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Caesalpinia sappan induces apoptotic cell death in
ectopic endometrial 12Z cells through suppressing
pyruvate dehydrogenase kinase 1 expression
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Abstract. Endometriosis is a common gynecological disease
defined as the growth of endometrial tissues outside the uterus.
Although the mechanism underlying the progression of endo-
metriosis has not been fully elucidated, cancer-like aerobic
glycolysis is considered to mediate the elevated growth and
resistance to apoptosis of endometriotic cells. The heartwood
of Caesalpinia sappan L. (family Leguminosae) is a herbal
medicinal product used to treat gynecological symptoms,
including algomenorrhea and amenorrhea. The results of the
present study revealed that endometriotic 12Z cells exhibited
more rapid growth than normal endometrial cells (THES). The
expression levels of pyruvate dehydrogenase kinase (PDK)1
and 3 and lactate production were higher in 12Z cells than in
THES cells. In addition, the 127 cells were more sensitive to
the cytotoxicity of the aqueous extract of C. sappan heartwood
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(CS) than the THES cells. CS inhibited lactate production and
phosphorylation of pyruvate dehydrogenase A by reducing the
expression of PDKI1. CS also increased mitochondrial reac-
tive oxygen species (ROS) levels, decreased mitochondrial
membrane potential and consequently stimulated the apoptosis
of 12Z cells. CS-induced cell death was substantially inhibited
by exogenous PDK1 expression. In conclusion, CS may be a
novel drug candidate for treating endometriosis by inhibiting
aerobic glycolysis and inducing ROS-mitochondria-mediated
apoptotic cell death.

Introduction

Endometriosis, one of the most common gynecological
diseases is defined as the growth of endometrial tissues
outside the uterus (1). The precise mechanisms underlying
the progression of endometriosis are still unclear (2,3).
Although endometriosis is a benign, non-cancerous disease,
it exhibits cancer-like characteristics such as uncontrolled cell
growth, resistance to apoptosis, enhanced angiogenesis, and
immune escape (2,4). In addition, cancer-associated somatic
mutations in non-cancerous endometrial tissue have recently
been reported by several research groups (5,6). Thus, several
anticancer drugs, including angiogenesis and cell signaling
inhibitors, have been studied as potential candidates for the
treatment of endometriosis (7,8).

Recently, cancer-like aerobic glycolysis and lactate
production were reported to be elevated in patients
with endometriosis (9,10). Cancer cells generally prefer
glycolysis to oxidative phosphorylation for the genera-
tion of ATP even under high oxygen conditions (11). The
Warburg's effect is a phenomenon that affects the cancer
microenvironment through various pathways, such as
tumor cell growth and invasion, angiogenesis, and immune
avoidance (12-14). Aerobic glycolysis is considered to
mediate uncontrolled cell proliferation and resistance to
apoptosis (10,12) in endometriosis and malignant cancer.
Recently, a well-known pyruvate dehydrogenase kinase
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(PDK) inhibitor, dichloroacetate (DCA), was reported to
inhibit the glycolytic phenotype of endometriotic cells and
reduce lesion size in mouse models (10,15). Thus, we hypoth-
esized that Warburg-like metabolic characteristics could be a
good therapeutic target for endometriosis treatment.

The heartwood of Caesalpinia sappan L. (belonging to
the Leguminosae family) is a herbal medicinal product used
for improving blood circulation, accelerating hemostasis,
removing extravasated blood, relieving pain, and reducing
swelling (16). In particular, C. sappan has been used to
treat gynecological symptoms, including dysmenorrhea and
amenorrhea (17,18). Several studies have already shown that
C. sappan causes apoptosis of several cancer cell lines (19-22).
Recently, cotreatment with cisplatin and C. sappan compo-
nents was shown to arrest the cell cycle and increase apoptosis
of colon cancer cells (23).

However, to our best knowledge, the effect of C. sappan
on endometriosis has not been studied. Thus, in this study, we
investigated whether C. sappan has an inhibitory effect on the
growth of endometriotic 127 cells. In addition, the activities
and expressions of the enzymes involved in aerobic glycolysis
were examined as a possible mechanism underlying the
suppression of 12Z cell growth.

Materials and methods

Materials. Antibodies against caspase 3, caspase 9, and poly
ADP-ribose polymerase (PARP) were purchased from Cell
Signaling Technology, Inc. The antibody against glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was supplied
by Santa Cruz Biotechnology, whereas those for lactate
dehydrogenase A (LDHA) and phosphorylated pyruvate dehy-
drogenase A (p-PDHA) were provided by Abcam. Antibodies
against PDK1 were provided by Enzo Life Sciences and
those against PDHA were purchased from Invitrogen;
Thermo Fisher Scientific, Inc. The antibody against PDK3
was provided by Signalway Antibody. All reagents, including
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), were purchased from Sigma-Aldrich; Merck KGaA
unless otherwise indicated.

Preparation of aqueous extract of C. sappan heartwood
(CS). Heartwood of C. sappan was purchased from Omniherb
Co. (Yeongcheon, Korea). The material was imported from
Indonesia in 2016, authenticated by botanical experts working
for the company, and certified based on the guidelines of the
Ministry of Food and Drug Safety, Korea Government. A
voucher specimen was deposited at the Healthy Aging Korean
Medical Research Center, Pusan National University (voucher
no. HAK-037). The herbal material (100 g) was crushed,
extracted with distilled water (1 liter) at 100°C for 2 h, and
then the extract was filtered using Whatman paper (3 mm,;
Whatman PLC) to remove the insoluble particles.

Next, the extract was concentrated using a rotary evapo-
rator (Eyela) and lyophilized using a freeze dryer (Labconco)
to yield a powder (designated as CS, Fig. 1A). The powder
(10.2 g) was dissolved in dimethyl sulfoxide (DMSO) to
prepare a stock solution (100 mg/ml) that was diluted with
culture medium to prepare the working solutions before use in
the subsequent experiments.

High-performance liquid chromatography (HPLC)
analysis. The phytochemical features of the CS were
verified using HPLC with an Agilent 1200 series system
(Agilent Technologies). The analytical column was a
Waters Sunfire™ CI18 (5 pm 4.6x250 mm) maintained
at 30°C. The mobile phases A and B consisted of water
plus 0.1% formic acid and methanol (MeOH) plus 0.1%
formic acid, respectively. The gradient flow was as
follows: A/B=95-20/5-80 (0-30 min) — A/B=20-5/80-95
(30-40min)— A/B=5-3/95-97(40-50 min)— A/B=3-30/97-70
(50-55 min) — A/B=30-95/70-5 (55-60 min). The samples
were analyzed chromatographically at a flow rate of
1 ml/min using ultraviolet detection at 280 nm. The volume
injected into the column was 20 pl and brazilin (Cayman
Chemical Company) dissolved in DMSO was used as the
standard compound.

Cell culture. Immortalized normal human endometrial THES
cells (ATCC® CRL-4003™) were purchased from American
Type Culture Collection. Immortalized human endometri-
otic epithelial 12Z cells were generously provided by Dr
Starzinski-Powitz (Johann-Wolfgang-Goethe-Universitaet).
THES cells were cultured at 37°C in an atmosphere containing
5% CO,/air in Dulbecco's modified Eagle's medium plus
F-12 (Welgene) containing 10% heat-inactivated fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin (Sigma-Aldrich; Merck KGaA).
The 127 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Welgene) containing 10%
heat-inactivated FBS and 1% penicillin/streptomycin.

Cell viability assay. The cytotoxicity of CS was examined
using an MTT assay. Briefly, the cells were incubated in
24-well culture plates with the indicated concentrations of CS
for 24 h. MTT solution (2 mg/ml) was added to each well of the
plates, which were then incubated for 4 h at 37°C exposed to an
atmosphere of 5% CO,. The culture medium was removed and
the formazan crystals formed in the live cells were measured
by determining the absorbance at 540 nm using a Spectramax
M2 microplate reader (Molecular Devices, LLC).

Lactate production. Lactate production by 127 cells was
measured using a lactate fluorometric assay kit (BioVision,
San Francisco, CA, USA), according to the manufacturer's
instructions. Phenol red- and serum-free RPMI-1640 medium
were added to the subconfluent cells in 6-well plates, which
were incubated for 1 h at 37°C and then 1 ul of the medium
from each well was assessed using a lactate assay kit with a
Spectramax M2 spectrofluorometer (Molecular Devices).

RNA isolation and quantitative polymerase chain reaction
(gPCR). Total RNA was isolated from THES and 12Z cells
using a GeneJET RNA purification kit (Thermo Fisher
Scientific, Inc.). An equal amount of total RNA (1 ug) from
each sample was then reverse transcribed using oligo-dT
primers with M-MLV reverse transcriptase (RT, Thermo
Fisher Scientific, Inc.). The cDNA was amplified using qPCR
with AccuPower® PCR PreMix (Bioneer Co.). Real-time
gPCR was performed using the StepOnePlus real-time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
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Figure 1. Extraction, phytochemical analysis, and cytotoxicity of CS. (A) Scheme of CS extraction. (B) High-performance liquid chromatography analysis
of CS using brazilin as a standard. (C) THES and 12Z cells were treated with CS for 24 h and cytotoxicity was measured using MTT assay. Results of three

independent experiments are presented as mean =+ standard deviation. ““P<0.001 compared with THES cells. CS, Caesalpinia sappan L heartwood extract.

with the RealHelix qPCR kit (NanoHelix). Relative mRNA
levels were normalized to 18S rRNA and the primers used in
this study are shown in Table S1.

Transfection and viral infection. The PDK1 PCR product was
ligated using pMX-IRES-puromycin vector with EcoRI and
Xhol as restriction enzyme sites. The primers used for cloning
are shown in Table S1. The pMX-IRES-puromycin vector
(EV) and pMX-IRES-puromycin PDK1 vector (PDK1) were
transfected into Plat-A cells using Lipofectamine™ 2000
(Invitrogen), the supernatant was collected after 24 h, and then
it was replaced with the filtered viral supernatant and 5 pg/ml
polybrene (sc-134220; Santa Cruz Biotechnology) instead
of the 127 cell culture medium. Twenty-four hours after the
infection, the cells were selected using 2 yg/ml puromycin
(CAS58-58-2; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and cultured for 2 weeks.

Western blot analysis. Total protein was extracted from the
cells using 1% NP-40 lysis buffer [150 mM sodium chlo-
ride (NaCl), 10 mM HEPES (pH 7.45), 1% NP-40, 5 mM
sodium pyrophosphate (Na,P,0;), 5 mM sodium fluoride

(NaF), and 2 mM sodium vanadate (Na;VO,)] containing a
protease inhibitor cocktail (Roche Applied Science, Penzburg,
Germany). Equal amounts (10 ug) of protein from each sample
were separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The fractionated proteins were electro-
phoretically transferred onto nitrocellulose filters (HYBOND
ECL; GE Healthcare), which were blocked with 5% nonfat dry
milk at room temperature for 1 h and incubated with primary
antibodies against caspase 3, caspase 9, PARP, p-PDHA,
PDHA, LDHA, PDKI1, PDK3, or GAPDH at 4°C overnight.
The membranes were washed three times and incubated with
appropriate horseradish peroxidase-conjugated secondary
antibodies. Bands of the target proteins were detected using
an enhanced chemiluminescence Plus kit (Thermo Fisher
Scientific) and visualized using the ImageQuant LAS 4000
imaging system (GE Healthcare).

Measurement of intracellular and mitochondrial
reactive oxygen species (ROS). The production of intra-
cellular and mitochondrial ROS was determined using
5-(and-6)-carboxy-2,7-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA) and MitoSOX™ red (both from
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Thermo Fisher Scientific), respectively. Briefly, 100 uM
carboxy-H2DCFDA or 5 uM MitoSOX™ red was added to
cells cultured in conditioned medium, followed by incubation at
37°C for 30 min (carboxy-H2DCFDA) or 10 min (MitoSOX™
red). The cells were washed twice with phosphate-buffered
saline and the fluorescence intensity was analyzed using
a BD FACS Canto II flow cytometer (BD Biosciences) by
measuring excitation/emission at a wavelength of 488/525 nm
(carboxy-H2DCFDA) or 510/580 nm (MitoSOX™ red).

Detection of apoptotic cells. The 127 cells were treated
with the indicated concentration of CS for 24 h. Apoptotic
cells were examined using the Annexin V-FITC Apoptosis
Detection kit (Thermo Fisher Scientific). The cells (1x10°)
were resuspended in 500 ul of binding buffer and incu-
bated with 5 ul of Annexin V-FITC. The fluorescence
intensities of the samples were examined using a BD FACS
CANTO II measuring excitation/emission at a wavelength
of 494/525 nm.

LDHA activity assay. LDHA activity was determined by
measuring the decrease of absorbance at 340 nm from the
oxidation of NADH in 20 mM HEPES-K*, pH 7.2, 0.05%
BSA, 20 uM NADH and 2 mM pyruvate using a Spectramax
M2 spectrofluorometer at excitation/emission wavelengths of
340/460 nm, as previously described. For the in vitro LDHA
activity assay, 10 ng of recombinant LDHA protein was mixed
with various concentrations of CS and the reaction solution
containing 20 uM NADH, 20 mM HEPES (pH 7.2), 2 mM
pyruvate and 0.05% BSA. In the case of the intracellular assay,
1 pg of total protein from cell lysates treated with indicated
concentrations of CS were used. The amount of NADH was
measured using the Spectramax M2 spectrofluorometer with
340 nm/360 nm of excitation/emission wavelengths. The
activity of LDHA was inversely calculated from the amount
of NADH consumption.

In vitro pyruvate dehydrogenase kinase (PDK) assay. The
kinase activity of PDK was confirmed as described previously.
Briefly, the GST-PDK1 construct (obtained from Jing Chen,
Emory University) was transfected into 293T cells using poly-
ethylenimine (PEI, Sigma-Aldrich). At 24 h after transfection,
cells were harvested and lysed using buffer [150 mM NaCl,
10 mM HEPES (pH 7.45), 1% NP-40,5 mM NaPyrophosphate,
5 mM NaF, 2 mM Na;VO,]. GST-PDK1 was pulled down by
Glutathione Sepharose 4B beads (GE Healthcare). The beads
bound with GST-PDK1 were washed with PBS, followed by
application to PDK1 kinase assay. The beads were incubated
with 50 ng of recombinant PDHA (Elp clone obtained from
David Chuang, University of Texas) as a substrate of PDK1 for
5 min at 30°C in PDK1 kinase buffer containing 20 mM potas-
sium phosphate buffer pH 7.5, 0.1 mM EDTA, 1 mM MgCl,,
2 mM DTT, and 250 uM ATP. The samples were applied to
SDS-PAGE, followed by immunoblotting using antibodies
against GST, PDHA, and phosphor-PDHA.

Statistical analysis. The results are expressed as mean + stan-
dard deviation (SD). Statistical analysis was performed using
an unpaired Student's t-test (for comparison of lactate produc-
tion between THES and 12Z cells) or a one-way analysis of

variance with Tukey's post-hoc test using GraphPad Prism
software (GraphPad Software). The minimum significance
level was set at P-value of 0.05 and at least three independent
replications were performed for each experiment.

Results

CS differentially inhibited the growth of normal endometrial
and endometriotic cells. The hot water CS extract (Fig. 1A)
prepared in this study was characterized using HPLC,
which confirmed it was identical to an extract investigated
in a previous study (24), and its standard compound brazilin
(Fig. 1B). The inhibitory effect of CS on the growth of normal
endometrial THES cells and ectopic endometrium originating
from 12Z endometrial cells was examined. The growth of both
cell lines was reduced by CS treatment in a dose-dependent
manner (Fig. 1C). The half-maximal inhibitory concentration
of CS on the growth of THES and 12Z cells was 100.1 and
29.41 ug/ml, respectively, indicating that the endometriotic
127 cells were 3.4 times more sensitive to CS-induced cyto-
toxicity than the normal endometrial THES cells were.

PDK expression was increased in endometriotic cells. To
explain the differential cytotoxicity of CS, its effects on the
growth rates of normal THES and ectopic 12Z endometrial
cells were compared and the 12Z cells grew approximately
two-fold faster than the THES cells (Fig. 2A). The endo-
metriotic 12Z cells also produced twice as much lactate as
the normal THES cells (Fig. 2B). Although there was no
change in LDHA expression between THES and 12Z cells,
the phosphorylation of PDH was considerably higher in 127
cells than in THES cells (Fig. 2C). The qPCR and western
blot analysis results demonstrated that the expression of
PDKI1 and PDK3 was much higher in 12Z cells than it was
in normal endometrial cells (Fig. 2D and E). Similar to
previous studies (9,10), these results suggest that PDK1 and
PDK3 might be responsible for the Warburg-like phenotype
of ectopic endometriotic cells.

CSreduced lactate production by suppressing PDK expression.
To elucidate whether regulation of the Warburg-like pheno-
type is related to the differential cytotoxicity of CS, we first
examined lactate production of CS-treated cells, which was
decreased in a dose-dependent manner (Fig. 3A). However, the
in vitro enzymatic activity of LDHA, which converts pyruvate
to lactate, was not regulated by CS treatment (Fig. S1A). In
addition, treatment of 127 cells with CS did not markedly
affect the intracellular activity and expression of LDHA
(Fig. S1B and C), which was only slightly reduced by the high
concentration. However, the data do not explain the prominent
reduction of lactate production by CS at the same dose. The
results suggest that the reduction in lactate production by CS
might be mediated through another mechanism that does not
involve the suppression of LDHA.

Lactate production can be diminished by activating PDH
activity. The activity of the PDH complex is regulated by
phosphorylation of its Ela subunit (PDHA) through the kinase
action of PDKs (25). Treatment of 12Z cells with CS reduced
the phosphorylation of PDHA in a dose-dependent manner
(Fig. 3B), similar to the effects of DCA, a well-known PDK
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Figure 2. Endometriotic cells are more glycolytic than normal endometrial cells via the expression of PDKs. (A) Normal endometrial THES and endometriotic
127 cells were incubated for 1 to 3 days and the growth rates were measured using cell counting. (B) Cells were seeded in six-well culture plates, cultured
for 24 h, and production of lactate in THES and 127Z cell culture media was measured using a commercially available lactate assay kit. Cells were seeded in
six-well culture plates and cultured for 24 h. Expression levels of pyruvate metabolism-related enzymes (C) LDHA and p-PDH, and (E) PDKI1 and 3 were
examined using western blot analysis. GAPDH expression was used as internal control. mRNA expression level of cells was determined using quantitative
polymerase chain reaction. (D) mRNA level of PDKs was confirmed in both cell lines. Results of three independent experiments are presented as mean + stan-
dard deviation. “P<0.05 and ““P<0.001 compared with THES cell. PDKs, pyruvate dehydrogenase kinases; LDHA, lactate dehydrogenase A; p-PDHA,

phosphorylated-PDHA; PDHA, pyruvate dehydrogenase Ela.

inhibitor (Fig. S2A and B). DCA also suppressed the viability
of 12Z cells (Fig. S2C). However, unlike DCA, CS did not
directly affect the activity of PDKI1 in the in vitro kinase
activity assay (Fig. S3). In addition, the investigation of the
effect of brazilin, a major component of CS, showed that in
contrast to CS, brazilin alone did not reduce the phosphoryla-
tion of PDHA (Fig. S4).

The protein and mRNA expression levels of PDK1 were
significantly decreased by CS treatment in a concentra-
tion-dependent manner (Fig. 3C and D). Although PDK1 and
PDK3 were elevated in endometriotic 12Z cells, the expres-
sion of PDK3 was not altered in a CS-dependent manner.
Thus, we confirmed the cytotoxicity of CS against 127 cells
overexpressing PDK1. The efficiency of PDK1 overexpression
using viral infection with its expressing vector (PDK1-OE)
was confirmed through the phosphorylation of PDHA and
PDKI1 expression (Fig. 3E). In addition, CS-induced cytotox-
icity was inhibited by approximately two-fold in the 127 cells
infected with the PDK1-expressing vector (Fig. 3F). These
results suggested that the differential cytotoxicity of CS on
endometriotic 127 cells might be, at least partially, due to the
decreased expression of PDK1.

CS induced apoptosis of endometriotic cells. Metabolic repro-
gramming of cancer cells from aerobic glycolysis to OXPHOS
has been shown to increase mitochondrial ROS-dependent

apoptosis (26,27). Thus, mitochondrial ROS production and
apoptotic cell death were examined in CS-treated endometri-
otic 12Z cells. The production of mitochondrial ROS, measured
using MitoSOX staining, was significantly increased following
CS treatment, and this effect was inhibited by n-acetylcysteine
(NAC) treatment (Fig. 4A and B). In addition, similar results
were obtained with carboxy-H2DCFDA staining, a marker
for total ROS (Fig. S5A and B). However, the change in total
ROS was not as high as that of mitochondrial ROS. Next, we
found that the apoptosis of CS-treated 12Z cells was signifi-
cantly increased in a dose-dependent fashion (Fig. 4C). The
expression levels of proteins related to apoptotic signaling,
such as cleaved caspase 3 and PARP, were also increased in
CS-treated 127 cells (Fig. 4D). The pro-form of caspase 9
was also reduced following CS treatment. However, caspase
8, a marker of extrinsic apoptosis signaling, was not activated
(data not shown). These results suggest that the induction of
a large quantity of mitochondrial ROS by the metabolic shift
from glycolysis to OXPHOS, through the suppression of PDK1
expression, plays an important role in CS-induced apoptosis of
endometriotic 127 cells (Fig. 4E).

Discussion

Although endometriosis is an important gynecological
disorder, current treatments show very limited efficacy.
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Figure 3. CS inhibited PDK1 expression in endometriotic cells. The 12Z cells were treated with CS at the indicated concentrations for 12 h. (A) Lactate was
measured using a commercially available lactate assay kit. (B) Phosphorylation of PDHA was examined using western blot analysis. (C) Expression levels
of PDK1 and PDK3 were examined using western blot analysis with GAPDH as the internal control. (D) Expression levels of PDK1 and 3 were examined
using qPCR. (E) Overexpression of PDK1 in 12Z cells was confirmed through western blot analysis. (F) 12Z cells were treated with CS for 24 h. Cell

death was measured using the MTT assay. Results of three independent experiments are presented as mean + standard deviation.

*hk

P<0.001 compared to

control (first lane); #P<0.05 and "*P<0.001 compared to EV. CS, Caesalpinia sappan L heartwood extract; PDK, pyruvate dehydrogenase kinase; p-PDHA,
phosphorylated-PDHA; PDHA, pyruvate dehydrogenase Ela; OE, overexpression; EV, empty vector.

First-line treatment of endometriosis is mainly surgical
removal of the lesion (3,28). Medications for endometriosis
consist of anti-inflammatory agents and hormonal therapy,
such as gonadotropin-releasing hormone agonist, proges-
terone analogs, and aromatase inhibitors (29). However,
recurrence following conservative surgery was 40-75% within
5 to 6 years, and hormonal therapy is difficult to continue for
long periods because of the considerable side effects (30).
Therefore, novel therapeutic options with targets other
than hormones are needed to treat endometriosis. Several
non-hormonal strategies, including suppression of angiogen-
esis, induction of apoptosis, and regulation of non-coding
RNAs and immune cells, have been proposed for endometri-
osis treatment (31-33). In addition, herbal medicines may be
a particularly good alternative to hormonal therapy because
they have long been used to treat endometriosis-related
dysmenorrhea, pelvic inflammation, and cysts (34). Previous
clinical and animal studies have shown that several herbal
medicinal formulas are effective in suppressing the growth
of endometriotic lesions (35-38). However, the mechanism

underlying the efficacy of these herbal medicines has not
been fully elucidated.

Previous studies have shown that transforming growth
factor (TGF)-f and hypoxia induce Warburg-like metabolic
reprogramming by activating PDK1 expression in endome-
triotic cells (9). In this study, we showed that rapidly growing
endometriotic 12Z cells expressed high levels of PDK1 and
PDK3. The high expression of PDKs is related to resistance
to apoptosis and uncontrolled cell survival in cancer and
endometriosis (10,39). Thus, metabolic reprogramming from
glycolysis to OXPHOS might be an alternative strategy for
endometriosis treatment. The results of a previous study (15)
and our present findings also showed that DCA, an inhibitor
of PDK activity, reduced the viability of endometriotic 127
cells. CS induced the selective death of a higher number
of endometriotic cells than of normal endometrial cells.
The lactate production of 12Z cells was reduced following
CS treatment by the inhibition of PDK1 expression but not
activity. In addition, the exogenous overexpression of PDK1
partially protected against CS-induced cytotoxicity. These
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Figure 4. CS-induced apoptosis of endometriotic cells. (A) 12Z cells were treated with CS at indicated concentrations for 12 h and mitochondrial reactive
oxygen species levels were measured using fluorescence-activated cell sorting analysis using MitoSOX™ red. (B) MitoSOX-dependent fluorescence results

are shown as mean + standard deviation of three independent experiments.

ok

P<0.001. (C) 12Z cells were treated with CS at indicated concentrations for 24 h

and number of apoptotic cells was measured using FACS analysis with PI-Annexin V double staining. (D) Apoptosis signaling activation of caspase 9, caspase
3, and PARP was examined using western blot analysis with GAPDH as the internal control. The 12Z cells were treated with CS at indicated concentrations
for 12 h. (E) Schematic diagrams illustrating the action of CS in endometriosis. CS, Caesalpinia sappan L heartwood extract; PI, propidium iodide; PARP,

poly ADP-ribose polymerase.

results led us to assume that the selective cytotoxicity of CS
on glycolytic 12Z cells might be, at least partially, due to
the metabolic reprogramming of endometriotic cells from
glycolysis to OXPHOS.

In endometriosis, TGF-f and hypoxia were suggested as
the primary causes of elevated glycolysis and PDK1 expres-
sion (9,10,40). However, TGF-f has been reported to regulate
the expression of PDK?2 and PDK4, but not PDK1 (41). In addi-
tion, a previous study demonstrated that CS treatment increased
the expression of TGF-f3 in a murine allograft rejection model.
Thus, we hypothesized that TGF-f signaling is not related to
suppression of PDK1 expression by CS treatment. In addition
to TGF-p, it was reported that PDK1 and PDK3 genes are
regulated by hypoxia through stabilization of HIFla (42.,43).
However, in this study, CS suppressed the expression of PDK1

in 127 cells, but not PDK3. Thus, we assume that CS does not
affect the hypoxia-HIFla axis. Several studies have presented
differential regulation of PDK isoforms, especially PDK1
and PDK3, through histone acetylation or miRNA (44-46).
Therefore, to elucidate the precise mechanism underlying the
suppression of PDK1 mRNA expression by CS treatment,
further extensive studies should be conducted. The epigenetic
regulation of gene transcription, such as histone modification or
mRNA stability, might be a good explanation of the differential
regulatory mechanism of PDK1 expression by CS treatment.
Differential apoptosis between the endometrium of women
with and without endometriosis has been reported (47). In
patients with endometriosis, the resistance to apoptosis and
expression of anti-apoptotic genes such as B-cell lymphoma-2
(Bcl-2) and Bcl-2-associated X protein is increased (48-50).
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Resistance to apoptotic cell death in endometriosis causes
differences in endometrial structure, proliferation, immune
response, adhesion molecules, and cytokines expression
compared to the normal endometrium (51). Generally,
resistance to physiological apoptosis is a characteristic of
malignant tumors (11). Although endometriosis is a benign
disease, endometriotic tissue has been reported to show similar
characteristics to those of cancerous tissue (52,53). Thus, the
acceleration of apoptotic cell death is a recognized strategy
for endometriosis treatment (54). Reprogramming cellular
metabolism from glycolysis to OXPHOS is well known to
lead to the generation of excessive mitochondrial ROS with
consequent mitochondria-dependent apoptosis of cancer
cells (26,27). Our previous studies also demonstrated that
inhibiting aerobic glycolysis by suppressing LDHA or PDK
activity using phytochemicals enhances ROS production and
mitochondria-mediated apoptosis of cancer cells (55,56). In
this study, we confirmed that CS increased mitochondrial ROS
and apoptotic death of endometriotic 12Z cells via the intrinsic
pathway. Although CS is known to induce cancer cell death
through apoptosis (20), we elucidated the precise mechanism
underlying this phenomenon, especially in endometriosis.

Considering the importance of the metabolic shift in
endometriosis, the suppression of Warburg-like metabolic
characteristics might be an alternative therapeutic target for
endometriosis. In particular, DCA is now under development
as a non-contraceptive treatment for women with endome-
triosis (15) and 100 mg/kg DCA was found to reduce the
size of endometrial lesions in a murine model. However, the
concentration of DCA that reduced the growth of endometrial
cells was not determined in the previous study. In this study,
we showed that 40 mM DCA reduced the growth of 12Z cells
by approximately 30% compared to untreated cells, although
lactate production and phosphorylation of PDHA were success-
fully suppressed at that concentration. Furthermore, 40 mM
DCA is equivalent to 5.157 mg/ml, which is a considerably
higher concentration than that of CS used in this study, which
was approximately 30 to 50 pg/ml. These results indicate that
CS might be effective for the treatment of endometriosis at a
considerably lower dose than that used for DCA.

In this study, CS also exerted a selective cytotoxicity
on endometriotic cells with a relatively low cytotoxicity on
normal endometrial THES cells. However, these results do not
guarantee a low in vivo toxicity with CS. A previous safety
study showed that CS did not exhibit severe acute or subacute
toxicity in rats (57). Although brazilin, the major compo-
nent of CS showed reproductive toxicity (58), it is generally
accepted as a safe compound for use in food, beverages, and
cosmetics (24). To confirm the safety and in vivo efficacy of
CS in endometriosis, further extensive animal studies should
be performed. In addition, the effect of brazilin on the phos-
phorylation of PDHA was investigated and in contrast to CS,
brazilin alone did not reduce the phosphorylation of PDHA.
CS has numerous other components in addition to brazilin
and, therefore, the possible effect of other components and
their combinations should be examined in further studies.

In conclusion, in this study, we demonstrated that CS
possesses a selective cytotoxicity against glycolytic endome-
triotic cells as opposed to normal THES cells. The underlying
mechanism of the CS-induced toxicity on endometriotic cells

was probably mediated by the suppression of PDK1 expression
and subsequent ROS-mediated apoptosis. Thus, our findings
suggest that CS could be a potent candidate for the develop-
ment of novel anti-endometriosis drugs and its effects are
meditated through inhibition of the Warburg-like metabolic
phenotype.
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