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Development of novel cytoprotective
small compounds inhibiting
mitochondria-dependent cell death

Mieko Matsuyama,1 Joseph T. Ortega,2 Yuri Fedorov,3 Jonah Scott-McKean,1,4 Jeannie Muller-Greven,5

Matthias Buck,5 Drew Adams,3 Beata Jastrzebska,2 William Greenlee,6 and Shigemi Matsuyama1,2,7,8,9,10,*
SUMMARY

We identified cytoprotective small molecules (CSMs) by a cell-based high-throughput screening of Bax in-
hibitors. Through a medicinal chemistry program, M109S was developed, which is orally bioactive and
penetrates the blood-brain/retina barriers. M109S protected retinal cells in ocular diseasemousemodels.
M109S directly interacted with Bax and inhibited the conformational change andmitochondrial transloca-
tion of Bax. M109S inhibited ABT-737-induced apoptosis both in Bax-only and Bak-only mouse embryonic
fibroblasts. M109S also inhibited apoptosis induced by staurosporine, etoposide, and obatoclax. M109S
decreased maximal mitochondrial oxygen consumption rate and reactive oxygen species production,
whereas it increased glycolysis. These effects on cellularmetabolismmay contribute to the cytoprotective
activity of M109S. M109S is a novel small molecule protecting cells from mitochondria-dependent
apoptosis both in vitro and in vivo. M109S has the potential to become a research tool for studying cell
death mechanisms and to develop therapeutics targeting mitochondria-dependent cell death pathway.

INTRODUCTION

The Bcl-2 family of proteins is a group of evolutionarily conserved proteins regulatingmitochondria-dependent apoptosis (reviewed in1). The

abnormal balance of these proteins induces apoptosis resistance of cancer cells and unwanted apoptosis of essential cells in the damaged

tissues.1 Bax and Bak are the pro-apoptotic members of the Bcl-2 family of proteins playing a central role in the mitochondria-dependent

programmed cell death.2 Because Bax/Bak double-deficient cells are resistant to the stresses activating the mitochondria-dependent

apoptosis pathway,2 Bax and Bak are ideal pharmacological targets to control the life and death of the cells. The pharmacological activators

and inhibitors of Bax and Bak are expected to be effective in eliminating cancer cells and rescuing essential cells from unwanted death,

respectively.3–7

Previously, small compounds activating Bax-/Bak-dependent apoptosis pathway have been developed, and some of these small com-

pounds are used clinically as effective therapeutics eliminating cancer cells, for example, venetoclax.8,9 However, clinically effective small

compounds rescuing damaged cells from Bax-/Bak-induced cell death have not yet been developed. Previous studies have reported the

development of Bax-inhibiting compounds (pro-drugs) by identifying small molecules inhibiting the pore forming activity of Bax in synthetic

liposome, for example, Bax channel blocker (Compound 1),10 iMac2,10,11 and MSN-125.12 Bax channel blocker (Compound 1)10 was also re-

ported to have an activity to inhibit the conformational change of Bax, and it is also called Bax activation inhibitor-1 (BAI-1).13 These inhibitors

showed cell death inhibiting activities in cell culture, but its activity in animal disease models has not been well studied. Recently, eltrombo-

pag, an FDA-approved drug for thrombocytopenia, was found to possess direct Bax-binding and -inhibiting activity.14 For example, eltrom-

bopag inhibited ABT-263-induced cell death in culturedNIH3T3mouse fibroblasts (EC50 = 525 nM).14 These previous studies developing Bax

inhibitors were conducted by using an artificially reconstituted in vitro assay system. The compounds identified by in vitro assay system will

have the expected biochemical activity; however, there is no guarantee that they will have the expected efficacy in living cells without unex-

pected toxic effects.
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Figure 1. Development of Bax- or Bak-inducible system in bax�/�bak�/� MEFs and the screening of small compounds rescuing cells from Bax or Bak

(A) Doxycycline (Dox)-induced expression of Bax and Bak in MEFs. Dox-inducible Bax or Bak (no-tag) gene was introduced in bax�/�bak�/� MEFs by lentivirus

vectors. These cells were named iBax or iBak cells, respectively. The cells expressing only mCherry were named iRFP cells.

(B and C) Western blot analysis of the expression levels of Bax or Bak in wild-type (Wt) MEFs, iBax, and iBak cells are shown (B). The results of densitometric

analyses are shown in C. The expression levels of Bax and Bak in Wt MEFs were designated as 1 (actin levels were used as loading control). The result of the

t test statistical analysis is shown. Statistically significant difference (p < 0.05) is indicated in the figure. Data are presented as mean G SD.

(D) Cell images of iRFP, iBax, and iBak. The Dox-inducible mCherry (red fluorescent protein) gene was introduced inbax�/�bak�/� tomonitor Dox-inducible gene

expression. Pictures were taken 48 h after Dox addition (100 ng/mL) to the medium. Images show cells under normal light, stained with Hoechst dye (nuclear

staining), and expressing mCherry. Cell death (nuclear condensation and fragmentation), as well as apoptotic bodies (mCherry images), can be observed in

these images. M6S is one of the hit compounds suppressing Bax-induced cell death. M6S (1 mM) rescued iBax cells, but not iBak cells.

(E) Chemical structures of hit compounds are shown.

(F) The dose-dependent inhibition of Bax-induced apoptosis in iBax cells by M5, M6, and M7 that were the best three representative hit compounds. The % of

apoptosis was measured by the detection of apoptotic nuclei by Hoechst dye nuclear staining. The enantiomer S form of M5 and M6 (M5S and M6S) showed

significantly stronger activities than the enantiomer R form (M5R and M6R). The original compounds in the library (M5 and M6) were a mixture of S and R

forms with unknown ratio. Data are presented as mean G SD.

(G) The dose-dependent effects of M5S, iMac2, and Bax channel blocker suppressing cell death in iBax system is shown. M5S showed significantly stronger

activity than iMac2 and Bax channel blocker inhibiting cell death in iBax cells. Data are presented as mean G SD.

(H–L)Western blot analysis of Bcl-2 family proteins and Caspase-3 in iBax cells treated withM5,M6, andM7. iBax cells were incubated for 48 h with or without Dox

(100 ng/mL) in the presence or absence of M5, M6, or M7. M5 and M6 are the original hit compounds that are a mixture of R and S forms. The results of the

densitometric analysis are shown on the right as graphs. The expression level of each protein in the control group is designated as 1 (actin levels were used

as loading control). All the compounds suppressed Caspase-3 cleavage without major changes in the expression levels of Bax, Bcl-2, and Bcl-XL. The result

of the t test statistical analysis is shown in each graph. ‘‘ns’’: no statistically significant difference was detected (p > 0.05). Data are presented as mean G SD.
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In this study, we utilized the cell-based functional screening system to develop novel cytoprotective small molecules (CSMs) that rescue

cells from Bax-induced apoptosis. The chemical structures of CSMs, described here, are distinct from previously reported Bax inhibitors iden-

tified through the reconstituted in vitro system. Throughmedicinal chemistry efforts, we succeeded in developingM109S, which has favorable

pharmacokinetics in rodents. In this article, we report the chemical structures of CSMs and their activities protecting cells at the levels of cell

culture and mouse retinal disease models.
RESULTS

Development of cell-based Bax/Bak inhibitor screening system

We generated cell lines that undergo apoptosis by the expression of Bax or Bak in bax�/�bak�/� mouse embryonic fibroblasts (MEFs). In

these cells, the Tet-ON promoter15 is used for the induction of mCherry (red fluorescent protein), Bax, and Bak (Bax and Bak are expressed

withoutmCherry-tag). Therefore, expression levels of Bax and Bak can be indirectly monitored bymCherry’s red fluorescence intensity. These

cells were named iRFP (mCherry-inducible cells), iBax (Bax-inducible cells), or iBak (Bak-inducible cells) (Figures 1A–1C).

Doxycycline (Dox), a tetracycline analog, was used to activate the Tet-ON system, and the expression of Bax and Bak was confirmed by

Western blot (Figures 1B and 1C). Forty-eight hours after the induction, many apoptotic cells can be observed by microscopic analysis (Fig-

ure 1D). To detect apoptotic nuclei, cells were stained with Hoechst dye (Figure 1D). These iBax cells were used to identify the candidates of

CSMs. A 50,000 small compound library was used to identify hit compounds by using a cell image analysis system (Operetta system, Parkin-

Elmer). The hits were selected by the following two criteria: (1) decreasing the percentage of dead cells detected (nuclear fragmentation and

condensation) and (2) maintaining mCherry expression (fluorescence intensity) above 80% of the control so that compounds inhibiting the

Tet-ON system could be excluded. We then selected the top 50 compounds that satisfied these criteria. Based on similarities in the chemical

structure, the compounds were divided into 2 groups. The best three small molecules rescuing iBax cells wereM5,M6, andM7 (Figure 1E). M5

and M6 (that have two enantiomers R and S) were assigned to Group 1 and M7 to Group 2. Figure 1D shows an example of M6S protecting

iBax cells from Bax-induced apoptosis while maintaining mCherry expression. These Bax-inhibiting hits were then tested in iBak cells. How-

ever, none of these compounds were able to inhibit cell death induced by the overexpression of Bak in iBak cells (Figure 1D, example images

of iBax and iBak cells incubated with M6S 1 mM are shown). These results suggest that CSMs can rescue cells from the apoptotic processes

induced by the overexpression of Bax but not Bak. The dose-response effects of M5, M5R, M5S, M6, M6R, M6S, and M7 inhibiting Bax-

induced apoptosis in iBax cells are shown in Figure 1F. The S-enantiomer showed a significantly higher cell-death-inhibiting activity than

the R-form in both M5 and M6. Therefore, we focused on the S-enantiomer to perform Hit-to-Lead optimization in Group 1. To be noted,

the cell death inhibition activity of M5S is significantly higher than the activities of Bax channel blocker10 and iMac210,11(Figure 1G). Western

blot analyses showed that these compounds did not decrease Bax expression (Figures 1H and 1I) but rather suppressed Caspase-3 activation

(cleavage) (Figures 1H and 1L). The expression levels of endogenous Bax inhibitors such as Bcl-2 and Bcl-XL did not show major changes

(Figures 1J and 1K).
Hit-to-lead optimization

Amedicinal chemistry program was carried out to expand the two-lead series and optimize iBax cell potency and Bax binding. A total of 200

inhibitors were designed and synthesized.16 Among them, M41S (Series 1) and M11 (Series 2) were the best apoptosis inhibitors in iBax cells
iScience 26, 107916, October 20, 2023 3
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(Figures 2A–2C). The EC50 of M41S and M11 for the inhibition of caspase activation in iBax cells were 3.8 nM (Figure 2D) and 145 nM (Fig-

ure 2C), respectively. In comparison with the original hit compounds of M5 (S (EC50 = 124 nM) and R (EC50 = 1,450 nM)) and M7 (EC50 =

553 nM), apoptosis-inhibiting activities of M41S and M11 were significantly improved (Figures 2B–2D). Further optimization of the lead com-

pound M41S (Series 1) led to the identification of M109S, an advanced lead compound, protecting iBax cells with the EC50 of 23.4 nM

(Figures 2A and 2D). M109S exhibits drug-like profiles: molecular weight is 375 g/mol, cLogP = 4.0, kinetic solubility is 0.05 mM in pH 7.4 (clear

suspension/solution can be prepared in 15% beta-cyclodextrin solution at 2 mg/mL [5.33 mM]), Caco-2 cell permeability is 11.73 10�6 cm/s

and the efflux ratio is 1.3, microsomal stability (half-life [t ½]) is 46 min (human) or 11 min (mouse), and plasma protein binding is 99.97% (hu-

man) or 99.71 (mouse). The detail synthesis protocols and pathways for M109S has been published.16 As shown in Figure 2D, the apoptosis

inhibition activity of M41S and M109S in iBax cells is significantly higher than the activity of eltrombopag, a thrombopoietin receptor analog,

which is recently reported to have Bax inhibitor activity.14 We also tried optimization of the lead compound M11 (Series 2); however, we were

not able to obtain an advanced lead compound passing the drug profiling tests suitable for human and animal use within the three-year proj-

ect period.

M109 is an orally bioactive cell death inhibitor penetrating blood-brain/retina-barrier

The pharmacokinetic (PK) analysis of M109S was performed in both mice and rats by oral gavage (PO) and either by intraperitoneal (IP) or by

intravenous (IV) injection (Figures 2E–2G). Inmice,M109S reached 1.0 mg/mL (2.6 mM) plasma concentrationwithin 30min fromadministration,

and it remained at 596G 134 ng/mL (1.6G 0.36 mM) 24 h after the oral gavage administration (Figure 2E). Similar results were obtained in rats

(Figure 2F). At 24 h after the oral gavage administration, the level of M109S in the plasma was 565.3 G 188.3 nM in rats. Moreover, M109S

crossed the blood-brain and blood-retina barriers. The level of M109S in the rat retina and brain reached 171.0 G 52.0 nM and 222.7 G

74.7 nM, respectively, 24 h after its oral administration (Figures 2F and 2G). Notably, these concentrations are higher than the EC50 concen-

tration (23.4 nM) ofM109S protecting iBax cells (Figure 2D). The half-life (t1/2) ofM109S (10mg/kg bodyweight [b.w.] oral administration) in the

blood was longer than 12 h (in mice) or 9.7 h (in rats) (Figures 2E and 2F).

M109S protected the retina from the bright-light-induced photoreceptor death

Previous studies showed that Bax-mediated apoptosis plays an essential role in bright-light-induced retinal degeneration in Abca4�/�

Rdh8�/� mice.17 Abca4�/�Rdh8�/� mouse is a mouse model of human Stargardt disease, a juvenile age-related macular degeneration

(AMD) that is susceptible to acute light insult and the retinal degeneration.17–19 The retinal photoreceptor cells degenerate within 7 days

in these mice after illumination with bright light due to apoptosis. An oral administration of these mice with a total of four doses of M109S

at 10 mg/kg within a scheme of two doses before light exposure (24 h and 1h), followed by two doses after light exposure (24 h and 48 h),

produced protection of photoreceptor cells from death (Figures 3A–3H). The apoptotic processes occurring in the photoreceptor cells

upon bright light injury trigger the activation of an immune response, which correlates with an increased number of autofluorescence (AF)

spots in the retina. The AF spots that can be detected with Scanning Laser Ophthalmoscopy (SLO) imaging represent the activated resident

microglia and peripheral immune cells that migrate to the retina to clear dying photoreceptors. The increased number of AF spots was de-

tected only in the vehicle-treatedmice. However, inmice treatedwithM109S at 10mg/kg, the number of AF spots was similar to that detected

in the dark-adapted mice (Figures 3A, 3B, and S1). The loss of photoreceptors in the vehicle-treated mice was evidenced by thinning of the

outer nuclear cell layer (ONL) detected by the optical coherence tomography (OCT), whereas the ONL in mice treated with M109S at

10 mg/kg closely reassembled the ONL in unexposed mice (Figures 3C and 3D). Although lower doses were less effective (Figures 3D

and S2). The thickness of the ONL was confirmed by histological examination of the H&E-stained retinal sections (Figures 3E and 3G). The

outer segments of the rod photoreceptors and cone photoreceptor cells were stained with the anti-rhodopsin antibody and peanut agglu-

tinin (PNA), respectively. The treatment with M109S preserved the structure of the retina by preventing the degeneration of both rod (anti-

rhodopsin-stained cells) and cone photoreceptors (PNA-stained cells) triggered by the exposure to bright light. Although only the residual

staining of rhodopsin and cone opsin was found in the vehicle-treatedmice, the expression of these receptors detected in theM109S-treated

mice was comparable with that found in mice unexposed to light (Figure 3F). The protection of the photoreceptor cells was confirmed in non-

pigmentedWt Balb/cJ mice sensitive to light-induced retinal degeneration (Figures 3H and S3). Although exposure to bright light triggered

deterioration of photoreceptor cells in the vehicle-treated mice, oral administration of M109S 24 h and 1 h prior to illumination followed by

additional treatment 24 h and 48 h after light exposure protected thesemouse retinas. Altogether, these results indicate that M109S protects

retinal cells from bright-light-induced death and thus prevents retina degeneration triggered by illumination.

Evaluation of cell death inhibition activities of M109S in cultured cells

Next, we evaluated the effectiveness of M109S inhibiting pharmacologically induced cell death in various cell types. ABT-737 is known to acti-

vate Bax-/Bak-dependent apoptosis pathway.20,21 The effects of M109S against ABT-737-induced apoptosis were examined in MEF cells of

wild type (Wt) (Figure 4A), bax+/+bak�/� (Bax only) (Figure 4B), and bax�/�bak+/+ (Bak only) (Figure 4C). M109S showed a dose-dependent

suppression of caspase activation in all three types ofMEFs, suggesting thatM109S can inhibit apoptosis induced by Bax as well as Bak, which

are expressed at endogenous levels. Staurosporine (STS), a pan-kinase inhibitor, is often used as a cytotoxic chemical activating Bax-/Bak-

dependent mitochondria-induced apoptosis.2 M109S inhibited apoptosis induced by STS in MEFs (Figure 4D). Etoposide, a topoisomerase

inhibitor, is known to activate DNA-damage-induced cell death involving Bax-/Bak-mediated apoptosis.22,23 M109S also significantly sup-

pressed apoptosis induced by etoposide in Neruo2a cells (Figure 4E). However, in HeLa cells, M109S showed only slight inhibition (most
4 iScience 26, 107916, October 20, 2023



Figure 2. Hit-to-lead optimization of the cytoprotective small molecules (CSMs)

(A) Chemical structures of newly designed and synthesized lead compounds in this study. The most effective cell death inhibitor in cell culture, M41S, was

developed based on the common chemical structure of M5S and M6S (Series 1). The orally bioactive CSM, M109S, was developed from M41S. M11 was the

most effective cell death inhibitor among the inhibitors designed from M7 (Series 2).

(B–D) Caspase activity of iBax cells treated with CSMs. Bax-mediated apoptosis was induced by Dox addition to the culture medium in iBax cells in the presence

of various concentrations of CSMs as indicated in the graphs. The improvement of apoptosis inhibition through Hit-to-lead optimization is shown in (B) (M41S vs.

M5S andM5R) and (C) (M11 vs. M7). (D) shows the comparison ofM41S (the best cell death inhibitor in cell culture), M109S (orally bioavailable CSMdesigned from

M41S), and eltrombopag (previously reported Bax inhibitor). Data are presented as mean G SD.

(E–G) Pharmacokinetic analysis of M109S in rodents. M109S was administered to mice and rats by intraperitoneal injection (IP, 1 mg/kg), intravenous injection (IV,

5 mg/kg), or oral gavage (OP, 10mg/kg). The concentration of M109S wasmeasured bymass spectrometry analysis. G: M109S concentrations in the blood, brain,

and retina 24 h after the administration (oral gavage [PO] or intravenous injection [IV]) in rats. Data are presented as mean G SD.
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of the effects were not statistically significant) of etoposide-induced apoptosis (Figures 4F and S4), indicating that M109S inhibits etoposide-

induced apoptosis in a cell-type-dependent manner. Obatoclax is known to induce both Bax-/Bak-dependent and independent apoptosis in

certain types of cancer cells.21 M109S inhibited obatoclax-induced apoptosis in ARPE19 cells (human retinal pigment epithelial cell line).

M109S suppressed caspase-3 activation without a significant impact on Bax levels of obatoclax-treated ARPE19 cells (Figures 4G–4I).
iScience 26, 107916, October 20, 2023 5



Figure 3. M109S protects the retina from bright-light-induced injury in Abc4�/�Rdh8�/� mice and Balb/cJ mice

(A and B) (A) The in vivo whole fundus imaging from Abca4�/�Rdh8�/� mice taken with scanning laser ophthalmoscopy (SLO) one week after exposure to bright

light. Autofluorescence spots (AF) representing macrophages and microglial cells activated by light injury to clear dying photoreceptors were detected in only

vehicle-treated mice but not in M109S-treated mice (10 mg/kg). Scale bar, 1 mm. (B) Quantification of the AF. M109s at 10 mg/kg showed statistically significant

protection against light-induced photoreceptor cell death. Statistical analysis was performed with the one-way ANOVA and post hoc Turkey tests (n = 6 for each

group). The values of p < 0.05 were considered statistically significant. No statistically significant changes were labeled as ‘‘ns’’.

(C and D) (C) The spectral domain optical coherence tomography (SD-OCT) images of the retina from Abca4�/�Rdh8�/� mice taken one week after illumination.

Scale bar, 100 mm. (D) The measurement and statistical analysis of the ONL thickness in SD-OCT images. The exposure to bright light induced the degeneration

of photoreceptors, which caused the shortening of the outer nuclear layer (ONL) in retinas in vehicle-treated control mice but not in the M109S-treated group.

M109S showed a dose-dependent effect protecting the photoreceptor cells from light-induced death. Statistical analysis was performed with the one-way

ANOVA and post hoc Turkey tests (n = 6 for each group). The values of p < 0.05 were considered statistically significant. No statistically significant changes

were labeled as ‘‘ns’’.

(E) The hematoxylin and eosin (H&E) staining of the retina sections of Abca4�/�Rdh8�/� mice. M109S treatment mitigated degenerative processes in the retina.

The thickness of the ONL in mice treated with M109S at 10 mg/kg closely resembled the thickness of the retina in dark-adapted mice. Scale bar, 50 mm. RPE,

retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

(F) Histochemical analysis of the retina of Abca4�/�Rdh8�/� mice. The cryosections were stained with an anti-rhodopsin antibody recognizing the C-terminus

(1D4 antibody) to detect rod photoreceptors (red) and with peanut agglutinin to detect cone photoreceptors (green). Nuclei were stained with DAPI (blue).

M109S treatment prevented the degeneration of both rod and cone photoreceptors. Scale bar, 50 mm.
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Figure 3. Continued

(G andH) Themeasurement and statistical analysis of the thickness of theONL in the H&E-stained sections of the retina ofAbca4�/�Rdh8�/�mice (G) and Balb/cJ

mice (H). The treatment withM109S (10mg/kg) prevented the thickening of theONL caused by the bright light injury in bothmouse strains. Data are presented as

mean G SD.

ll
OPEN ACCESS

iScience
Article
M109S suppressed the conformation change (N-terminal exposure) and the mitochondrial translocation of Bax

The exposure of theN-terminus of Bax occurs as the early step of Bax-induced apoptosis.24,25 The levels of this conformational change can be

examined by immunoprecipitation of Bax by antibodies recognizing the N-terminus of Bax.24 As shown in Figures 5A and 5B, CSMs (M41S,

M11, and M109S) suppressed the conformational change of Bax. Bax is known to translocate from the cytosol to the mitochondria after the

conformational change, which could be detected as higher density puncta in control iBax cells labeled with anti-Bax antibody (Figures 5C and

5D).25 CSMs (M41S, M11, and M109S) suppressed mitochondrial translocation of Bax in iBax cells (Figures 5C and 5D).

M019S directly binds to recombinant Bax protein

We examined whether CSMs (M109S and M41S) directly bind Bax using a recombinant Bax protein (Figures 5E and S5). Binding was

examined by the microscale thermophoresis (MST) assay.26 M109S showed Bax-binding activity with the average Kd of 153.75 G

55.8 nM calculated from four independent MST assay results. Figure 5E shows an example of MST assay detecting the biding of

M109S and Bax (Kd = 178nM). Dexamethasone is a steroid hormone analog that has been shown to inhibit fibroblast cell death,27,28

but it is not expected to bind Bax. Dexamethasone was used as a negative control, and the binding of Dexamethasone and Bax was

not detected (Figure 5F).

M109S decreases mitochondrial oxygen consumption and reactive oxygen species, whereas M109S increases glycolysis

Wenoticed that the color of the culturemediumofM109S-treated cells turned from red to orange a little bit faster than that of vehicle control,

suggesting that the medium acidification was stimulated by M109S. Because lactate accumulation as a result of glycolysis is the common

reason for medium acidification in cell culture, we speculated that M109S has an activity influencing cellular metabolism. To determine

the effects of M109S on cellular metabolism, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) weremeasured using

the Seahorse instrument. OCR and ECAR are the indicators of mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis, respec-

tively. At 1 mM concentration in MEF cell culture, M109S decreased maximal OCR (Figures 6E and 6F) and increased ECAR (Figures 6G

and 6H). Interestingly, these effects were observed in both Wt and bax�/�bak�/� (Bax/Bak double-knockout [DKO]) MEFs. A high dose of

M109S (1 mM) also showed a slight suppression of the basal OCR andOCR for ATP production ofWtMEF (Figures 6A and 6C), but the effects

were not statistically significant in bax�/�bak�/� MEFs (Figures 6B and 6D).

Previous studies showed that OXPHOS inhibitors have neuroprotective activities by decreasing reactive oxygen species (ROS) generation

frommitochondria.29–32 Therefore, the effects of M109S on ROS were examined. As shown in Figures 6I and 6J, M109S decreased ROS levels

both inWt and bax�/�bak�/� MEFs. N-acetyl cysteine (NAC) is known to reduce ROS levels in cells.33 The effects of M109S (0.1–1 mM) on the

ROS level in cultured MEFs were very similar to the effects of NAC (10–20 mM) (Figure 6I). Because the changes in the metabolism can impact

the speed of cell division, we examined the effects ofM109S on population doublings of cultured cells. M109S slightly decreased the speed of

the population-doubling time of cultured MEFs (Figures 6K and 6L). The effect was more evident in bax�/�bak�/� MEFs than in Wt MEFs.

Probably M109S’s effects on cell division speed become more detectable in bax�/�bak�/� MEFs because the population doubling speed

of bax�/�bak�/� MEFs is faster than that of Wt MEFs. Altogether, these results indicate that independently of Bax inhibiting effect, M109S

decreases the rate of oxygen consumption, which diminishes the levels of ROS in the cell. These different activities of M109S have likely ad-

ditive protective effects against mitochondria-dependent cell death pathways. Especially in in vivo experiments, for example, in the case of

the bright-light-induced retinopathy tested in Figure 3, the suppression of ROS may have an impact on cell protection from pathological

damages.

DISCUSSION

Wedeveloped CSMs by utilizing a cell-based functional assay system that was developed to identify Bax inhibitors. The chemical structures of

these CSMs are distinct from previously reported Bax inhibitors12–14,34 that were identified through in vitro Bax binding and pore-forming

assays. Through a medicinal chemistry program, M109S was developed as a lead compound that possesses cell protecting activities both

in vitro and in vivo. M109S suppressed ABT-737-induced apoptosis in both Bax-only and Bak-only MEFs (Figure 4C). These observations sug-

gest that M109S can inhibit apoptosis induced by Bax and Bak expressed at endogenous levels in the cell. M109S also inhibited apoptosis in

STS-treated MEFs, obatoclax-treated ARPE19 cells, and etoposide-treated Neuro2a cells (Figures 4A–4I). However, M109S did not inhibit

etoposide-induced apoptosis in HeLa cells (Figure 4G), suggesting that M109S is not a universal cell death inhibitor. Etoposide induces a

certain level of cell death even in the absence of Bax and Bak.22,23 In the case of HeLa cells, etoposide possibly activated the Bax-/Bak-inde-

pendent pathway inducing apoptosis that cannot be inhibited byM109S. In the case of BAI-1, a previously reportedBax-inhibiting compound,

it was shown that BAI-1 was not able to inhibit Bax-induced apoptosis of the cancer cells due to the abnormally high levels of Bax expression in

the cancer cells.34 Similar to BAI-1, M109S may show selective protection against cell death depending on the expression levels of Bax and

other apoptosis-regulating proteins.
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Figure 4. Effects of M109S on drug-induced apoptosis in cell culture

(A–C) M109S suppressed apoptosis induced by ABT-737 in wild-type (A), Bax-only (bax+/+bak�/�) (B), and Bak-only (bax�/�bak+/+) (C) MEFs. MEFs were cultured

with ABT-737 (1 mM) with various doses of M109S for 24 h (WT and Bax-only) or 48 h (Bak-only). Caspase activity of vehicle control (ABT-737 and vehicle) was

designated as 100%.

(D) M109S suppressed staurosporine (STS)-induced apoptosis in MEFs. MEFs were treated with STS (1 mM) for 4 h in the presence of various concentrations of

M109S as indicated in the graph. M109S suppressed STS-induced caspase activation in a dose-dependent manner. The result of the statistical analysis (one-way

ANOVA) is shown in each graph. ‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(E) M109S inhibited etoposide-induced apoptosis in Neuro2a cells. Neuro2a cells were treated with etoposide (12.5 mM) for 24 h. Then, themediumwas changed,

and cells were incubated with various concentrations of M109S for an additional 24 h without etoposide. M109S suppressed etoposide-induced caspase

activation. The result of the statistical analysis (one-way ANOVA) is shown. ‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(F) M109S was not able to inhibit etoposide-induced apoptosis in HeLa cells. HeLa cells were treated with etoposide (12.5 mM) for 24 h. Then, the medium was

changed, and cells were incubated with various concentrations of M109S for an additional 24 h without etoposide. M109S did not show significant inhibition of

etoposide-induced caspase activation in HeLa cells. The graph shows the results of 12.5 mM etoposide. The result of the statistical analysis (one-way ANOVA) is

shown. ‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(G–I) M109S inhibited obatoclax-induced apoptosis in ARPE19 cells. AREP19 cells were incubated with obatoclax (100 nM) in the presence of 500 nM CSMs (M41S,

M11, and M109S) for 24 h. Then, cells were collected and Western blot analyses of Caspase-3 and Bax were performed. CSMs suppressed obatoclax-induced

Caspase activation (p18 fragment production by the cleavage of Caspase-3) (G and H). Bax expression was not affected by CSMs (I) (actin levels were used as

loading control). The result of the Student’s t test analysis is shown in each graph. ‘‘ns’’: no statistically significant difference was detected (p > 0.05). Data are

presented as meanG SD.
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Figure 5. M109S inhibits Bax activation

(A and B) CSMs suppressed the conformation change of Bax. The N-terminus exposure of Bax occurs at the early step of Bax activation. Activated

(conformationally changed) Bax can be immunoprecipitated by the 6A7 monoclonal antibody recognizing the N-terminus of Bax. iBax cells were treated with

Dox for 48 h in the presence or absence of CSMs (M41S [50 nM], M109S [500 nM], or M11 [500 nM]). Cells were lysed with CHAPS buffer, and the lysates

were subjected to immunoprecipitation (ip). (A) Western blot of immunoprecipitated Bax by 6A7 antibody and total Bax in the cell lysates are shown. (B) The

ratio of the Western blot intensity of immunoprecipitated Bax (IP) and total Bax (total) is shown. CSMs significantly suppressed the amount of

immunoprecipitated Bax without a significant change in the total Bax expression. The result of the Student’s t test statistical analysis is shown in each graph.

‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(C and D) CSMs suppressed mitochondrial translocation of Bax. iBax cells were fixed at 36 h after Dox treatment. Bax was detected by an anti-Bax polyclonal

antibody (green fluorescence). The activation of the Dox-inducible promoter was confirmed by the detection of mCherry by red fluorescence. In vehicle

(DMSO) control, punctuated Bax staining patterns associated with mitochondrial translocation were detected (indicated by arrows). The frequency of the

punctuated staining was significantly reduced by CSMs (M41S, M11, and M109S). (D) Quantitative analysis of (C) is shown. The result of the Students’ t test

statistical analysis is shown. ‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(E and F) CSMs bind purified recombinant Bax proteins. The interactions of CSMs and Bax were examined by microscale thermophoresis (MST) assay using His-

tagged Bax. Panel E shows a representative dose-dependent Bax binding signal curve of M109S. A similar binding assay was performed multiple times, and the

average of Kd was 153.75 + 55.8 nM (n = 4). Panel F shows a negative control experiment. The binding of Bax and dexamethasone was not detected. Data are

presented as mean G SD.
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M109S protected photoreceptor cells from the bright-light-induced apoptosis in twomousemodels of light-induced retinal degeneration

related to Stargardt disease and age-related macular degeneration.17–19 Previous studies showed that Bax plays an essential role in photo-

receptor death in these retina degenerationmousemodels.17–19 The photoreceptor protection byM109S confirms thatM109S penetrates the
iScience 26, 107916, October 20, 2023 9



Figure 6. Effects of M109S on cellular metabolism

(A–H) M109S decreased the maximum oxygen consumption rate (OCR) and increased the extracellular acidification rate (ECAR) both in Wt and bax�/�bak�/�

MEFs. OCR and ECAR represent the activities of mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis, respectively. The effect of M109S on

metabolism was analyzed using the Seahorse mitochondria stress kit as described in STAR methods section. MEFs (Wt and bax�/�bak�/�) were incubated

with or without M109s for 4 h before Seahorse analysis. M109S was also added to the culture medium during the Seahorse analysis procedure

(approximately 3 h). (A–F) The levels of OCR of the basal (A and B), ATP production (C and D), and maximum oxygen consumption (E and F), are shown. (G

and H) The basal ECAR is shown. M109S decreased maximal O2 consumption and increased glycolysis in Wt and bax�/�bak�/� MEFs. The result of the

statistical analysis (one-way ANOVA) is shown in each graph. ‘‘ns’’: no statistically significant difference was detected (p > 0.05). Data are presented as

mean G SD.
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Figure 6. Continued

(I and J) M109S decreases ROS levels in cell culture. ROS levels were measured by ROS-Glo-H2O2 assay kit (Promega). N-acetyl cysteine (NAC) or M109S was

added to the culture medium for a total of 8 h (4 h before ROS substrate addition and 4 h during the incubation with ROS substrate). M109S addition decreased

ROS levels both in Wt and bax�/�bak�/� MEFs. The result of the statistical analysis (one-way ANOVA) is shown in each graph. ‘‘ns’’: no statistically significant

difference was detected (p > 0.05). Data are presented as mean G SD.

(K and L) A high dose of M109S (1 mM) slowed the cell division speed both inWt and bax�/�bak�/� MEFs. Forty thousand cells were plated in each well of 12 well

plate (1mL/well) on Day 0. The next day (24 h later), M109S was added to themedium, and cells were cultured for an additional 24 h, and the numbers of cells were

counted. The cell number at Day 0 is designated 100%, and the ratio of cell number is shown. The result of the statistical analysis (one-way ANOVA) is shown in

each graph. ‘‘ns’’: no statistically significant difference was detected (p > 0.05).

(M) Schematic explanation of the mechanism of action of CSMs. Data are presented as mean G SD.
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blood-retina barrier and functions as Bax inhibitor in vivo. Indeed, M109S was detected in the brain and retina in rats 24 h after oral admin-

istration (Figure 2G). Although further detailed toxicity studies are needed, the currently available data suggest that M109S may prevent the

unwanted death of essential cells without significant side effects if it is used at therapeutic dose.

Bax-binding activity of CSMs was confirmed by the MST-binding assay. To be noted, the binding of CSMs to Bax was detected in NP40-

containing buffer but not in CHAPS-containing buffer (Figure S5). It is known that NP40, but not CHAPS, induces a conformation change

(N-terminus exposure) of Bax, which is one of the activation steps of Bax.24,25 Therefore, the present data suggest that CSMs bind partially

active Bax (theN-terminus exposed Bax). The Bax-binding character of CSMs is similar to that seen in anti-apoptotic Bcl-2 family proteins such

as Bcl-2 andBcl-XL.24,25 For example, Bax binds Bcl-XL only inNP40-basedbuffer but not in CHAPS-containing (or detergent-free) buffer if cell

lysates were prepared from healthy cells.24 It is known that Bcl-XL, at the surface of the mitochondrial membrane, interacts with activated Bax

(the N-terminus exposed Bax) and bounces Bax back to the cytosol.35,36 As a result, Bcl-XL suppresses the mitochondrial translocation of Bax

as well as the accumulation of active Bax in the cell, although the detailed mechanism of this process is not yet understood. Similar to Bcl-XL,

CSMs attenuated the N-terminus exposure of Bax and suppressed mitochondrial translocation of Bax. CSMs and Bcl-XL may share a similar

mechanism of action to suppress Bax-induced cell death. Further biochemical and structural biological studies are warranted to uncover the

precise mechanism of action of Bax inhibition by CSMs.

We found thatM109S affectsmetabolism in 2 ways: (1) by decreasingmitochondrial oxygen consumption and (2) by increasing glycolysis. It

has been known that inhibitors ofmitochondrial oxidative phosphorylation (OXPHOS) have activities rescuing cells frommitochondria-depen-

dent cell death, especially in the case of ischemia-/reperfusion-induced cell death.37–42 Furthermore, there is increasing evidence showing

OXPHOS inhibitors protect neurons inmousemodels of neurodegenerative diseases including Alzheimer and Parkinson diseases.29–32 These

neuroprotective effects of OXPHOS inhibitors have been explained by their activities decreasing ROS by suppressing mitochondrial oxygen

consumption.29–32 As shown in Figure 6, M109S decreased ROS in MEF cell culture. Therefore, in addition to the direct inhibition of Bax, the

suppression of mitochondrial activities may contribute to the cell protection activity of M109S. However, these activities of M109S against

mitochondrial activities and metabolism became evident at 1 mM concentration in the cell culture (Figure 6), which is approximately 40 times

higher than M109S’s EC50 (23.4 nM) of cell death inhibition (Figure 2). Therefore, the effects on mitochondrial activity may become important

only when M109S is used at high dose. However, this finding suggests that we cannot neglect the possibility of side effects of M109S as an

inhibitor of mitochondrial activity because the suppression of OXPHOS can cause energy deficiency when cells have high energy demand. In

spite of the fact that M109S showed effects onmetabolism both inWt and bax�/�bak�/�MEFs, we cannot completely exclude the possibility

that the inhibition of Bax and Bak byM109S has a certain impact onmitochondrial function. Further careful investigation regarding the effects

of M109S on mitochondria is warranted.

Although it is not directly related to the mechanism of action of M109S, we noticed that the basal OCR levels of Bax/Bak DKOMEF were

lower than that ofWtMEFs (Figures 6A and 6B). This difference may suggest that Bax and Bak have influences on mitochondrial OCR. How-

ever, this difference may be due to the clonal difference because we experienced recording different OCR values among multiple clones

derived from the same embryos. In the Figure S6, we show the effects of the transient expression of Bax or Bak in Bax/Bak DKOMEFs using

iBax and iBak cells (Figure S6). The brief conclusion is that the expression of Bax or Bak (at the sublethal level, 24 h after the DOX-induced

expression) did not show major impacts on OCR and ECAR of MEFs except a slight decrease of the basal OCR in Bak-expressed cells (Fig-

ure S6B). These results suggest that a transient expression of Bax and Bak does not significantly influencemitochondrial oxygen consumption

and glycolysis at least in this experimental condition. Further careful studies are necessary to investigate Bax and Bak’s role in mitochondrial

function and glycolysis. M109S, iBax, and iBakmay becomeuseful research tools to investigate the influences of Bax and Bak onmitochondrial

function and other cellular metabolism.

In summary, we developed small compounds protecting cells from mitochondria-dependent cell death. The pharmacokinetics of

M109S is ideal for in vivo treatment. Importantly, orally administered M109S reached both the brain and retina, indicating that M109S

penetrates the blood-brain/blood-retina barrier. Bax-mediated and mitochondria-initiated cell death are involved in various types of

degenerative diseases including neurodegenerative disorders and cardiovascular dysfunctions (reviewed in1). For example, the inhibition

of Bax-mediated cell death is known to attenuate pathological conditions in animal models of Alzheimer disease,43 Parkinson disease,44

amyotrophic lateral sclerosis,45–47 Huntington disease,48 ischemia-reperfusion tissue injuries,49–51 and glaucoma.52–54 M109S and its deriv-

atives have the potential to become an important therapeutic agent that can be used to prevent unwanted cell death in these pathological

conditions. The investigation of the mechanism of action of CSMs may shed new light on the previously unknown cell death mechanisms

controlled by Bax and Bak.
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Limitation of the study

In the present study, we found that M109S prevented blindness of mouse models of Stargardt disease and macular degeneration. However,

these protective effects inmouse diseasemodels do not guarantee thatM109S can prevent blindness in human and other animals.Weplan to

extend our studies in other animals in the near future if fundings were obtained. In the present study, we used a selected group of cell lines

(MEFs, Neruo2a, ARPE19, and HeLa cells) to investigate the mechanism of cell death inhibition by M109S. It is not yet certain whether the

similar results can be seen in other cell lines. We plan to examine other types of primary cultured cells and cancer cell lines to further inves-

tigate the mechanism of action of M109S.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Bax polyclonal antibody ProteinTech Cat# 50599-2-IG; RRID: AB_2061561

anti-Bax Rabbit Polyclonal antibody BD Pharmingen Cat# BD 554104; RRID: AB_395241

Agarose beads conjugated with anti-Bax

monoclonal antibody (clone 6A7)

Santa Cruz Cat# sc-23959AC;RRID: AB_626728

anti-Bak Santa Cruz Cat# sc-832; RRID: AB_2063265

anti-Bcl-XL Santa Cruz Cat# sc-1690; RRID: AB_630918

anti-Caspase-3 Cell Signaling Cat#9662s; RRID: AB_331439

anti-beta actin Sigma-Aldrich Cat#A5441; RRID: AB_476744

Anti-rabbit IgG-HRP Kindle Bioscience Cat# R1006; RRID: AB_2800464

Anti-mouse IgG-HRP Kindle Bioscience Cat#R1005; RRID: AB_2800463

Goat-anti-Mouse IgG (H + L) ThermoFisher Scientific Cat# G-21040; RRID: AB_2536527

Critical commercial assays

Capsase-Glo 3/7 Assay kit Promega G8093

ROS-Glo-H2O2 Assay kit Promega G8820

His-Tag labeling Kit RED-tris-NTA 2ND

generation

Nanotemper MO-L018

XF Cell Mito Stress test kit Agilent 103015–100

Deposited data

The data for all the graphs in this article. Mendeley Data https://doi.org/10.17632/tsdd5gmzcw.1

Experimental models: Cell lines

iWT (wild type MEF, C57BL6 from The Jackson

Lab)

This study

iBBKO (Bax Bak doublr KO MEFs This study

iRFP (mCherry inducible iBBKO) This study

iBax (Bax inducible iBBKO) This study

iBak (Bak inducible iBBKO) This study

HeLa ATCC CRM-CCL-2

Neuro2a ATCC CCL-131

ARPE19 ATCC CRL-2302

Experimental models: Organisms/strains

Balb/c mouse Jackson Lab 000651

Abc4�/�Rdh8�/� mouse Jackson Lab 030503

Recombinant DNA

pLVX-EF1a-TET3G Takarabio 631359

pLVX-TRE3G-mCehrry Takarabio 631360

Software and algorithms

Prism Dotmatics Graphpad https://www.graphpad.com/scientific-

software/prism/

(Continued on next page)
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Other

DMEM ThermoFisher 11995

Fetal Calf Serum Fisher Scientific 12999102

Doxycycline Hyclate SigmaAldrich 33429-100MG-R

Puromycin Dot scientific DSP33020–0.025

Geneticin (G418) ThermoFisher Scientific 10131027

Penicillin/Streptomycin Fisher SV30010

(2-Hydroxypropyl)-beta-cyclodexitrin (bCD) Sigma-Aldrich 332607

Etoposide Sigma-Aldrich E1383

ABT-737 Sellekchem S1002

Obatoclax Cayman Chemical 11499

Staurosporine Sigma-Aldrich No. S6942

Dexamethasone Sigma-Aldrich D4902

M5 (R, S) This study

M6 (R, S) This study

M7 (R, S) This study

M11 This study

M109S This study

Bax Channle Blocker Tocris No. 2160

iMac2 Tocris No. 3749

Eltrombopag Sigma-Aldrich SML3182
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shigemi Mat-

suyama (shigemi.matsuyama@case.edu).
Materials availability

There are restrictions on the availability of all newly synthesized chemicals and cell lines used in this study due to potential requirements for

materials transfer agreements with the host institution where these materials were generated.

Data and code availability

The data for all the graphs have been deposited at Mendeley Data (https://doi.org/10.17632/tsdd5gmzcw.1) and are publicly available as of

the date of publication. Any additional information required to reanalyze the data reported in this paper is available upon request from the

lead contact.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and generation of iRFP, iBax, and iBak cells

Mouse embryonic fibroblasts (MEFs) fromWt and bax�/�bak�/�mice (C57BL/6J background, generated by crossing bax+/� and bak�/�mice

originally obtained from The Jackson Lab) were established in Matsuyama lab, and were immortalized by SV40LT expression. To introduce

Tet-ON system (Tets-On inducible system, Takara, Madison, WI), a set of two plasmids were introduced to bax�/�bak�/� MEFs to establish

each cell line. The pLVX-EF1a-TET3G carrying Tet-inducible transcription factor was used for all three cell lines. pLVX-TRE3G-mCehrry (orig-

inal plasmidwith onlymCherry), pLVX -TRE3G-mCherry carrying cDNAs of human Bax or human Bak, were introduced to generate cell lines of

iRFP, iBax, and iBak respectively. These plasmids were introduced into the cells by using Lentivirus transfection system. Doxycycline (Dox)

(100 ng/mL) was used to activate Tet-ON system to induce mCherry, Bax, and Bak. To maintain transfected genes, puromycin (1 mg/mL)

sand G418 (750 mg/mL) were added to the MEF medium. The MEF medium is made from DMEM High Glucose (ThermoFisher Catlog Num-

ber11995) supplemented with 10% Fetal Calf Serum (FCS, Fisher Scientific Cat No.12999102), 2 mM (final concentration) Sodium Pyruvate,
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6 mM L-Glutamine (Final concentration), 100U/mL (Penicillin-Streptomycin), and 1% of Non-Essential Amino Acid supplement (Gibco,

11140-050).

Animals care and treatment

Bothmale and femalemicewere used in all experiments. All micewere housed in theAnimal ResourceCenter at the School ofMedicine, Case

Western Reserve University (CWRU), andmaintained in a 12-h light/dark cycle. All mice were housed in individually ventilated cages with up to

5 mice per cage.

Double-knockout mice Abca4�/�Rdh8�/� with 129Sv or C57BL/6 background that lacks ABCA4 transporter and retinol dehydrogenase

8 (RDH8)55 at 5–6 weeks of age were used to evaluate the protective effect of a M109S on retinal degeneration induced by acute light.

Abca4�/�Rdh8�/� mice do not carry the Rd8mutation, however, they carry the Leu variation at amino acid 450 of retinal pigment epithelium

65 kDa protein (RPE65).56,57 The substitution of Leu to Met in the Rpe65 gene that exists in inbreed mice decreases sensitivity to retinal dam-

age induced by bright light.57 Balb/cJ (RRID:IMSR_JAX:000651) mice were used as WT control. All animal procedures and experimental pro-

tocols were approved by the Institutional Animal Care and Use Committee at CWRU and conformed to recommendations of both the Amer-

ican Veterinary Medical Association Panel on Euthanasia and the Association for Research in Vision and Ophthalmology.

METHOD DETAILS

High-throughput screening of small compound library

Weused a 50,000 small compound library purchased fromChemBridge (San Diego, CA) to identify the compounds protecting cells fromBax-

induced cell death using iBax cells (passage of iBax cells were used in the screening). 386 well plates and Operetta Image analysis system

(PerkinElmer) were used for the screening. First, each compound was added together with Dox (100 ng/mL) to the culture media of iBax cells

to the final concentration of 10 mM. Cells were cultured for 48 h and fixed by 2% paraformaldehyde (PFA) and the nuclei were stained with

Hoechst 33258. Cell images were captured using both RFP and DAPI filter channels. RFP filter channel was used to monitor the mCherry

expression. The compounds maintaining 80% and higher mCherry expression of the control cells (only Dox addition) were analyzed. DAPI

filter channel was used to analyze the percentage (%) of cells with apoptotic nuclei (pyknosis). The best 50 chemicals were selected, and

they were subjected to examine the dose-dependent effects to confirm the cytoprotective activities. After the best 50 hit compounds

were selected, and two groups of chemicals were found Group 1 (M5 and M6 were the best Bax inhibitors in this group) and Group 2 (M7

was the best Bax inhibitor in this group)). We examined whether these 50 chemicals can also inhibit Bak-induced cell death in iBak cells. How-

ever, these compounds were not effective in inhibiting Bak-induced cell death in iBak cells.

Chemical synthesis and profiling tests

All the chemical synthesis were performed by Wuxi AppTech (Hong-Kong, China) based on the chemical design by Dr. William Greenlee. To

select the lead compounds, the hit compounds were subjected to the profiling tests examining, kinetic solubility, Caco-2 cell permeability,

microsomal stability (t ½ min), and plasma protein binding. These tests were performed by Wuxi AppPtech.

Western blot

To analyze the expression levels of Bcl-2 family proteins, Caspase-3, and beta-tubulin, cells were lysed in RIPA buffer and 20 mg of total protein

was subjected toWestern blot analysis using 4–20% gradient gel (Invitrogen). The primary antibodies used in this study are: anti-Bax antibody

(Proteintech, 50599-2-IG, 5000X), anti-Bcl-2 antibody (SantaCruz, sc-7382, 500X), anti-Bc-XL antibody (SantaCruz, sc-1690, 500X), Caspase-3

(Cell Signaling, 9662, 1000X), and anti-beta actin (SigmaAldrich, A5441, 20,000X). The secondary antibodies used for this study were anti-Rab-

bit-HRP (Kindle Biosciences, R1006, 1000X) and anti-mouse IgG-HRP (Kindle Biosciences, R1005, 1000X). Western blot signals were captured

by Kwik Quant Imager (Kindle Biosciences), and the densitometric analysis was performed by ImageJ.

Caspase measurement

Promega’s Capsase-Glo 3/7 Assay kit (G8093, Promega) was used tomeasure caspase activity according to the manufacturer’s protocol. iBax

and MEFs (ABT-737- and Staurosporine (STS)-induced apoptosis): iBax cells or MEFs were seeded at the density of 16,000 cells/100 mL/well

(for ABT-737) or 20,000 cells/100 mL/well (for STS) in 96 well plates on Day 0. For culture medium, MEF medium was used. To determine the

effects of CSMs on Caspase activation by Bax overexpression, Dox (100 ng/mL) and CSMs (various concentrations as indicated in the figures)

were added to the culture media on Day 1. On Day 3, cells were subjected to Caspase assay. To examine the effects of CSMs against 1 mM

ABT-737 (S1002, Sellekchem), cells were treated with ABT-737 together with various concentrations of CSMs. On Day 1 (Wt (passage 10) and

Bax only (passage 11) cells) and Day 2 (Bak only cells (passage 10), Bak only cells die slower than wt and Bax-only cells)), Caspase activity was

measured. To examine the effects of M109S against STS-induced apoptosis, MEFs were pre-incubated with M109S for 2 h before STS (1 mM)

addition to the medium. Four hours after STS addition, Caspase assay buffer containing cell lysis reagent was added to each well, and cells

were subjected to Caspasemeasurement. Neuro2a and HeLa cells (Etoposide-induced apoptosis: Cells were seeded at the density of 10,000

cells/100 mL/well in 96 well plates onDay 0.On day 1, etoposide (12.5 mMtoNeuro2a (ATCC, passage 12), 12.5 or 25.0 mMorHeLa cells (ATCC,

passage 11), respectively) were added to the culture media. On day 2, media were replaced with fresh media containing various concentra-

tions of M109S without etoposide. On day 3, Caspase assay buffer was added to each well and Caspase activity was measured.
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Pharmacokinetic analysis

The compounds were dissolved in 15% (2-Hydroxypropyl)-beta-cyclodexitrin (bCD) (and they were administered to the mice or rats by oral

gavage, intrapreneurial (i.p.), or intravenous (i.v.) injection. At the time point of 0.5, 1, 2, 4, 8, and 24 h, the concentration in the blood plasma

(3 mice for each time point) were measured by LC-MS/MS analysis. The concentrations in the retina and brain were also measured 24 h after

the administration. These PK analyses of mice and rats were performed by Wuxi AppTech (Hong-Kong, China) and PharmOptima (Portage,

Michigan), respectively.

Retinal degeneration induced with bright light

Twenty 4 h before the treatment, 4–5 weeks old Abca4�/�Rdh8�/� mice and 6–8 weeks old Balb/cJ mice were dark-adapted. M109 was dis-

solved in the 15% 2-hydroxypropyl-b-cyclodextrin vehicle and administered to mice by oral gavage. Abca4�/�Rdh8�/� mice were adminis-

tered withM109S at 1, 2.5, 5, 10, and 20mg/kg body weight (b.w.) 24 h and 2 h before the exposure to light, while Balb/cJmice were gavaged

with M109S at a dose of 20 mg/kg b.w. 2-hydroxypropyl-b-cyclodextrin vehicle was administered to control mice. To initiate the retinal dam-

age, mice pupils were dilated with 1% tropicamide and Abca4�/�Rdh8�/� mice were exposed to 10,000 lux white light for 30 min, delivered

from a 150-W bulb (Hampton Bay; HomeDepot, Atlanta, GA).58 Balb/cJmice were exposed to 12,000 lux light for 2 h. After illumination, mice

were kept in the dark for 7 days. Treatment with M109 or vehicle was repeated 24 and 48 h after the exposure to light. The health of the retina

was assessed in vivo by imaging using spectral domain optical coherence tomography (SD-OCT). Next, mice were euthanized and eyes were

collected for histological evaluation. Six mice were used in each experimental group.

Scanning laser ophthalmoscopy

The Scanning Laser Ophthalmoscopy (SLO) (Heidelberg Engineering, Franklin, MA) was used to image the in vivo whole-fundus mouse ret-

inas. Abca4�/�Rdh8�/� mice were subjected to SLO imaging immediately after the acquired SD-OCT imaging. The number of autofluores-

cent spots (AF) detected in different experimental groups was quantified and compared to determine the statistical significance. Six mice

were used in each experimental group.

SD-OCT

Ultrahigh-resolution SD-OCT (Bioptigen, Morrisville, NC) in vivo imaging was used to evaluate the effect of M109S treatment on retinal struc-

ture in Abca4�/�Rdh8�/� mice subjected to bright light-induced retinal damage.58 Before imaging, mice pupils were dilated with 1% tropi-

camide and anesthetized by i.p. injection of a cocktail containing ketamine (20 mg/mL) and xylazine (1.75 mg/mL) at a dose of 4 mL/g b.w. The

a-scan/b-scan ratio was set at 1200 lines. The retinal images were obtained by scanning at 0 and 90� in the b-mode. Five image frames were

captured and averaged. To determine the changes in the retinas of mice treated with M109S and exposed to bright light and control mice

treated with vehicle or non-treated and dark-adapted mice were determined by measuring the outer nuclear layer (ONL) thickness at 0.15–

0.75 mm from the optic nerve head (ONH). Values of the ONL thickness were plotted using means and standard deviation. For each exper-

imental group, six mice were used.

Retinal histology

The effect ofM109S on the retinalmorphology inAbca4�/�Rdh8�/�mice exposed to bright light was determined by retinal histology analysis.

Eyes were collected from non-treated mice kept in the dark, treated with 15% 2-hydroxypropyl-b-cyclodextrin vehicle or M109S, and illumi-

nated with bright light. Eyes were collected from euthanized mice and fixed in 10% formalin in PBS for 24 h at room temperature (RT) on a

rocking platform, followed by paraffin sectioning. Sections (5 mm thick) were stained with hematoxylin and eosin (H&E) and imaged by a

BX60 upright microscope (Olympus, Tokyo, Japan). Then, the data were processed using MetaMorph software (Molecular Devices, Sunny-

vale, CA, USA). Six mice were used in each experimental group.

Detection of rod and cone photoreceptors

To detect the rod and cone photoreceptors in the retina, eyes were collected from euthanized Abca4�/�Rdh8�/� mice one week after the

treatment and fixed in 4% PFA for 24 h followed by their incubation in 1% PFA for 48 h at RT. The eight-mm thick cryosections prepared

from fixed eyes were incubated at 37�C for 10 min, followed by hydration with PBS for 2 min. These sections were blocked with 10% normal

goat serum (NGS) and 0.3% Triton X-100 in PBS for 1 h at room temperature. Then sections were stained with a mouse 1D4 anti-rhodopsin

primary antibody to visualize rods and biotinylated peanut agglutinin (PNA) (1:500 dilution) to visualize cones overnight at 4�C. The next day,

sections were washed with PBS, followed by the incubation with Alexa Fluor 555-conjugated goat anti-mouse secondary antibody (1:400 dilu-

tion) to detect rods and Fluor 488-conjugated streptavidin (1:500 dilution) to detect cones for 2.5 h at room temperature. Cell nuclei were

stained with DAPI. Slides were coverslipped with Fluoromount-G (SouthernBiotech). The retina was imaged with the Olympus FV1200 Laser

Scanning Microscope (Olympus America, Waltham, MA) and 40x/1.4 objective.

6A7 Ab bax immunoprecipitation

Immunoprecipitation of activated Bax (TheN-terminus exposed Bax) was performed as previously reported.59 Cell lysates were preparedwith

1% CHAPS buffer. The cell lysates of 150 ml (5 mg/mL protein concentration) were incubated with 10 ml of 6A7 antibody-conjugated agarose
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beads (sc-23959AC, Santa Cruze) at 4C for 2 h. Then, the beads were washedwith the CHAPS buffer 3 times, and the immunoprecipitated Bax

was eluted by incubating the beads with 50 ml of Lamili buffer at 95C for 10 min. Fifteen (15) ul of the eluted samples was subjected toWestern

blot. For the detection of the total Bax expression in the cell lysate, 20 mg of total protein was subjected for each lane of the gel. To detect Bax

in Western blot, an anti-Bax polyclonal antibody (50599-2-IG, Protein Tech) was used.
Bax immunocytochemistry

OnDay 0, iBax cells (15,000 cells/100 mL/well) were seeded in 96 well plates, On Day 1, Dox (100 ng/mL) was added together with CSMs. After

36 h of Dox addition, cells were fixed by 2% PFA and subjected to immunocytochemistry. Anti-Bax polyclonal antibody (50599-2-IG, Protein

Tech) was used to detect Bax in the cells. The pictures of Bax staining (green fluorescence), mCherry expression (red fluorescence), and normal

light imagewere taken and used to determine the percentages of cells showing punctuated Bax staining amongBax expressing cells. At least

200 cells were counted from each image. At least 3 wells were used for each condition.
Microscale thermophoresis (MST)

His-Tag labeling Kit RED-tris-NTA 2nd generation (MO-L018, Nanotemper) was used to label His-tagged Bax purchased from Creative

BioMart (Catalog No. BAX-6976H, Seattle, WA). His-Bax (210 mL/mL in Phosphate Buffer Saline (PBS) (pH7.4)) was aliquoted (10 mL/tube)

and kept at�80C. For RED labeling, 0.05% CHAPS PBS was used to dissolve the RED dye. The final concentration of the labeled Bax protein

was 50 nM for the binding assay and was mixed with a serial dilution of CSMs. The first concentration of CSMs (20 mM) was prepared in PBS

with 1% BSA and 2%NP40. The final condition of the buffer for binding was PBS with 0.5% BSA and 1%NP40 in all 16 reaction tubes.When 1%

NP40was replacedwith 1%CHAPS, the dose-dependent binding signal was not detected as explained in discussion. The labeledHis-Baxwas

kept on ice and usedwithin 3 h after the labeling. Themeasurement of dissociation constant Kd was performedby theNanoTemper’s software

installed in the Monolith system.
Seahorse experiment

XFCell Mito Stress test kit (103015-100) was used tomeasureOCR and ECARwith the XFe96 Seahorse instrument.OnDay 0, the cell culture of

MEFs was started (1.63 104 cells/200micro-l/well (Agilent, XF96microplate V3-PS)) using aMEFmedium.On Day 1, CSMs were added to the

culture medium (10 nM, 100nM, or 1 mM) and incubated for 4 h in a CO2 incubator. After the incubation, the medium was changed with XF

DMEMmedium (Agilent, 103575-100), and cells were incubated in a 37�C chamber (100% air) for 1 h before the mitochondria stress test. For

the test, rotenone (0.5 mM), antimycin A (0.5 mM), oligomycin (1.5 mM), and FCCP (2.0 mM) were used according to themanufacturer’s protocol.

OCR and ECAR were recorded and the effects of CSMs on OXPHOS and glycolysis were analyzed.
ROS measurement

ROS-Glo-H2O2 Assay kit (Promega G8820) was used to measure ROS in MEFs culture (medium and cells) according to the manufacturer’s

protocol. On day 0, cells were seeded at the concentration of 16,000 cells/100 mL/well in 96-well plate. On day 1 (24 h after the start of cell

culture), cells were pre-incubated with 0.001% DMSO only (M109S 0 nM) or M109S (100 nM, 200 nM, 1 mM (the final DMSO was adjusted

to 0.001% in all the conditions) for 4 h. Then, the medium was changed to a new medium containing 25 mM H2O2 substrate with DMSO

or M109S (medium in each well was 100 mL). Cells were cultured in a CO2 incubator for additional 4 h. Then, 100 mL of ROS-glo Detection

solution was added to each well and incubated for 20 min at room temperature. Luminescence intensity from each well was recorded by

MG3500 (Promega) plate reader.
Cell number measurement

On Day 0, the cell culture of MEFs was seeded (4 3 105 cells/mL/well (12 well plate)). On day 1, 24 h after the starting of the cell culture, the

various concentration of CSMs were added to the culture medium. On Day 2, 48 h after the start, cells were collected, and cell number was

counted by an automated cell counter (Countess II, Invitrogen). Four wells were used for one condition.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical

For Figures 1, 2, 3, 4, 5, and 6, Statistical analyses and calculations of EC50 were performed using Prism (version 9.4.1). For all the dose-depen-

dent effects analysis, one-way ANOVA analysis with Turkey’s post hoc tests were used (Prism software was used). Student’s t test was used to

determine the statistical significance between two groups. Values of p < 0.05 were considered statistically significant. Data collection and

statistical analysis were performed by different personnel. Data are presented as mean G SD.
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