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Apoptosis activation by cytochrome c release from mitochondria to
cytosol is a normal cellular response to mitochondrial damage. Using
cellular apoptosis assay, we have found small-molecule apoptosis
inhibitors that protect cells from mitochondrial damage. Previously,
we reported the discovery of a small molecule, Compound A, which
blocks dopaminergic neuron death in a rat model of Parkinson’s
disease through targeting succinate dehydrogenase subunit B
(SDHB) of complex II to protect the integrity of the mitochondrial
respiratory chain. Here, we report a small molecule, Compound R6,
which saves cells from apoptosis via mammalian target of rapamycin
(mTOR)-mediated induction of autophagy. Additionally, we show
that Compound R6 protects mitochondrial integrity and respiration
after induction of the intrinsic apoptosis pathway. Encouragingly,
and supporting the potential further application of Compound
R6 as a tool for basic and medicinal research, a pharmacokinetics
(PK) profiling study showed that Compound R6 is metabolically
stable and can pass the blood−brain barrier. Moreover, Compound
R6 accumulates in the brain of test animals via intravenous and
intraperitoneal administration. Finally, we found that Compound
R6 confers significant neuroprotective effects on a rat cerebral is-
chemia/reperfusion model, demonstrating its potential as a promis-
ing drug candidate for neurodegenerative diseases.
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Mitochondria in mammalian cells play many functional roles
in maintaining the well-being of the organism, acting as the

major bioenergy source, as well as a signaling compartment that
can trigger apoptosis and inflammation (1, 2). Upon damage to
mitochondria, intermembrane proteins are released into the cy-
tosol. One such protein, cytochrome c, is able to initiate an apoptotic
caspase-9/3 activation cascade, causing apoptotic cell death (3, 4).
The release of cytochrome c during apoptosis is controlled by the
Bcl-2 family of proteins that come in 3 known flavors: the mito-
chondrial outer membrane gatekeepers Bax and Bak; the anti-
apoptotic proteins like Bcl-2, Bcl-xL, and Mcl-1 that heterodimerize
with Bax or Bak, and prevent them from forming oligomers on the
mitochondria and altering mitochondrial outer membrane perme-
ability; and the so-called BH-3-only proteins like Bim or Bid, which
free Bax/Bak from Bcl-2/Bcl-xL/Mcl-1 by competitively binding
to them (5, 6).
Our laboratory has been using the Bim protein driven by a

doxycycline (Dox)-inducible promoter to specifically induce mi-
tochondrial damage in U2OS cells (7). Upon addition of Dox to
the culture medium, Bim is induced and the cells undergo apo-
ptosis in a Bax/Bak-dependent manner. Using this system, we
have identified the mitochondrial inner membrane protein OpaI,
a dynamin-related GTPase for which loss of function mutations
cause optical nerve atrophy, as well as the mitochondrial inner
membrane protease OmaI, which cleaves OpaI upon Bax/Bak
oligomerization, as important mediators of apoptosis that cause
the mitochondrial cristae dilation to facilitate the release of cy-
tochrome c from mitochondria.
In addition to OpaI and OmaI, we also identified a small-

molecule compound, 1-(3,4-dimethoxybenzyl)-5-(2-(methylsulfonyl)-

6-(trifluoromethyl)pyrimidin-4-yl)pyridin-2(1H)-one, named
Compound A, that protects U2OS cells from Bim-induced
apoptosis by covalently interacting with the a subunit of the
mitochondrial electron transfer chain Complex II: component
succinate dehydrogenase B (SDHB) (8). In the present study,
we report the identification of a compound that specifically
blocks Bim-induced apoptosis. Unlike Compound A, this com-
pound is not a covalent modifier; it blocks apoptosis through
mammalian target of rapamycin (mTOR)-mediated induction of
autophagy. Moreover, this compound shows significant neuro-
protective effects in a rat cerebral ischemia/reperfusion model, and,
together with its ability to pass the blood−brain barrier and accu-
mulate in the brain via both intravenous (IV) and intraperitoneal (IP)
administration, it can be viewed as a promising drug candidate for
treating neurodegenerative diseases.

Results
A Small Molecule Blocks Bim-Induced Intrinsic Apoptosis. The
U2OS_Bim cell line that we previously established responds to
the addition of doxycycline (Dox) by undergoing apoptosis within
a few hours (7). The addition of Dox induces the expression of Bim
(henceforth Bim is referred to as BimEL, unless otherwise stated),
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which subsequently activates the intrinsic apoptosis pathway in this cell
line. A chemical library of ∼50,000 compounds was screened for hits
that could inhibit Dox-induced apoptosis in these U2OS_Bim cells.
One of the hits, 3-(2,3-dihydro-1H-inden-2-yl)-1-ethyl-8-(4-(pyrrolidin-
1-yl)benzyl)-1,3,8-triazaspiro[4.5]decane-2,4-dione, hereafter named
Compound R6 (Fig. 1A), had a half-maximal inhibitory concentration
around 207.6 nM (Fig. 1B). Compound R6, when present in the
culture medium alongside Dox, blocked the release of cytochrome c
from mitochondria and the subsequent activation of caspase-9, which
is the well-characterized initiator caspase of the intrinsic apo-
ptosis pathway (Fig. 1C and SI Appendix, Fig. S1A).

Unlike our previously reported apoptosis inhibitor Compound A
(8), Compound R6 prevented the Bax protein from oligomerizing
on the mitochondrial outer membrane, as analyzed by blue native
gel electrophoresis (Fig. 1D). This result clearly indicates that
Compound R6 functions upstream of any mitochondrial damage.
Similar to Compound A, this compound protected the normal
function of the mitochondria respiratory chain as measured by ox-
ygen consumption (SI Appendix, Fig. S1B).
Another similarity with compound A is that the presence of

Compound R6 also enabled Dox-treated cells to continue to
proliferate (Fig. 1E). This capacity of Compound R6 to preserve
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cell proliferation contrasts with the well-known pan-caspase in-
hibitor z-VAD-FMK (zVAD), which acts downstream of mito-
chondrial damage and cannot prevent cells from eventual death
even if the apoptotic morphological changes were abolished.
Compound R6’s preservation of long-term cell viability was fur-
ther confirmed in colony formation assays (Fig. 1F). U2OS_Bim
cells readily formed cell colonies on the culture dish after 1 wk of
culture with continuous cotreatment of Compound R6 and Dox,
whereas hardly any colonies formed in cells with cotreatment of
dimethyl sulfoxide (DMSO) or zVAD and Dox. All of these re-
sults support that Compound R6 functions upstream of mito-
chondrial damage after Bim induction.

Compound R6 Prevents Apoptosis by Inhibiting mTOR and Activating
Autophagy. The unique ability of Compound R6 to prevent apo-
ptosis upstream of Bax/Bak activation promoted us to investigate
additional signaling pathways which may influence activation of the
intrinsic apoptosis pathway. Interestingly, we noticed that Com-
pound R6 was able to block phosphorylation of the threonine 389
residue of the ribosomal protein S6 kinase (S6K), a classical sub-
strate of mTOR kinase (9–11). Moreover, this inhibition of mTOR
does not seem to result from alteration of its upstream signaling
events: We found no evidence for such inhibition of the activity of
its upstream kinase Akt (Fig. 2A and SI Appendix, Fig. S2A).
Nevertheless, a direct functional contribution of mTOR inhibition
to block apoptosis was confirmed when we knocked down mTOR
with 2 independent small interfering RNA (siRNA) oligos, which
showed that restricting mTOR activity promoted cell viability upon
Dox treatment. Importantly, these experiments also showed that
treatment of mTOR knockdown cells with Compound R6 does not
further increase these protective effects (Fig. 2 B and C). Moreover,
the addition of the well-known mTOR inhibitor Rapamycin pro-
vided a similar level of protection as did mTOR knockdown and/or
treatment with Compound R6 (12, 13) (SI Appendix, Fig. S2B).
To expand the scope of our search for how mTOR inhibition of

Compound R6 could lead to blocking of the intrinsic apoptosis
pathway, we investigated whether Compound R6 affects the

activity of autophagy, an activity known to be activated by mTOR
inhibition (14). We monitored the cellular levels of the classic
autophagy activity marker LC3-II in Compound R6-treated cells,
and found that Compound R6 treatment induced accumulation
of LC3-II. Also, the protective effects of Compound R6 were
significantly diminished upon cotreatment with the autophagy
inhibitor 3-MA or chloroquine (CQ) (15) (Fig. 2 D and E and SI
Appendix, Fig. S2C), a finding that confirms compound R6 blocks
apoptosis through induction of autophagy by inhibiting mTOR.

Compound R6 also Inhibits Intrinsic Apoptosis Specifically Induced by
Serum Withdrawal plus a Bcl-2/Bcl-xL Dual Inhibitor. To explore
whether autophagy induction by Compound R6 has general pro-
tection effects against intrinsic apoptosis, we used another intrinsic
apoptosis induction system to test Compound R6. We initially
confirmed that ABT263, a small-molecule Bcl-2/Bcl-xL dual in-
hibitor, can induce intrinsic apoptosis in serum withdrawal con-
ditions in U2OS cells (Fig. 3 A and B). As expected, Compound
R6 prevented apoptosis upstream of mitochondrial damage (16–
18) (Fig. 3 C–E). Specifically, we observed that Compound R6
protected mitochondrial integrity upstream of Bax/Bak oligo-
merization, and it did not block cell proliferation—cells continued
to grow when we added serum back to the medium after treatment
(SI Appendix, Fig. S3). Moreover, when we applied similar treat-
ments to other cell lines including HeLa cells and mouse embry-
onic fibroblasts (MEF), we again found that Compound R6
blocked apoptosis (Fig. 3 F and G), clearly indicating that the
protective effect of Compound R6 is general in mammalian cells.
Next, we confirmed that Compound R6 also protected cells from

apoptosis through autophagy induction by mTOR inhibition in this
condition: Compound R6 could decrease the phosphorylation of S6K
and increase the accumulation of LC3-II, and we observed that
autophagy inhibitor 3-MA or CQ could diminish this protective effect
from Compound R6. Moreover, there are 4 compounds which share
structural similarity with Compound R6 that also showed apoptosis
inhibition ability during the initial compound screen (Fig. 4A).
We again tested these 4 analogs and found that they could also
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inhibit mTOR and up-regulate LC3-II accumulation, and
cotreatment with 3-MA diminished the protective effect of each
of them (Fig. 4 B and C). The consistency of these compounds’
behavior on autophagy induction and apoptosis inhibition rein-
forces our discovery of Compound R6’s capacity to block apoptosis
through mTOR inhibition-mediated autophagy induction.

Compound R6 Has Protective Effect against Neuronal Injury in a Rat
Model of Transient Focal Cerebral Ischemia/Reperfusion Injury. To
explore the potential of Compound R6 as a drug lead, we pro-
filed its IP/IV pharmacokinetics (PK) (Fig. 5A and SI Appendix,
Table S1A), which revealed that its IP T1/2 was 6.36 h and its
bioavailability (F%) was near 100%, results clearly underscoring
Compound R6’s apparent metabolic stability. Strikingly, these
analyses also found that Compound R6 can pass the blood−brain
barrier. Moreover, we observed that Compound R6 accumulated
in the brain upon both IV and IP administration (SI Appendix,
Table S1B), suggesting that Compound R6 should be viewed as a
very promising drug lead for multiple brain diseases with known
mitochondrial damage-related etiologies.
One such disease is cerebral ischemia followed by reperfusion,

which is caused by the loss of available oxygen resulting from tem-
porary blockage of blood flow to certain parts of the brain. The ex-
ceptional pharmacological properties of Compound R6 allowed us to

test its effect in a rat ischemic/reperfusion model wherein ischemia is
caused by occlusion of the rat’s left-side middle cerebral artery (MCA)
using a nylon suture; the subsequent reperfusion results from removal
of the suture 1 h later (19–21). This ischemia/reperfusion injury caused
severe damage to the left side of the rats’ brain, as shown by the infarct
area in the control group (Fig. 5B). Treatment of Compound R6 by IP
administration at 12.5 mg/kg or 25 mg/kg doses before the surgery
significantly, and dose-dependently, decreased brain infarct volumes
(Fig. 5 C and D). When the brain tissues were harvested from the
vehicle or Compound R6-treated animals with ischemia/reperfusion
injury and subjected to Western blotting analysis using anti-LC3
antibody, we noticed the increase of LC3-II levels in the Com-
pound R6-treated animals, indicating that autophagy was indeed
induced by the compound (SI Appendix, Fig. S4A).

Discussion
A Compound Blocks the Mitochondrial Pathway of Apoptosis by
Inhibiting mTOR. Our current study demonstrates that Compound
R6 inhibits the mitochondrial pathway of apoptosis. In addition to
our results for the U2O2_Bim cell line that we used for the initial
screening, we also confirmed that Compound R6 can block apo-
ptosis induced by serum withdrawal plus the addition of the Bcl-2/
Bcl-xL inhibitor ABT263 in a variety of mammalian cell lines. We
determined that Compound R6’s protective effects are exerted
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upstream of mitochondria damage, since Bax oligomerization was
prevented in the presence of Compound R6.
Although the direct target of Compound R6 is not yet known, it

is plausible that its functional target is most likely mTOR, since
the phosphorylation of S6K was shown to be dose-dependently
inhibited by Compound R6, and cellular autophagy was activated
upon Compound R6 treatment. Consistently, concurrent blockage
of mTOR, either by siRNA knockdown or chemical inhibition
using Rapamycin, offered similar protection against apoptosis.
So, how then does mTOR inhibition by Compound R6 block mi-

tochondrial damage-induced apoptosis? We hypothesize that
Compound R6—through its inhibition of mTOR—can prevent
apoptosis through 2 independent mechanisms: 1) by slowing
down protein synthesis so the continuous production of proa-
poptotic proteins such as Bim becomes attenuated, and 2) by
inducing autophagy, which ultimately enables removal of mi-
tochondria that show signs of damage like Bim accumulation or
oligomerized Bax on outer membranes.

Compound R6 as a Drug Candidate for Neurodegenerative Diseases.
Compound R6 possesses unusual and potentially highly attractive
pharmacological properties. In addition to its good pharmacodynamics
properties, it passes the blood−brain barrier readily and accumulates
in the brain tissue after both IV and IP administration. Compound R6
shows significant protective effects by decreasing the brain infarct
volume in a rat cerebral ischemia/reperfusion injury model.

Mitochondrial damage is known to increase during the normal
aging process and is also a common feature of many neurodegen-
erative diseases. Compound R6, and its potentially more potent
derivatives, could confer therapeutic benefits for such diseases and
may perhaps offer some aging-related effects.

Materials and Methods
Allmethods employed in this article are routinely used in our laboratories and
are referenced (7, 8, 20), and a complete description of the methods is
available in the SI Appendix, SI Materials and Methods.

Reagents. Compound R6 was synthesized by Z.C. in Z.Z.’s laboratory at the
National Institute of Biological Sciences, Beijing. The following small mole-
cules were used: 3-MA (HY-19312; MCE), Rapamycin (HY-10219; MCE), and
CQ (HY-17589; MCE). The following antibodies were used: anti-Bim (2819;
CST), anti-cleaved caspase 9 (9501; CST), anti-PARP (9532; CST), anti-VADC
(4866; CST), anti-Bax (5203; CST), anti-Bak (12105; CST), anti-phospho-S6K-
T389 (9234; CST), anti-S6K (9202; CST), anti-LC3B (3868; CST), anti-phospho-
mTOR (5536; CST), anti-mTOR (2972; CST), anti-cytochrome c (556433; BD),
anti-β-Actin-HRP (D291-7; MBL), and anti-β-tubulin (BE3312-10; EASY BIO).

siRNA Oligos. siMTOR-1: A double stranded RNA oligo with the sense strand
(5′-3′): CCCGGATCATTCACCCTATTGdTdT and the antisense strand (5′-3′):
CAATAGGGTGAATGATCCGGGdTdT was used to knockdown mTOC1 ex-
pression; siMTOR-2: An alternative double stranded RNA oligo with the
sense (5′-3′): GCCTTGTTTGTGGCTCTGAATdTdT and antisense (5′-3′): ATT-
CAGAGCCACAAACAAGGCdTdT was also used to knockdown mTOC1
expression.
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Transfection. Transfection of siRNA into cells using Lipofectamine 3000
(Thermo) was performed according to the manufacturer’s instructions.

Cell Culture and Stable Cell Lines. U2OS, HeLa, and MEF cells were cultured in
DMEM containing 10% (V/V) fetal bovine serum. The U2OS_Bim cell line was
generated as described in ref. 7.

Cell Survival Assay. Cell survival was analyzed by measuring adenosine 5′-
triphosphate (ATP) levels with a Cell Titer-Glo (CTG) kit from Promega,
according to the manufacturer’s instructions.

Cellular Fractionation. We modified the Cellular Fractionation method de-
scribed in ref. 7. Briefly, harvested cell pellets were resuspended in cold
buffer A (20 mM Hepes, 40 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA, 1× mixture protease inhibitor [Roche], 1× PhosSTOP [Roche]) con-
taining 250 mM sucrose, the volume of which was 5 times that of the cell
pellet. After incubation on ice for 15 min, cells were broken by passage
through a 22G needle 25 times. The resulting mixtures were centrifuged at
1,000 × g for 5 min at 4 °C. The S1 supernatants were then centrifuged at
15,000 × g for 30 min at 4 °C, and the pellet fraction (P15) was retained.

Blue Native PAGE.Whole-cell extracts were prepared with a Native Sample Kit
from Life Technologies (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Ten micrograms of total protein from each extract
sample was loaded on 4 to 16% gradient native gels, and standard gel
electrophoresis was performed.

Crystal Violet Staining. We modified the Crystal Violet Staining described in
ref. 8. Briefly, 3,000 cells per well were seeded in 6-well plates and treated
on the following day, as indicated in the figure legends. Cells were washed
twice with phosphate-buffered saline (PBS), followed by incubation with
0.05% crystal violet in H2O for 10 min at room temperature. Subsequently,
the crystal violet solution was removed, and the samples were again washed
twice with PBS, followed by removal of PBS and drying of the plate at room
temperature.

Transient Focal Cerebral Ischemia/Reperfusion Injury. Animal procedures were
approved by the NIBS (National Institute of Biological Sciences, Beijing) local
ethics committee. We modified the procedure described in ref. 20. Briefly,
male Sprague–Dawley rats (weight 230 g to 250 g) were given Compound R6
by IP injection and then anesthetized with 2% isoflurane. The left common,
external, and internal carotid arteries (CCA, ECA, and ICA) were exposed. A
4-0 monofilament nylon suture with a silicon-coated tip was introduced
through an incision of the ECA into the ICA to occlude the origin of the MCA
for 1 h. Animals were killed 24 h later. Brains were removed and sliced into
sections of 2-mm thickness. Infarct size was examined via staining with 1.5%
2,3,5-triphenyltetrazolium chloride (TTC) at 37 °C for 10 min.
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