (100 ng/ml) for 2.5 minutes up to 2 hours. Then 

supernatants were removed and the adherent cells were washed with sterile PBS and lysed 

with lysis buffer (0.05 M Tris buffer pH 7, 0.3 M NaCl, 2 mM EDTA, 0.5% Triton-X 100, 2 

μg/mL leupeptin, 1 μg/ml aprotinin, and 0.2 mM PMSF). Total protein concentration from 

each macrophage culture was determined using a Bio-Rad protein assay. Then 30 μg of 

protein from each sample was run on a 10% gel (Bio-Rad Mini-PROTEAN TGX Stain-Free 

Pre-Cast Gels) and transferred to a nitrocellulose membrane. After transferring, the 

membranes were blocked for 1 hour in a blocking solution of 5% non-fat dry milk 

solubilized in Tris-buffered saline (TBS). Primary antibodies were diluted in 5 ml TBS with 

0.1% Tween-20 (TBST) and membranes were incubated overnight at 4 °C with gentle 

rotation. The following primary antibodies were used: mouse monoclonal anti-IκB-α 
antibody diluted 1:1000 (Cell Signaling Technology, Inc.), mouse monoclonal anti-phospho-

IκB-α antibody diluted 1:1000 (Cell Signaling Technology, Inc.), 5 μg of a rabbit polyclonal 

anti-NF-κB antibody (1:200 dilution; Santa-Cruz Biotechnology, Inc.), and 0.2 μg of a 

mouse monoclonal anti-α-tubulin antibody diluted 1:5000 (Santa-Cruz Biotechnology, Inc.). 

Then after three 10 minute washes in TBST, blots were subsequently incubated with either 

0.4 μg of goat anti-rabbit or goat anti-mouse secondary antibody (1:5,000 dilution; Santa-

Cruz Biotechnology, Inc.) in 5 ml TBST for 1 hour at room temperature with gentle rotation. 

For immunoprecipitation samples, ImmunoCruz™ IP/WB Optima C Western Blot Detection 

Reagent (Santa-Cruz Biotechnology, Inc.) was diluted 1:5000 in place of the secondary 

antibody for NF-κB blots. Following incubation with secondary antibody, blots were washed 

four times for 5 minutes in TBST and then placed in Bio-Rad Clarity Western Substrate 
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reagents. Results were visualized using a ChemiDoc Touch Imaging System (Bio-Rad 

Laboratories, Inc.) following the manufacturer’s instructions for using stain-free gels. Blots 

were stripped with Millipore ReBlot Plus Mild Antibody Stripping Solution (Millipore) and 

re-blocked with blocking solution according to the manufacturer’s protocol and then re-

probed with control antibodies as described above.

2.6 Immunoprecipitation

Populations of 1.0 x 106 cells were cultured in 6-well plates and total cell lysates were 

prepared as described above. Immunoprecipitation was performed using an ImmunoCruz™ 

IP/WB Optima C System (Santa Cruz Biotechnology, Inc., sc-45040) with a Mouse IP 

Matrix and mouse α-tubulin IP antibody according to the manufacturer’s protocol. IP matrix 

was incubated with the IP antibody overnight at 4°C on a rotator. Then 100 μg of total 

cellular protein was incubated with the IP antibody-IP matrix complex overnight with 

rotation at 4 °C. Samples were pelleted and washed with PBS 3 times before a final 

aspiration. Pellets were resuspended in 2X reducing electrophoresis buffer and samples were 

boiled for 5 minutes prior to running them on a 10% gel (Bio-Rad Mini-PROTEAN TGX 

Pre-Cast Gels) as described above. Western blotting analysis was performed using anti-NF-

κB antibodies and anti-tubulin antibodies as the control.

2.7 Fluorescence microscopy and image analysis

Acid-washed 22 mm2 #1.5 microscope coverslips were coated with 0.01% poly-lysine for 5 

minutes, dried, UV sterilized, and placed into 6-well cell culture dishes. RAW264.7 cells 

(2.0 x 105) were cultured in 2 ml RPMI complete medium and allowed to adhere overnight 

under normal culture conditions (37 ºC, 5% CO2). Samples were then incubated for 1 hour 

in the presence or absence of 1μM NT-07-16 or 1μM nocodazole under normal culture 

conditions. Then designated cultures were activated with 500 ng/ml of LPS and allowed to 

incubate in the same conditions for an additional hour. After LPS treatment, cells were 

immediately fixed with 4% formaldehyde in PBS, permeabilized with 0.5% Triton X-100 in 

PBS, and then blocked in PBS with 5% donkey serum and 0.1% Triton X-100. The cells 

were then incubated with primary antibodies diluted in blocking buffer for 30 mintues: 0.2 

μg/ml anti-α-tubulin (mouse monoclonal, Sigma DM1A) and 0.4 μg/ml anti-NF-κB p65 

(rabbit polyclonal, Santa Cruz Biotechnology). Cells were then washed with PBS (4 times 

for 5 minutes) followed by a secondary antibody incubation for 30 minutes: 0.3 μg/ml 

ALEX647 donkey anti-mouse (Jackson Immunochemical), 0.3 μg/ml ALEXA488 donkey 

anti-rabbit (Jackson Immunochemical), 6.6 nM ALEXA568-phalloidin (Invitrogen), and 75 

nM DAPI (Invitrogen). Coverslips were washed 4 times for 5 minutes each with PBS, and 

then mounted onto slides in PBS, 80% glycerol, and 0.5% n-propyl gallate. Images were 

acquired using an Olympus IX-83 microscope outfitted with a UPLFLN 40x/1.3NA DIC 

objective, an EXFO mixed gas light source, Sutter filter wheels and shutters, a Hamamatsu 

ORCA-Flash 4.0 V2 sCMOS camera, and Metamorph imaging software. For fixed cell 

imaging, z-stack images (0.5 μm steps) were captured sequentially using the Sedat Quad 

filter-set (Chroma), and exposure times maintained constant within an experimental day 

across all conditions.
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Image analysis was performed using FIJI41,42. Briefly, the ratio of the average p65 signal 

pixel intensity for a region inside the nucleus was divided by the average p65 signal pixel 

intensity for a cytoplasmic region. This ratio was standardized against the nucleus/cytoplasm 

ratio for the unstimulated cells. In this way, a numerical value greater than 1 would indicate 

an increase in p65 within the nucleus.

3. Results

3.1 NT-07-16 does not affect the viability of RAW264.7 macrophages

In order to be certain that observed changes in macrophage inflammatory activity were not 

due to cytotoxic effects of NT-07-16, a cell viability assay was performed. No significant 

decrease in viability of RAW264.7 macrophages was observed following a 20-hour exposure 

to NT-07-16 in the presence (data not shown) or in the absence of LPS activation (Fig. 2).

3.2 NT-07-16 reduces the production of pro-inflammatory cytokines TNF-α and IL-6 by 
activated RAW264.7 macrophages

In order to investigate the effect of NT-07-16 on pro-inflammatory cytokine secretion, 

ELISAs were performed using supernatants from macrophage cultures to measure levels of 

extracellular TNF-α and IL-6. Treatment with NT-07-16 prior to LPS activation significantly 

decreased secretion of TNF-α (Fig. 3A) and IL-6 (Fig. 3B) from activated macrophages. 

The release of an additional pro-inflammatory cytokine, IL-1β, was not measured using 

these supernatants since RAW264.7 macrophages express little, if any, apopotosis-associated 

speck-like protein containing a C-terminal caspase-activating recruiting domain (ASC), so 

they lack the required caspase-1 inflammasome activity needed to process IL-1β into its 

mature, secreted form43.

3.3 NT-07-16 downregulates transcription of pro-inflammatory cytokine genes in activated 
RAW264.7 macrophages

In order to measure the effect of NT-07-16 on the transcription of pro-inflammatory 

signaling genes, qPCR analysis of TNFA, IL1B, and IL6 in activated macrophages was 

performed. In concurrence with the previous experiments, pretreatment with NT-07-16 

significantly decreased transcription of TNFA (Fig. 4A), IL1B (Fig. 4B), and IL6 (Fig. 4C) 

in the LPS activated macrophages. Transcription of the gene for inducible nitric oxide 

synthase (NOS2), the enzyme responsible for catalyzing the reaction that results in the 

production of the pro-inflammatory radical, nitric oxide, was also measured from these same 

RNA preparations, however, the mRNA expression of this gene was not consistently affected 

by NT-07-16 exposure (data not shown).

3.4 NT-07-16 alters phosphorylation of IκB-α during activation of RAW264.7 macrophages

IκB-α phosphorylation in LPS activated macrophages not treated or pre-treated with 

NT-07-16 was measured over time. Levels of both IκB-α and phosphorylated IκB-α (p-

IκB-α ) in cells not treated with NT-07-16 (Fig. 5A) and treated with NT-07-16 (Fig. 5B) 

were examined. These results suggest that exposure to NT-07-16 reduced the amount of 

IκB-α phosphorylation as well as the length of time that it remained phosphorylated in these 

macrophages (Fig. 5C)
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3.5 NT-07-16 reduces the association of NF-κB with α-tubulin

To further explore the mechanism by which NT-07-16 exerts its anti-inflammatory properties 

we examined the association of NF-κB with α-tubulin in order to more fully understand the 

role of microtubule dynamics in the translocation of NF-κB during the inflammatory 

response. Immunoprecipitation with western blotting indicated that there was an increase in 

the association of NF-κB with α-tubulin in RAW264.7 macrophages following activation of 

the cells with LPS. Additionally, results suggested that exposure of the macrophages to 

NT-07-16 prior to activation decreased the association between NF-κB and α-tubulin when 

compared to activated macrophages not exposed to NT-07-16 (Fig. 6).

3.6 Confirmation of the microtubule depolymerization activity of NT-07-16

As confirmation of the work of Rohena et al. demonstrating that NT-07-16 depolymerizes 

microtubules, RAW264.7 macrophages and LLCPK1 kidney cells (data not shown) were 

exposed to 1 μM NT-07-16 or 1 μM nocodazole (a known microtubule-depolymerizer, 

positive control) and subsequently activated with LPS for 1 hour while still in the presence 

of the compounds (Fig. 7)40. Immunofluorescence microscopy showed the induction of the 

typical flattened and rounded phenotype, as well as an increase in microtubule stabilization 

exhibited by LPS activated macrophages44–46. Additionally, these images demonstrated that 

although the known microtubule-depolymerizer, nocodazole, consistently showed the 

highest degree of depolymerization, exposure to NT-07-16 also altered the microtubule 

network in multiple cell types.

3.7 NT-07-16 decreases nuclear translocation of NF-κB

RAW264.7 cells were cultured in the presence or absence of 1 μM NT-07-16 or 1 μM 

nocodazole and prior to a 1 hour LPS activation. Immunofluoresence microscopy to 

visualize the p65 subunit of NF-κB revealed increased NF-κB localization in the nucleus 

upon LPS activation, compared to control cells. Treatment with either nocodazole or 

NT-07-16 abrogated NF-κB nuclear localization in LPS-activated cells (Fig. 8A). NF-κB 

nuclear localization was quantified by calculating the ratio of nuclear signal to cytoplasmic 

signal, and normalizing that ratio against control cells (Fig. 8B). Activated macrophages pre-

treated with either of the two microtubule-depolymerizing compounds showed significantly 

less NF-κB nuclear translocation than those macrophages activated with LPS but not 

exposed to the microtubule-depolymerizers, indicating that the microtubule network is 

involved in NF-κB nuclear translocation. No difference was found between RAW264.7 cells 

that were not activated but exposed to NT-07-16 or nocodazole and the control macrophages. 

These data support our hypothesis that NT-07-16 anti-inflammatory activity is at least 

partially due to microtubule destabilization.

4. Discussion

While acute inflammation is important for combatting pathogens, chronic inflammation has 

been shown to contribute to many disease states such as inflammatory bowel disease, 

arthritis, heart disease, neurodegenerative diseases and even cancers21–23. Therefore, in 

order to develop new treatments for these diseases it is crucial to understand the signaling 

pathways that are responsible for triggering the inflammation. Due to the importance of the 
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NF-κB signaling pathway in the inflammatory response it has recently become a target for 

many broad-sweeping drug therapies21–23. The results of our work contribute to the broader 

understanding of the activation of this pathway leading to the translocation of NF-κB into 

the nucleus to turn on pro-inflammatory genes, and provide further information about the 

anti-inflammatory properties of polysubstituted pyrrole compounds.

Treatment of RAW264.7 macrophages with the novel microtubule depolymerizer NT-07-16 

yields a down-regulation of pro-inflammatory behavior in the macrophages without 

compromising cell viability. When exposed to the compound prior to activation, the 

macrophages secreted less pro-inflammatory cytokines than those not treated with 

NT-07-16. Additional experiments demonstrated that exposure to NT-07-16 also decreased 

transcription of pro-inflammatory genes suggesting that NT-07-16 acts upstream of NF-κB’s 

nuclear activities. Our studies suggest that microtubule depolymerization induced by 

NT-07-16 interferes with the phosphorylation of the IκB-α inhibitory protein as well as 

decreases the association of NF-κB with α-tubulin. These two events may be related 

although this has not yet been studied experimentally. Earlier work from other laboratories 

has shown that the phosphorylation of IκB-α is the signal for its degradation but that NF-κB 

remains bound to IκB-α until this inhibitory protein is ubiquitinated by the ubiquitin-

activating enzyme, E147,48. Another study demonstrated that the E1 enzyme co-localizes 

with the cytoskeleton49. Therefore, the decrease in phosphorylation may reduce the signal 

required to degrade IκB-α and release NF-κB for nuclear translocation. In addition, the 

disruption of the microtubule network may reduce the ability of NF-κB to interact with the 

microtubules making it more difficult for the E1 enzyme to carry out its function. Together 

these effects may contribute to the observed reduction in the nuclear translocation of NF-κB 

which results in a decrease in the production of pro-inflammatory mediators by activated 

macrophages exposed to NT-07-16. Therefore, our data provide further evidence that the 

microtubule network is involved in the activation of the NF-κB transcription factor and its 

ability to move from the cytoplasm into the nucleus following its dissociation from the IκB-

α inhibitory protein. Shrum et al. found that stimulated NF-κB translocation into the nucleus 

relies on the dynein molecular motor associated with minus-end movement on microtubules 

but this mechanism has yet to be studied in macrophages14.

It is important to note that although these data do not specifically exclude the possibility that 

depolymerization of the microtubules may also contribute to a cytokine secretion defect it is 

unlikely. Our findings demonstrated a significant reduction in the mRNA expression levels 

of the cytokines tested which suggests that the effects of NT-07-16 are pre-transcriptional. 

Also, an earlier study using several microtubule disrupting drugs found a similar decrease in 

TNF-α transcription but little effect on TNF-α secretion in rat peritoneal macrophages50. 

And more recently, a study showed that while anterograde transport of TNF-α was initially 

reduced after microtubule depolymerization it appears that these findings were due to a 

delay in the functional maturation of Golgi elements required for post-Golgi trafficking and 

not dependent on polymerized microtubules51. However, further studies are still needed to 

fully understand the role of microtubules in post-Golgi transport of cytokines, specifically in 

macrophages.
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It is clear from our studies that NT-07-16 possesses anti-inflammatory activity. These data 

suggest that treatment with NT-07-16 may affect the activation of the pro-inflammatory 

transcription factor, NF-κB by reducing its ability to translocate into the nucleus and turn on 

pro-inflammatory genes in activated macrophages. As such, NT-07-16, which has already 

shown activity as an anti-proliferative agent towards cancer cells, may also be effective as an 

inhibitor of the NF-κB pro-inflammatory signaling pathway further enhancing its 

chemotherapeutic potential.
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Highlights

• NT-07-16 is a microtubule-depolymerizing compound with antitumor activity

• NT-07-16 decreases pro-inflammatory cytokine production by activated 

macrophages

• NT-07-16 reduces IκB-α phosphorylation and NF-κB association with 

microtubules

• Exposure to NT-07-16 decreases NF-κB nuclear translocation in macrophages

• Less NF-κB nuclear translocation may explain anti-inflammatory activity of 

NT-07-16
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Figure 1. 
Structure of NT-07-16. An additional methoxy group (marked with an *) was added to the 2-

position on the phenyl ring of the parent compound, JG-03-14 (not shown), in order to 

enhance its ability to interact with tubulin.
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Figure 2. 
Effect of NT-07-16 on RAW264.7 cell viability. Cells were exposed to varying 

concentrations of NT-07-16 for 20 hours. Viability was assessed using an MTT assay and is 

reported as a percentage of the control sample (macrophages not exposed to NT-07-16). 

Results are representative of three independent experiments and error bars indicate the 

standard error of the mean within each treatment group.
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Figure 3. 
Effect of NT-07-16 on IL-6 and TNFα production by activated RAW264.7 macrophages. 

Cells were exposed to NT-07-16 for one hour prior to activation with LPS. Cells were 

incubated for 20 hours and then supernatants were collected. OptEIA™ ELISA Assay kits 

were used to quantify (A) TNF-α and (B) IL-6 released from the cells. Variation among 

treatments was determined by one-way ANOVA. The means of each sample were compared 

to the LPS control, **** p<0.0001; significant differences in expression were seen in 

independently treated samples, A= p<0.01, B= p<0.05 (Tukey-Kramer post-hoc test). 

Results are representative of three independent experiments and error bars indicate the 

standard error of the mean within each treatment group.

Gilmore et al. Page 16

Chem Biol Interact. Author manuscript; available in PMC 2019 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Effect of NT-07-16 on TNFA, IL1B, and IL6 expression in RAW264.7 macrophages. Cells 

were exposed to NT-07-16 for one hour prior to activation with LPS. Cells were incubated 

for 4 hours before RNA isolation. Relative expression of (A) TNFA, (B) IL1B, and (C) IL6 
was measured using qPCR with β-actin as the reference gene. Variation among treatments 

was determined by one-way ANOVA. The means of each sample were compared to the LPS, 

* p<0.05, **** p<0.0001; significant differences in expression were also seen between 

independently treated samples, A= p<0.01, B= p<0.05 (Tukey-Kramer post-hoc test). 

Results are representative of three independent experiments and error bars indicate the 

standard error of the mean within each treatment group.
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Figure 5. 
Effect of NT-07-16 on the phosphorylation of IκB-α over time. RAW264.7 macrophages 

were activated with LPS for the indicated length of time and cell lysates were prepared and 

analyzed by Western blotting using antibodies specific for IκB-α and p-IκB-α. 

Macrophages were either (A) not exposed to or (B) were exposed to 0.5 μM NT-07-16 for 

one hour prior to LPS activation. Normalization factors are below each blot. These values 

were determined by dividing the total adjusted protein volume (background subtracted) of 

each lane by the total adjusted protein volume of lane 1 on each blot. (C) Relative IκB-α 
phosphorylation was calculated by dividing the normalized densitometry values of p-IκB-α 
by the normalized densitometry values of IκB-α for each time period. Low values indicate 

little p-IκB-α compared to the unphosporylated form for each time period whereas high 

values indicate high levels of pIκB-α compared to the unphosporylated form. Results are 

representative of three independent experiments.
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Figure 6. 
Effect of NT-07-16 on the association of NF-κB with tubulin in RAW264.7 macrophages. 

Cells were exposed to NT-07-16 for 1 hour prior to activation with LPS for 30 minutes. Total 

cell lysates were collected and immunoprecipitation was performed to isolate α-tubulin. The 

association of NF-κB with α-tubulin was analyzed by western blotting (A). Densitometry 

was performed to analyze the amount of NF-κB that co-immunoprecipitated with α-tubulin 

before and after exposure to NT-07-16 in control and LPS-activated macrophages (B). Data 

incorporate results from four independent experiments. * p<0.05 (paired t-test).

Gilmore et al. Page 19

Chem Biol Interact. Author manuscript; available in PMC 2019 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Pretreatment of RAW264.7 cells with microtubule depolymerizing compounds disrupts the 

typical microtubule networking phenotype. Qualitative image analysis demonstrates 

microtubule depolymerization of RAW264.7 cells treated with either nocodazole or 

NT-07-16. Arrows indicate the altered microtubule network in the nocodazole and NT-07-16 

treated macrophages. Scale bar = 20 μm.
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Figure 8. 
Effect of microtubule depolymerization on nuclear translocation of NFκB in RAW264.7 

macrophages. (A) Intensity-reversed representative images of p65 staining in control 

RAW264.7 macrophages, or cells activated with 500 ng/ml of LPS, in the absence or 

presences of 1μM nocodazole, or 1μM NT-07-16. Arrows represent position of nuclei. Scale 

bar = 20μm. (B) Normalized mean nuclear localization ratios were calculated from in vitro 
immunofluorescence imaging of the p65 subunit of NF-κB. LPS activation resulted in an 

increase in nuclear NF-κB compared to cells that were not activated. Exposure to either 

nocodazole or NT-07-16 for 1 hour prior to LPS activation decreased the response 

(*Dunnett’s Test compared to LPS treatment, p < 0.0001). Error bars represent standard 

error of the mean. n >190 cells for each condition across five independent experiments.
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