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Abstract  

Oxidative damage is believed to play a  major role in the etiology of many age-related 

diseases and the normal aging process. We previously reported that sulindac, a 

cyclooxygenase (COX) inhibitor and FDA approved anti-inflammatory drug, has 

chemoprotective activity in cells and intact organs by initiating a pharmacological 

preconditioning response, similar to ischemic preconditioning (IPC).  The mechanism is 

independent of its COX inhibitory activity as suggested by studies on the protection of 

the heart against oxidative damage from ischemia/reperfusion and retinal pigmented 

endothelial (RPE) cells against chemical oxidative and UV damage.  Unfortunately, 

sulindac is not recommended for long-term use due to toxicities resulting from its COX 

inhibitory activity.  To develop a safer and more efficacious derivative of sulindac, we 

screened a library of indenes and identified a lead compound, MCI-100, that lacked 

significant COX inhibitory activity but displayed greater potency than sulindac to protect 

RPE cells against oxidative damage.   MCI-100 also protected  the intact rat heart 

against ischemia/reperfusion damage following oral administration. The 

chemoprotective activity of MCI-100 involves a  preconditioning response similar to 

sulindac, which is supported by RNA sequencing data showing common genes that are 

induced or repressed by sulindac or MCI-100 treatment.    Both sulindac and MCI-100 

protection against oxidative damage may involve modulation of  Wnt/β-catenin signaling 

resulting in  proliferation  while inhibiting TGFβ signaling leading to apoptosis. In 

summary MCI-100, is more active than sulindac in protecting cells against oxidative 

damage, but without significant NSAID activity, and could have therapeutic potential in  

treatment of diseases that involve oxidative  damage. 
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Significance statement: 

In this study, we describe a novel sulindac derivative, MCI-100, that lacks significant 

COX  inhibitory activity, but is appreciably more potent  than sulindac in protecting 

retinal pigmented epithelial (RPE) cells against oxidative damage. Oral administration of 

MCI-100 markedly protected the rat heart against ischemia/reperfusion damage. MCI-

100 has potential therapeutic value as a drug candidate for age-related diseases by 

protecting cells against oxidative damage and preventing organ failure. 

 Introduction 

Oxidative damage is widely accepted as a major stress factor responsible for many age-

related diseases, as well as other degenerative conditions associated with aging. The 

balance between the cellular production of reactive oxygen species (ROS), primarily 

from mitochondrial respiration, and the ability of cells to protect against oxidative 

damage impacts both the rate and extent of aging in humans and other mammals (Cui 

et al., 2012). We became interested in the potential of small drug-like molecules to 

protect  against oxidative damage after identifying methionine sulfoxide reductase A 

(MSRA), the first member of the MSR family of enzymes (Brot et al., 1981). MSRA 

reduces methionine sulfoxide residues (S epimer) in proteins back to methionine, 

repairing oxidative damage to proteins. In addition to protein bound methyl sulfoxide 

groups (S epimer), small molecules that contain a methyl sulfoxide S epimer can also 

serve as substrates for MSRA enzymes, including the nonsteroidal anti-inflammatory 

drug (NSAID), sulindac (Moskovitz et al., 1996; Etienne et al., 2003).  Sulindac  is an 

NSAID prodrug containing a methyl sulfoxide group (mixture of both R and S epimers) 
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that is reduced to sulindac sulfide, the active COX inhibitor, by MSRA; MSRA reduces 

the S epimer and an enzyme present in mammalian liver reduces the R epimer, but is 

not MSRB, the enzyme that reduces the R epimer of methionine sulfoxide in proteins 

(Brunell et al., 2011). Our initial studies showed both cytotoxic and cytoprotective 

properties of sulindac depending on whether the cells were cancerous or normal, 

respectively.  For example, sulindac, at concentrations that had no significant 

cytotoxicity, sensitized cancer cell lines to oxidizing agents, which resulted in enhanced 

killing (Marchetti et al., 2009). However, under similar conditions sulindac protected 

normal retinal pigmented epithelial (RPE) cells against oxidative damage by a 

mechanism that was independent of its COX inhibitory activity or the MSR system 

(Marchetti et al., 2009; Moench et al., 2009). It became clear in further studies of 

ischemia/ reperfusion damage to the heart (Moench et al., 2009) and oxidative and UV 

damage to RPE cells (Sur et al., 2014) that sulindac can initiate a pharmacological 

preconditioning response by a mechanism similar to the well documented protective 

mechanism, referred to as ischemic preconditioning (IPC)(Bolli, 2000). However, unlike 

IPC which is initiated by sub-lethal hypoxic conditions, the protective effect of sulindac 

was obtained under normoxic conditions. We refer to this mechanism as 

pharmacological preconditioning.   Although ischemic preconditioning has been studied 

extensively, the effect of pharmacological or chemical preconditioning on protective 

cellular pathways remains an area of research that needs further investigation (Jin et al., 

2016).  

Because of the risk of potentially severe toxicity resulting from long-term use of sulindac 

and other COX-1 and/or COX-2 inhibitors, it would be desirable to develop derivatives  
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that lack COX inhibitory activity and have more potent activity in protecting normal cells 

against oxidative damage. In the present study, we screened a series of novel 

compounds, all containing a central indenyl core present in the sulindac scaffold, and 

identified a non-COX inhibitory  derivative of sulindac designated as MCI-100 that 

resulted in appreciably greater  potency than sulindac in protecting RPE cells from 

oxidative damage. Like  sulindac, MCI-100 is also able to protect the heart against 

ischemia/reperfusion damage.  Additional experiments suggest that the 

chemoprotective mechanism of action of MCI-100 is similar to sulindac, although, RNA-

seq analysis revealed additional pathways that could be responsible for the 

chemoprotective activity of MCI -100. 

Materials and Methods 

Chemical synthesis of MCI-100:  MCI-100, (Z)-2-(5,6-dimethoxy-2 methyl-1-(3.4.5-

trimethoxybenzylidne)-1H-inden-3yl) acetic acid, was synthesized by reacting 3,4-

dimethoxybenzaldehyde with propionic anhydride and sodium propionate at 130°C for 

36 h  to produce (Z)-3-(3,4-dimethoxyphenyl)-2-methylacrylic acid as a colorless 

solid.  Catalytic hydrogenation of the acid (palladium on carbo, 5%, 40 psi) in warm 

ethanol generated 3-(3,4-dimethoxyphenyl)-2-methylpropanoic acid as a colorless oil. 

An intermediate, 5,6-dimethoxy-2-methyl-2,3-dihydro-1H-inden-1-one was obtained by 

treating the oil with polyphosphoric acid (PPA) at 50°C for 20 min and purified on a silica 

gel column to obtain the ketone.  The ketone was refluxed with 2-cyanoacetic acid and 

ammonium chloride in toluene for 36h, followed by hydrolysis with potassium hydroxide 

solution in 60% ethanol to obtain 2-(5,6-dimthoxy-2 methyl-1H-indene-3yl) acetic acid 

(Intermediate 2). Intermediate 2 was treated with 3,4,5-trimethoxybenzaldehyde and 
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sodium methoxide in anhydrous methanol .The mixture was heated at 85 oC in a 

microwave synthesizer (Biotage, Uppsala, Sweden) for 4.5 h, then neutralized with 

acetic acid and concentrated to obtain an orange oil. This residue was dissolved in 

EtOAc and was washed with water . The aqueous layer was again extracted with EtOAc 

and the combined organics were dried over anhydrous sodium sulfate and filtered. 

Volatiles were removed in vacuo to give of an orange gum. This gum was purified on a 

Flash Chromatography system (Teledyne, CA, USA) using a silica gel column at a flow 

rate of 18 mL/min. The major fraction (MCI100) was isolated using 40% EtOAc in 

hexane as an orange oil .A further pure material was obtained by precipitation of the 

resultant oil with 20% EtOAc in hexane in a sonication bath. Purity and identity of the 

MCI100 was evaluated employing RP-HPLC and Mass Spectrometry. Analytical RP-

HPLC was performed on a 1260 Infinity liquid chromatography system (Agilent 

Technologies, CA, USA) equipped with a UV detector. The conditions for the analytical 

RP-HPLC analysis are: a C18 monomeric column (Hichrom Vydac DENALI, 250 x 4.6 

mm, 5 µm, 120 Å), with 1 mL/min flow rate, and  elution with a linear gradient of 2-98% 

B over 22 min, where A is 0.1% TFA in H2O, and B is 0.1% TFA in CH3CN, with a UV 

detector set at 330 nm. Mass spectrometry was performed on a MALDI-TOF instrument 

(Bruker, MA, USA) in reflector mode using α-cyano-4-hydroxycinnamic acid as a matrix 

and in positive mode.  During the course of these studies the MCI-100 was synthesized 

at three locations, the University of South Alabama, Ideal Organics (Telengana, India) 

and at Florida Atlantic University. Intermediate 2 (see above) was also purchased from  

Pharmablock Sciences  (Nanjing,China) and Ideal Organics.  The MCI-100 synthesized 

at both the University of South Alabama and Florida Atlantic University used 
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intermediate 2, puchased from these companies, as the starting material. All of the MCI-

100 preparations were greater than 95% pure. 

Cultured cells and reagents: Retinal pigmented epithelium cells (ARPE-19) were 

obtained from American Type Culture Collection (ATCC, Manassas, VA) and cultured at 

37oC in 5% CO2. All chemicals were purchased from Sigma unless specified. 

Cell viability assay: Cells were cultured and assayed for cell viability essentially as 

described previously (Ayyanathan et al., 2012; Sur et al., 2014) . The optimum passage 

number  of the ARPE-19 cells had to be determined for each new batch of cells. In 

general, cells at passage numbers between 3-6 gave the most reproducible results.  

However, it should be noted that each original batch of ARPE-19 cells showed 

considerable variation with regard to their sensitivity to TBHP and protection by MCI-

100 and sulindac.  The cell growth  and viability assay were as follows: ARPE cells 

(10,000 per well) were plated in 96-well plates and  experiments were done either in 

triplicates or quadruplicates. In all experiments the cells were pretreated with  MCI-100 

for 24 h followed by exposure to TBHP for 24 h. Cell viability was measured by using 

the Cell Titer 96 Aqueous One Cell Proliferation Assay (Promega, MTS assay), 

following the manufacturer’s instructions. This assay uses a tetrazolium salt that is 

converted to a formazan dye by the activity of mitochondrial NADH oxidase. The 

change in color due to this conversion is measured at 490 nm using a colorimetric 

microtiter plate reader (SpectramaxPlus 384, Molecular Devices). 

COX assay: COX-1 and COX-2 activities were measured using purified ovine COX-1 

and human recombinant COX-2 with colorimetric COX inhibitor screening kits obtained 

from Cayman Chemical Co. Test compounds or vehicle were incubated for 30 min at 
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25°C with diluted enzyme in a 96-well half-area non-binding plate.  Sulindac sulfide (SS) 

and celecoxib (CC) were used as positive controls for COX-1 and COX-2 inhibition, 

respectively. The activities of COX-1 and COX-2 activities were measured, after the 

addition of arachidonic acid, by the formation of prostaglandin measured at 420 nm as 

specified by the manufacturer. For these assays, it is important to determine for each 

compound the concentrations needed for a linear response:  for COX 1 inhibition a 

linear dose response was observed for both SS and MCI-100; for COX 2 inhibition the 

assay linearity was not as good with either SS or MCI-100,  but since MCI-100 showed  

negligible (0.1%) activity compared to  CC, the slight lack of linearity was not relevant. 

Each experimental condition was performed in triplicates on a 96 well plate. 

PDE assay: PDE activity was measured using the IMAP fluorescence polarization PDE 

assay (Molecular Devices) in which the binding of hydrolyzed fluorescent cyclic 

nucleotide substrate to the IMAP reagent increases fluorescence polarization. Each well 

of a 96-well nonbinding plate contained 0.25 mg/mL of recombinant enzyme 

preparations. Enzymes were incubated with MCI-100 or vehicle (DMSO) for 30 min at 

30°C before the addition of a substrate mixture containing 25 nmol/L of fluorescein-

cGMP. The DMSO final concentration for each experiment was 2%. After 90 min of 

incubation at 30°C, the reaction was terminated by the addition of binding reagent. The 

maximum fluorescence polarization was measured using a Synergy4 (BioTek) plate 

reader. 
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In vivo effect of MCI 100 using a Langendorff procedure:  

Male Sprague Dawley rats (body weight 456 +/- 22 g) were fed 0.7 mg/kg/day of the 

drug MCI-100 in peanut butter treats for 48 hours, in addition to the standard diet of rat 

chow, prior to removal of the heart for the Langendorff procedure. Animals were fed on 

day 1 at 11.30 am, again on day 2 at 11.30 am, and then fed on day 3 at 8.00 am 

followed by euthanization on day 3 at 11.30 am and excision of the heart. The 

Langendorff heart preparation has been described in previous reports (Yoshida et al., 

2000; Yue et al., 2006; Skrzypiec-Spring et al., 2007; Moench et al., 2009). Animals 

were anesthetized and hearts were rapidly excised after thoracotomy. The aorta was 

cannulated and hearts were mounted on a Radnoti Langendorff Constant Flow 

Apparatus (AD Instruments, Colorado Springs, CO, USA). Hearts were perfused with 

oxygenated (95% O2 – 5% CO2) Tyrode’s solution with no further drug exposure for 

analysis by the Langendorff procedure. The coronary flow rate was maintained at 8 ml / 

min and the hearts of all rats were equilibrated for 10 min and then subjected to 45 

minutes of ischemia followed by 2 hours of reperfusion. Samples of the perfusate were 

analyzed for lactate dehydrogenase (LDH) release, during both the ischemia and 

reperfusion phases and after reperfusion slices of the heart were treated with triphenyl 

tetrazolium chloride (TTC) to determine the extent of cardiac damage (infarct), as 

described previously (Moench et al., 2009). Three to four animals were used for each 

condition. Heart wet weights recorded upon heart excision were 1.574 +/- 0.021 g for 

drug treated animals and 1.578 +/- 0.022 g for no-drug control rats, indicating no 

significant difference between groups. All studies involving the use of animals were 

approved by the Institutional Animal Care and Use Committee at Florida Atlantic 
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University in accordance with federal guidelines. Animal facilities were accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care International. 

Plasma levels of MCI-100  

MCI-100 was administered  via oral gavage at 20 mg/kg in spring-dawley rats and 

samples were collected at  0.25, 0.5, 1, 3 and 5 h time points. For MCI 100 

determination, plasma samples were mixed with 5X volume of acetonitrile. For this 

analysis, an internal standard verapamil was added at a concentration of 10 ng/ml. 

Samples were mixed for 5 min followed by filtering using 0.45 µ membrane 96 well 

plates and centrifugation at 2000 ×g for 5 min.  Plasma levels and metabolites were 

then measured using UPLC-MS/MS analysis (Waters Xevo TQ-S Micro coupled with 

Acquity class I Plus). These studies  were performed at the University of Florida 

Translational Drug Developmental Core. 

RNA sequencing and processing of RNA sequencing data 

 RPE cells were treated with MCI-100 (25 μM) and sulindac (200 μM) for 24 h and RNA 

was extracted using QIA RNA extraction kit. Total RNA libraries were prepared by 

depleting ribosomal RNA by sequence-specific probes followed by confirmation of 

depletion on the bioanalyzer and generation of libraries using Illumina stranded total 

RNA-seq kit. The libraries were validated on the bioanalyzer and sequenced on the 

NextSeq 500 (2 x 40bp) aiming to generate 22 million paired-end reads per sample.  

Processing of RNA sequencing data was done using the guidelines and practices of the 

ENCODE and modENCODE consortia regarding proper data and metadata reporting, 

and data quality assessment (Landt et al., 2012). After obtaining the raw FASTQ data 
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from the sequencing core, we used the following pipeline and programs: 1) Scythe to 

remove adapter contamination, 2) FastQC to assess data quality, 3) sickle for base pair 

quality trimming, 4) Bowtie and BWA for sequence alignment, 5) DEseq2 for 

assessment of differential expression, 6) GO, KEGG and R Bioconductor packages to  

find overrepresented functional sets, and 7) hierarchical clustering of samples to 

evaluate how well experimental and control samples segregate. 

The literature analysis was performed using IRIDESCENT (Wren et al., 2004). Briefly, 

IRIDESCENT uses a thesaurus of terms along with acronym resolution to identify co-

occurring entities (e.g., genes, diseases, phenotypes, chemicals, cell types, etc) in 

MEDLINE abstracts. Thus, IRIDESCENT can identify enriched literature-based 

associations for each DE gene list of a broader nature than, for example, Gene 

Ontology (GO) analysis, and also includes strength of association (i.e., how frequently 

terms are mentioned together). After selecting the differentially expressed genes unique 

to both MCI-100 and sulindac, their relationships within the literature (if any) were 

visualized using Cytoscape 3.7. Relationships were defined and weighted by the co-

occurrence of terms within the same abstract (adding a weight of +0.5) or same 

sentence (+0.8). Thus, the cumulative weight reflects the number of times a putative 

relationship was described in MEDLINE. 

Statistical analysis 

Data were analyzed using Graph pad prism software.  Comparison between more than 

two groups was analyzed using two-way ANOVA followed by Bonferroni corrections for 

multiple comparisons. Comparison between two groups was analyzed using two tailed t-
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test. Experiments shown are representative of at least three independent experiments. 

Data are expressed as mean ± standard error (SE) with statistical significance set at 

p<0.05.  

Results  

MCI-100 protects RPE cells against oxidative damage: Our previous studies with 

sulindac on the protection of RPE cells against chemical oxidative damage and UV 

damage required relatively high concentrations of sulindac (200-500 μM) (Sur et al., 

2014).  This led us to  screen a chemical library of indenes to identify sulindac 

derivatives that are: 1) more potent than sulindac in protecting RPE cells against 

oxidative damage and 2) lack COX inhibitory activity. Follow-up chemical optimization 

produced a lead compound,  MCI-100, that is highly effective in protecting RPE cells 

from oxidative stress, but has no pharmacologically  significant COX inhibitory activity. 

Figure 1 shows the chemical structures of sulindac and MCI-100. Siimilar to sulindac, 

MCI-100 contains an indene scaffold with a carboxylic acid moiety, and a methyl group 

on the adjacent carbon. However, the 5’ fluorine group is missing and methoxy groups 

are present in the 5’ and 6’ positions on that ring. In addition, the methylsulfoxide group 

of sulindac, that can be reduced by MSRA to the methyl sulfide, which is the active COX 

inhibitor, is also missing. Three methoxy groups are present on that ring.  Initial 

experiments were designed to determine if MCI-100  protects RPE cells against 

oxidative damage using tert-butyl hydroperoxide (TBHP), an organic peroxide, as the 

oxidizing agent.  
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As shown in Figure 2A, MCI-100 at a non-cytotoxic concentration of 50 µM provides 

almost complete protection of RPE cells treated with TBHP concentrations between 

250-300 µM.  Consistent with our previous studies (Sur et al 2014) a 200 µM 

concentration of sulindac sulfoxide was required for almost complete  protection of RPE 

cells from  250 µM TBHP oxidative damage.. The effect of MCI-100 was concentration-

dependent as shown in Figure 2B. Concentrations as low as 25 µM significantly 

protected  RPE cells against oxidative damage from 225 µM TBHP. 

MCI-100 lacks significant COX1 and COX2 inhibitory activity:  The ability of MCI-

100 to inhibit the activity of COX-1 and Cox-2 was determined using recombinant 

enzymes (see Methods). As shown in Figure 3A , MCI-100 has only 10% of the COX-1 

inhibitory activity compared to sulindac sulfide (SS), and as shown in Figure 3B, MCI-

100 has <0.002% of the inhibitory activity of the COX-2 selective inhibitor, celecoxib. 

The results in Figures 3  suggest that in vivo use of MCI-100 would not have significant 

COX inhibitory activity and associated toxicities.  

MCI-100 selectively inhibits PDE10: The two major metabolites of sulindac, 

i.e.,sulindac sulfide, a COX-1/-2 inhibitor and sulindac sulfone, a non COX inhibitor, 

have been previously reported to inhibit cancer growth by inhibiting cyclic guanosine 

monophosphate (cGMP) phosphodiesterase (PDE) activity (Thompson et al., 2000; 

Tinsley et al., 2011; Whitt et al., 2012; Lee et al., 2016). To determine if the 

chemoprotective activity of MCI-100 might also involve PDE inhibition, the effect of MCI-

100 on the enzymatic activity of recombinant PDE isozymes was measured.  As shown 

in  supplemental Figure S1A, MCI-100 caused the greatest inhibition of PDE10 when 

tested at a concentration of 25 µM, although PDE5 and other cGMP degrading 
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isozymes are inhibited to a lesser extent.  Experiments testing a wide range of 

concentrations  confirmed that PDE10 was the most sensitive PDE isozyme to MCI-100  

with a calculated IC50 value of 6.7 µM (Figure S1B).  Thus, PDE10 inhibition might be 

an important target responsible for the chemoprotective effect of MCI-100 since the IC50 

value to inhibit PDE10  is less than the effective concentration range required for 

cytoprotection. By comparison, MCI-100 inhibited PDE5 with an IC50 value of 32.2 µM 

(Figure S1C), which remains in the effective concentration range required for 

cytoprotection of RPE cells treated with THBP and therefore likely contribute to the 

cytoprotective activity of MCI-100. Like PDE5, PDE10 inhibition results in the elevation 

of intracellular levels of cGMP that could lead to  activation of  PKG (Li et al., 2015; Lee 

et al., 2016).  Previous studies with RPE cells have shown that PKG is involved in the 

sulindac preconditioning protective response, which suggest that the cytoprotective 

activity of MCI-100 may involve a similar preconditioning mechanism resulting from 

PDE10 inhibition, by elevating  intracellular cGMP levels, and activation of PKG (Sur et 

al., 2014). 

MCI-100 protects against Ischemia/reperfusion induced myocardial injury:  Our 

previous results with sulindac showed that feeding 0.7 mg/kg per day for 3 days to rats, 

250-300 gm, significantly protected their hearts against ischemia/reperfusion damage 

using the Langendorff ex vivo model (Moench et al., 2009). In the present studies rats 

were also exposed to MCI-100 (0.7mg/kg per day for 3 days)  prior to the Langendorff 

procedure and measured LDH levels and myocardial infarct size. As shown in Figure 4A, 

MCI-100 pretreatment reduces LDH levels by approximately 50% during ischemia and 

40% during reperfusion.  As also shown in Figure 4 B, MCI-100 protects against 
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myocardial infarction induced by ischemia/reperfusion by 40% as measured using TTC 

staining (Figure 4C).  

Plasma levels of MCI-100 

As shown in Figure S4, after oral administration of MCI-100, the levels of the drug in the 

plasma showed an early peak within the first 30 minutes, with the highest plasma 

concentration at 3 hr  and little MCI-100 at 5 hr. During the 5 hr period there were no 

detectable MCI-100 metabolites, and no metabolites were observed when the MCI-100 

was incubated with a rat liver microsomal preparation (data not shown).  

MCI-100 protection of RPE cells against oxidative damage  involves a 

preconditioning response: Based on our previous studies on the protection of RPE 

cells by sulindac, we tested whether MCI-100 may also be  functioning in part or fully, 

through a preconditioning mechanism (Moench et al., 2009; Sur et al., 2014). In these 

experiments  we investigated the role of ROS production and expression of HSP70, 

known preconditioning markers, on MCI-100 protection of RPE cells  (Sur et al., 2014). 

Cultured RPE cells were treated with  tiron, an ROS scavenger, and the results are 

shown in Figure 5 A. Tiron alone, compared to untreated control cells, had no significant 

effect on cell viability using varying concentrations of TBHP. However,  at a 

concentrations of 350-400 μM TBHP, tiron significantly  inhibits the protection by MCI-

100. Figure 5B and C show that the expression of  HSP 70 increases by approximately 

3- fold in cells treated with MCI-100, compared to untreated cells.  The results in Figure 

5 using RPE cells suggest that MCI-100 initiates a pharmacological preconditioning 

response, similar to sulindac (Moench et al., 2009; Sur et al., 2014).  
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RNA sequencing results  

To further understand the differences between MCI-100 and sulindac, RNA seq studies 

were conducted to analyze global changes induced by drug treatments on gene 

expression. For the differentially expressed (DE) genes detected in RPE cells (see 

Methods), we first identified the DE genes unique to sulindac (24h untreated vs 24h 

sulindac treated) and MCI-100 (24h untreated vs 24h MCI-100 treated). These genes 

are shown in Supplementary Table S1 (worksheets 1 and 2). Figure S2A shows the 

overlap between these 4 sets (MCI-100 up/down and sulindac up/down), where the DE 

genes after treatment with MCI-100 and sulindac shared a modest amount of overlap, 

but otherwise had a number of genes (above threshold) unique to each drug.  The list of 

common genes that are downregulated or upregulated are on sheets 3 and 4 of Table 

S1; 30  downregulated and 19 upregulated genes overlapped between sulindac and 

MCI-100 treatments as given in sheets 3. & 4. By comparison, there are only two genes 

that are inversely expressed among sulindac and MCI-100 DE genes; CYP26A1 is 

downregulated in sulindac treated samples but upregulated in MCI-100 treated samples 

and also,  MIR34A is upregulated in sulindac treated samples but downregulated in 

MCI-100 treated samples. 

Because MCI-100 and sulindac induce similar, but not identical, changes in gene 

expression, we determined if the DE genes suggested any specific cellular pathways  

that might provide additional insight to  the mechanism of the chemoprotective activity of 
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MCI-100 and sulindac . First, the DE genes unique to MCI-100 and sulindac were 

identified (illustrated in Figure S2A, listed in Table S1, worksheets 5 and 6). Then, using 

literature analysis software called IRIDESCENT (Wren et al., 2004), significant 

literature-based commonalities of the DE gene lists were obtained (see methods). Even 

though the gene lists were different, there were  shared literature commonalities, which 

is expected if the drugs create similar phenotypic effects. The lists were then cross-

referenced to identify the strongest commonalities to MCI-100 and sulindac to  

distinguish where, within a pathway, they might be acting. The shared commonalities 

suggest both compounds activate Wnt/beta-catenin signaling, which is interesting given 

previous reports that the cytotoxic activity of  sulindac is associated with the 

suppression of Wnt/B-catenin signaling (Tinsley et al., 2011; Xing et al., 2012; Lee and 

A Piazza, 2017). Moreover, the Wnt/ß-catenin pathway has also been reported to be 

suppressed after PKG activation  in cancer cells (Lee and A Piazza, 2017) , but 

activated by sulindac in studies on focal cerebral ischemia (Xing et al., 2012). 

The commonalities of the DE genes affected by MCI-100 suggest that the negative 

effect of MCI-100 on TGF-ß activity may be an important difference between the two 

compounds.  Previous studies showed that reducing TGF- ß prevents  cellular 

apoptosis  in a developing chick retina (Dünker et al., 2001). To visualize how the DE 

genes are related to each other (red=up with drug, green=down) and to TGFB and beta-

catenin (grey)  both IRIDESCENT (with Cytoscape 3.7) and Ingenuity Pathway Analysis 

(IPA) was used.  Figures S2 B-C show a number of literature-based relationships 

between the DE genes and MCI-100 and sulindac. Note that in Figure S2B, the genes 
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associated with MCI-100 have stronger relationships with TGFβ1 and also are 

disproportionately downregulated.  

Based on this in silico evidence,  the effect of inhibition of TGFβ1 was tested, using 

SB431542, a TGFβ1 receptor inhibitor. As shown in Figure S3A,  the  TGFβ1 receptor 

inihibitor significantly protects RPE cells against TBHP induced oxidative damage,which 

would be consistent with its reported role in retinal apoptosis  (Dünker et al., 2001). In 

addition, as seen in Figures S3B and S3C,  the TGFβ1 inhibitor enhanced the protective 

effect on retinal cells of both sulindac and MCI-100 at high TBHP concentrations where 

these compounds had little or no protective activity. Since it is known that  under 

oxidative stress, TGFβ and Wnt/β-catenin pathways affect the regulation of each other 

(Chen et al., 2021), in addition to other activities,  we tested the the possible role of the 

Wnt pathway using a Wnt inhibitor, XAV939. As seen in  Figure S5, the Wnt inhibitor by 

itself has no effect on cell viability in the presence of TBHP. However, the Wnt inhibitor 

confers significant added protection of RPE cells when used  in combination with MCI-

100 in the presence of TBHP. This suggests that Wnt actually promotes, or enhances, 

oxidative damage.  Wnt  has also been implicated in promoting pathogenesis of retinal 

cells (Zhang et al., 2019) and our results support those recent studies.  

Figure 6  summarizes the various pathways by which MCI- 100 and sulindac exert their 

protective activity against oxidative damage. This summary is based not only on 

previous experimental data from our lab, but the RNA sequencing results shown in this 

study and what others have reported in the literature on the activity of sulindac that is 

independent of its COX-1 and COX-2 inhibitory activities. Three pathways are shown, 1) 
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a  major preconditioning pathway involving ROS, PKG, PKC, HSP and iNOS, 2) 

inhibition of the Wnt /ßcatenin pathway and 3) down regulation of the TGFβ1 apoptotic 

pathway. 

 

Discussion  

Oxidative damage, resulting from excess production of reactive oxygen species (ROS) 

has been implicated in the progression of a number of degenerative diseases(Kim et al., 

2015; Masuda et al., 2017; Liguori et al., 2018).  The overall goal of the experiments 

described here is to identify potential preventive therapies for age-related diseases.  

Our approach has been to identify targets that activate mechanisms normally used by 

cells to protect them from oxidative damage. We previously reported that sulindac 

protects the heart against ischemia/reperfusion oxidative damage (Moench et al., 2009). 

Later studies examining how RPE cells were protected against both oxidative stress 

and UV exposure by sulindac provided further evidence for a mechanism involving  a 

late preconditioning response similar to that observed in IPC (Sur et al., 2014), which 

we refer to as pharmacological preconditioning. It should be noted that in the rodent 

cardiac studies, sulindac, administered orally to rats, was markedly effective in reducing 

the infarct size resulting from ischemic/reperfusion damage.  Moreover the effective 

dose of sulindac was less than 20% (on a mg per kg basis) of its recommended dose in 

humans when used as an anti-inflammatory drug. However, there was still a need for a 

safer and more efficacious new drug candidate given its COX-1 and COX-2 inhibitory 

activity which suppresses physiologically important prostaglandins and results in 
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gastrointestinal, renal, and cardiovascular toxicities.  We hypothesized that a sulindac 

derivative lacking  COX-1 and COX-2 inhibitory activity but with increased potency to 

protect RPE cells from oxidative stress would be adequately safe and efficacious for the 

treatment of certain age-related diseases. 

In the present study, we characterize the activity of a novel sulindac derivative, 

designated as MCI-100, sharing the same central indenyl core and carboxylic acid 

moiety as sulindac (Figure 1). The advantages of MCI-100 are: 1) 4-6 times greater 

potency compared to sulindac in protecting RPE cells (see Methods regarding cell 

variability) from oxidative damage on a molar basis; and 2)  reduced COX inhibition 

activity, with no significant activity occurring in the cytoprotective concentration range 

(25-50 µM). This suggests the potential of MCI-100 for a wide therapeutic window 

and/or the potential for long-term use. Both compounds are PDE inhibitors, although 

MCI-100 is appreciably more potent and selective for the PDE10 isozyme. There are 

eleven known family members of PDE isozymes classified depending on several factors 

including substrate specificity and tissue localization (Halpin, 2008). To determine the 

effect of MCI-100 on the PDE isozymes, we tested its ability to inhibit all of the 

recombinant PDE isozymes with the exception of PDE6 that did not display adequate 

activity. The results showed that MCI-100 selectively inhibits PDE10 at concentrations 

that are cytoprotective. Previous studies had shown that sulindac sulfide (the active 

form of sulindac in vivo) non-selectively inhibits multiple PDE isozymes, including PDE1, 

2, 3, 5, and 10.  However, the cGMP-specific PDE isozyme, PDE5 was the most 

sensitive to sulindac sulfide. Inhibition of PDE5 can activate PKG by increasing 

intracellular cGMP levels, (Tinsley et al., 2011). The role of PDE5 inhibitors in 
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myocardial regulation and cardioprotection has been well studied (Das et al., 2004; 

Ahmad et al., 2009; Kass, 2012; Das et al., 2015) . PDE10 was found to be highly 

expressed in brain striatum and PDE10 inhibitors are being studied for the treatment of 

Huntington’s disease and schizophrenia, among others, and are known to be well 

tolerated (Grauer et al., 2009). 

In the heart ischemia/reperfusion studies in rats, MCI-100, at an injected dose of 0.7 

mg/kgm per animal per day for 3 days, clearly showed greater  than 40% protection 

against infarct and LDH release, similar to results obtained in feeding experiments with 

sulindac under the same conditions. An in depth drug concentration comparison has not 

been done in the ex-vivo experiments using the same conditions and mode of drug 

delivery, but these studies are in progress. However, we have preliminary information 

from a  pharmacokinetics study where no metabolites were observed in the plasma for 5 

hr after oral administration of  MCI-100 and no evidence of metabolism when the 

compound was incubated with rat liver microsomes. These data  suggest that the 

protective activity of MCI-100 is not due to a metabolite and that MCI-100 is not 

converted to a COX inhibitor. 

Our results indicate that preconditioning is one of the mechanisms, if not the major 

mechanism, by which both sulindac and MCI-100 protect normal cells against oxidative 

damage.  The results show a significant loss of the protective effect of MCI-100 when 

ROS production is inhibited.  It has been reported that preconditioning in the heart 

involves increased production of mitochondrial ROS that function as signaling 

molecules and activation of nuclear genes such as  heat shock (stress) proteins (Song 

et al., 2019). However, preconditioning may not be the only mechanism induced by 
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sulindac and MCI-100. In order to obtain more information on how these two closely 

related drugs might be similar or differ, RNA expression studies were carried out and a 

careful review of the sulindac literature (there is no MCI-100 literature) was also done to 

verify the RNA expression data. Figure 6 summarizes potential  mechanisms involved in 

the protection of cells against oxidatve damage  by MCI-100. Increased oxidative stress 

induces the Wnt pathway and abnormal regulation of Wnt pathway promotes 

neovasculatozation and pathological conditions for retinal cells (Zhang et al., 2019). Our 

studies show that  chemical inhibition of TGFβ1 alone ( Fig S3) and  the Wnt pathway in 

combination with MCI-100 (Fig S5)  protect RPE cells from oxidative damage. 

Figure 6 is  based on previous studies of others as well as our earlier studies on 

sulindac protection, and from the present studies. Three pathways are involved 

including induction of  an ischemic preconditioning response, inhibition of the 

Wnt/catenin pathway and inhibition of the TGFβ1 apoptotic pathway.   

However, it is clear that the cellular effects of sulindac and MCI-100 are not identical. 

RNA sequencing results have indicated that although there is some overlap in 

differentially expressed genes in sulindac and MCI-100 treated cells, there are uniquely 

expressed genes for each treatment condition.  A clear example of this is seen with 

cancer cells. Sulindac had been shown to have anti-cancer activity in experimental 

rodent models of tumorigenesis and is effective in the treatment of precancerous colonic 

adenomas in patients with familial adenomatous polyposis (Giardiello et al., 1993; 

Piazza et al., 1997; Gurpinar et al., 2014).  Also, in contrast to normal cells, we have 

shown that sulindac can make cancer cells more sensitive to oxidative stress (Marchetti 

et al., 2009; Ayyanathan et al., 2012), whereas MCI-100 does not have this property 
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and shows only weak killing activity toward cancer cells (data not shown). Although 

MCI-100 does not sensitize cancer cells to oxidative stress, its enhanced activity in 

protecting normal cells against oxidative damage, and its lack of COX inhibitory activity, 

should make it an attractive therapeutic candidate alone for many of the human age-

related diseases involving oxidative damage.  
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Figure Legends 

Figure 1: The chemical structures of sulindac and MCI-100  

Figure 2: Protection of RPE cells from oxidative damage by MCI-100.   A) The 

effect of sulindac (200 µM) and MCI-100 (50 µM) in protecting RPE cells against 

oxidative damage by TBHP.  B) Effect of MCI-100 concentration on protection of RPE 

cells against oxidation damage by TBHP.   *  MCI-100 is significantly different from 

control; # sulindac is significantly different from  control, p<0.05 (n=4). 

Figure 3: MCI-100 lacks COX-1 and COX-2 inhibitory activity. A) COX-1 inhibitory 

activity of MCI-100 as compared to sulindac sulfide (SS); B) COX-2 inhibitory activity of 

MCI-100 as compared to celecoxib (cc). * MCI-100 is significantly different from cox 

inhibitor, p<0.05 (n=3). 

Figure 4: Effect of  MCI-100 on rat hearts exposed to ischemia/reperfusion using a 

Langendorff procedure.  A. LDH levels were  measured in the heart  perfusates  in 

MCI-100 treated vs untreated animals subjected to 45 min ischemia followed by 2h 

reperfusion.  B. TTC staining to detect infarct.  Percent infarction was calculated and the 

values are shown as mean ± SE.  C. Representative images of TTC staining. Infarct 

area is lighter.  The  % infarct value using TTC staining is described in  Methods. * MCI-

100 treatment significantly different from control, p<0.01 (Control, n=4; treatment, n=3) 

Figure 5: MCI-100 protection of RPE cells involves elevation of ROS and 

activation of HSP70 expression.  A. RPE cells were incubated with MCI-100, and the 
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ROS scavenger, tiron (3 mM) for 24 h. MCI-100 protection is significantly different from 

no tiron control, *  MCI-100 is significantly different from control, # MCI-100 is 

significantly different from MCI-100 in combination with tiron, *#p<0.05 (n=4)  B. 

Representative blot showing HSP70 expression using chemiluminescence. Cells 

treated with 50 µM MCI-100 for 24 h and untreated controls were  lysed and analyzed 

using western blots for HSP70 and beta actin expression (See materials and methods 

for more details) C. Densitometric analysis ( n=3) of HSP70 expression was normalized 

to  beta actin expression .  

Figure 6.  Possible mechanisms involved in the MCI-100 protection of RPE cells 

from oxidative damage. Activation is shown as     , Inhibition is shown as      .  See 

discussion for further details. Figure was generated by biorender 

(https://biorender.com/). 
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