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Abstract
Purpose The impact of evodiamine in combination with histone deacetylase (HDAC) inhibitors on survival of thyroid
carcinoma cells was identified.
Methods TPC-1 and SW1736 human thyroid carcinoma cells were used.
Results After treatment with evodiamine and PXD101, cell viability, the percentage of viable cells and Bcl2 protein levels
decreased, whereas cytotoxic activity, the percentage of apoptotic cells, the protein levels of γH2AX, acetyl. histone H3 and
cleaved PARP, and reactive oxygen species (ROS) production increased. In cells treated with both evodiamine and PXD101,
compared with PXD101 alone, decrement of cell viability, the percentage of viable cells, and Bcl2 protein levels as well as
increment of cytotoxic activity, the percentage of apoptotic cells, the protein levels of γH2AX and cleaved PARP, and ROS
production were significant, causing decrement of Bcl2/Bax ratio. Furthermore, all of the combination index values were
<1.0, suggesting synergistic cytotoxicity of two agents. Wortmannin decreased cell viability and the percentage of viable
cells, whereas it increased cytotoxic activity and the percentage of apoptotic cells without alteration in ROS production. The
changes in cells treated with both evodiamine and suberoylanilide hydroxamic acid or trichostatin A were similar to those in
cells treated with both evodiamine and PXD101.
Conclusions Our results demonstrate that evodiamine synergizes with HDAC inhibitors in inducing cytotoxic activities by
involving survival-related proteins and ROS in thyroid carcinoma cells. Moreover, repression of PI3K/Akt signaling
synergistically reinforces cytotoxicity of evodiamine combined with HDAC inhibitors in thyroid carcinoma cells.

Keywords Thyroid carcinoma ● Evodiamine ● HDAC inhibitor ● Synergism ● Akt

Abbreviations
ATC anaplastic thyroid carcinoma
CI combination index
DMSO dimethylsulfoxide
ED50 the concentrations of each drug required for

50% inhibition
FTC follicular thyroid cancer
HDAC histone deacetylase
PARP poly (ADP-ribose) polymerase
PTC papillary thyroid cancer

γH2AX phospho-histone H2A.X
ROS reactive oxygen species
SAHA suberoylanilide hydroxamic acid
TSA trichostatin A.

Introduction

In follicular cell-derived thyroid cancer, well-differentiated
thyroid cancer (WDTC) including papillary thyroid cancer
(PTC) and follicular thyroid cancer (FTC) is most com-
monly diagnosed with excellent prognosis, while it is
unfavorable to radioactive iodine (RAI) therapy in about
two thirds of patients with metastatic lesion [1–3]. In con-
trast, undifferentiated thyroid cancer (UDTC) including
anaplastic thyroid cancer (ATC) is rarely diagnosed and has
fatal prognosis due to local extension, extrathyroidal inva-
sion, distant metastasis, and rapid progression [1–3]. Since
patients with RAI therapy-refractory WDTC and UDTC are
hardly responsive to standard treatment modalities, new
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paradigm to enhance therapeutic efficacy against cancer
cells is under consideration [1–3].

Evodiamine is a natural indole alkaloid extracted from
the fruit of Evodia rutaecarpa and a multitarget compound
having a wide spectrum of biological activities [4]. Evo-
diamine has been used for management of vomiting, diar-
rhea, abdominal pain, headache, and postpartum bleeding in
oriental herbal medicine [4]. Evodiamine poses favorable
properties in thermoregulation, nociception, inflammation,
obesity, cardiovascular disease, infectious disease, and
Alzheimer’s disease and possesses antioncogenic actions in
various cancer cells [4, 5]. As one of the plausible
mechanisms for antimitogenic activity, it was suggested that
evodiamine resulted in cell death via regulation of survival-
related proteins including Bcl2 family proteins, phospho-
histone H2A.X (γH2AX) and acetyl. histone H3 as well as
reactive oxygen species (ROS) and via modulation of
multiple signal pathways including phosphoinositide-3
kinase (PI3K)/Akt signaling in cancer cells [6–14]. In
view of the effect of evodiamine combined with che-
motherapeutic agents, evodiamine exerts beneficial proper-
ties in breast and ovary cancer models resistant to
chemotherapeutic agents [15–17]. In this regard, we
recently reported that evodiamine alone or in combination
with chemotherapeutic agents had cytotoxicity by regulat-
ing survival-related proteins and PI3K/Akt signaling in
thyroid carcinoma cells [18].

Histone deacetylase (HDAC) inhibitors such as
PXD101, suberoylanilide hydroxamic acid (SAHA), and
trichostatin A (TSA) activate DNA damage response and
have a negative influence on cell survival through mod-
ulation of ROS and PI3K/Akt signaling in cancer cells
[19–23]. In thyroid carcinoma cells, PXD101 (belinostat),
a pan-HDAC inhibitor, as single and combined regimens
exhibits antitumor actions via repression of PI3K/Akt
signaling [21–23]. Moreover, SAHA alone or in combi-
nation with chemotherapeutic agents induces a cytotoxic
activity and increases the antiproliferative property of
vitamin D analog [24, 25]. In addition, TSA augments the
expression of thyroid-specific genes relevant to iodide
handling [26]. In this respect, our previous studies showed
that HDAC inhibitors had synergistic actions with heat
shock protein 90 (hsp90) inhibitors in inducing cytotoxi-
city in ATC cells [22, 23]. With regard to combined effect
of evodiamine with HDAC inhibitors, a synthetic che-
mical, composed of evodiamine derivative and SAHA,
attenuates survival and proliferation of cancer cells [27].
Furthermore, evodiamine accelerates SAHA-induced cell
death by downregulating hypoxia-inducible factor (HIF)-
1α in hypoxic hepatoma cells [28]. However, influence of
evodiamine in combination with HDAC inhibitors on
survival of thyroid carcinoma cells has not been
investigated.

The aim of the present study was to evaluate the effect of
evodiamine combined with HDAC inhibitors on survival of
thyroid carcinoma cells. Our results demonstrate that evo-
diamine synergistically produces cytotoxic activities with
HDAC inhibitors through participation of survival-related
proteins and ROS, and suppression of PI3K/Akt signaling
stimulates the synergism between evodiamine and HDAC
inhibitors in induction of cytotoxicity in thyroid carcinoma
cells.

Materials and methods

Materials

RPMI1640, fetal bovine serum (FBS), L-glutamine, and
streptomycin/penicillin were purchased from Life Technol-
ogies (Carlsbad, CA, USA). Evodiamine and the HDAC
inhibitors PXD101, SAHA, and TSA were obtained from
BioVision (Linda, CA, USA) and dissolved in dimethyl-
sulfoxide (DMSO), which was provided to the control
within permissible concentrations. The final concentration of
the vehicle DMSO in the control did not exceed 0.1% in all
experiments. The primary antibodies raised against Bcl2,
Bax, γH2AX, acetyl. histone H3, and cleaved poly (ADP-
ribose) polymerase (PARP) were purchased from Cell Sig-
naling Biotechnology (Danvers, MA, USA). The primary
antibodies raised against total and phospho-Akt (Ser473)
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and
the primary antibody raised against β-actin from Sigma (St.
Louis, MO, USA) were obtained. All other reagents were
purchased from Sigma unless otherwise stated.

Cell culture

For experiments, TPC-1 human PTC cells and SW1736
human ATC cells were used. TPC-1 cells were obtained
from Professor Young Joo Park (Division of Endocrinology
and Metabolism, Seoul National University, Republic of
Korea) and grown in RPMI1640 supplemented with 10%
heat-inactivated FBS and 1% streptomycin/penicillin.
SW1736 cells were purchased from Cell Lines Service
(CLS GmbH, Eppelheim, Germany), and grown in
RPMI1640 supplemented with 2 mM L-glutamine, 10%
heat-inactivated FBS, and 1% streptomycin/penicillin. Cells
received fresh medium at regular intervals. Treatments and
experiments were performed using cells that were 70%
confluent.

CCK-8 assay

Cell viability was determined by the CCK-8 Assay Kit
(Dojindo laboratories, Kumamoto, Japan). Cells (5 × 103/
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100 μl) in each well on 96-well plates were incubated
overnight and treated with agents for an additional 4 h at
37 °C. Absorbance was measured using GlomaxTM Dis-
cover System GM3000 (Promega, Madison, WI, USA). All
experiments were performed in triplicate.

Multiplexed cytotoxicity assay

Cells (5 × 103/100 μl) were seeded in 96-well plates, and
reagents of the Multitox-Glo Multiplex Cytotoxicity Assay
Kit (Promega) were added to cells after treatments as stated
in the manufacturer’s protocol. Fluorescent and luminescent
values were measured using GlomaxTM Discover System
GM3000 (Promega). Viability was computed as a ratio of
live/dead cells and expressed as percentage of untreated
cells. All experiments were performed in triplicate.

Cytotoxicity assay

Cytotoxic activity was measured by the LDH Cytotoxicity
Assay Kit (BioVision, Linda, CA, USA). Cells (5 × 103/
100 μl) in each well on 96-well plates were incubated and
centrifuged at 250 × g for 10 min. Supernatant of 100 μl was
transferred in clear 96-well plates. After addition of reaction
mixture (2.5 μl Catalyst solution in 112.5 μl Dye solution),
cells were incubated for 30 min at room temperature.
Absorbance was measured using GlomaxTM Discover Sys-
tem GM3000 (Promega). All experiments were performed
in triplicate.

FACS analysis

Apoptotic cells were analyzed by the Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences Pharminogen, San
Diego, CA, USA). Cells (1 × 105/ml) in each well on 6-well
plates were incubated, and harvested, and fixed according to
manufacturer’s protocol. FITC annexin V and/or propidium
iodide (PI) in 1 x binding buffer was added for 15 min at
room temperature, and analysis was made using a Cyto-
FLEXTM Flow Cytometer (Beckman Coulter Inc., Brea, CA,
USA) and CytExpert Software (Beckman Coulter Inc., Brea,
CA, USA). All experiments were performed in triplicate.

Measurement of ROS production

ROS production was measured by the ROS-GloTM H2O2

Assay Kit (Promega). Cells (1 × 104/ml) in each well on 96-
well plates were incubated and treated with H2O2 Substrate
solution (25 μM/well) and incubated at 37 °C. After addi-
tion of ROS-GloTM Detection solution (100 μl/well), cells
were incubated for 20 min at room temperature. Absorbance
was measured using GlomaxTM Discover System GM3000
(Promega). All experiments were performed in triplicate.

Western blotting

The total protein was extracted by RIPA buffer (Sigma)
containing 1× protease inhibitor cocktail and 1× phophatase
inhibitor cocktail set V (Calbiochem, La Jolla, CA, USA).
Western blotting was performed using specific primary
antibodies and horseradish peroxidase-conjugated anti-rab-
bit and anti-mouse secondary antibodies. Bands were
detected using ECL Plus Western Blotting Detection Sys-
tem (Thermo Fisher Scientific, Rockford, IL, USA). The
protein levels were quantified by densitometry using the
ImageJ software (NIH) and normalized to β-actin levels.
The relative levels of protein to β-actin were obtained. All
experiments were performed in triplicate.

Drug combination analysis

Combination index (CI) and isobologram were calculated
by CalcuSyn program version 2.11 (Biosoft, Great Shelford,
Cambridge, UK), and the effect of drug interactions was
quantitatively documented. CI values <1.0, 1.0, and >1.0
reveal synergism, additivity, and antagonism, respectively.
The isobologram is formed by plotting the doses of each
agent required for 50% inhibition (ED50) on the x and y axis
and connecting them to draw a line segment, which is ED50

isobologram. Combination data points that fall on, below,
and above the line segment reveal additivity, synergism,
and antagonism, respectively. All combinations were per-
formed in triplicate.

Statistical analysis

All data are expressed as mean ± standard error (S.E.). Data
were analyzed by unpaired Student’s t test or analysis of
variance as appropriate. A p value <0.05 was considered to
be statistically significant. All analyses were performed
using SPSS program version 24.0 (SPSS, Chicago, IL,
USA).

Results

Evodiamine exerts synergistic cytotoxicity with
PXD101 in thyroid carcinoma cells

In TPC-1 and SW1736 cells, to investigate the influence of
evodiamine in combination with the HDAC inhibitor
PXD101, cells were simultaneously treated with both evo-
diamine and PXD101, and then the interactions were
interpreted by obtaining CI using Chou–Talalay equation,
where CI < 1.0 manifests synergism, CI= 1.0 manifests
additivity, and CI > 1.0 manifests antagonism (Fig. 1a, b,
Table 1). Cell viability was measured using CCK-8 assay,

112 Endocrine (2019) 65:110–120



and death rate was calculated as 100–cell viability (%). As a
result of cotreatment, all of the CI values were <1.0, and the
combination data points were all located below the iso-
bologram line at ED50, implying that evodiamine in com-
bination with PXD101 synergistically induces death of
thyroid carcinoma cells.

Next, to further identify the synergistic activity of evo-
diamine with PXD101 in inducing cytotoxicity, cells were
treated with both evodiamine and PXD101 at 5 μM for 24 h
after which cell viability (Fig. 1c), the percentage of viable
cells using multiplexed cytotoxicity assay (Fig. 1d), cyto-
toxic activity using cytotoxicity assay (Fig. 1e), and the
percentage of apoptotic cells using FACS analysis (Fig. 1f,
g) were measured. After single treatment of evodiamine and
PXD101, cell viability and the percentage of viable cells

were diminished, and cytotoxic activity and the percentage
of apoptotic cells were enhanced. In cells treated with both
evodiamine and PXD101, compared with PXD101 alone,
diminution of cell viability and the percentage of viable
cells as well as enhancement of cytotoxic activity and the
percentage of apoptotic cells were significant.

The synergism between evodiamine and PXD101 in
leading to a cytotoxic activity is involved in survival-
related proteins in thyroid carcinoma cells

To evaluate the effect of evodiamine in combination with
PXD101 on expression of survival-related proteins, cells
were treated with evodiamine and PXD101 at 5 μM for
24 h, and then the protein levels of Bcl2, Bax, γH2AX,

Fig. 1 The impact of evodiamine combined with PXD101 on survival
of thyroid carcinoma cells. a, b TPC-1 and SW1736 cells were
simultaneously treated with both evodiamine and PXD101 at 1, 3, 5
and 7 μM for 24 h. Cell viability was measured using CCK-8 assay,
and death rate was calculated as 100–cell viability (%). Combination
index (CI) and isobologram were obtained. The horizontal dash lines at

CI= 1.0 are drawn. c–g TPC-1 and SW1736 cells were treated with
both evodiamine and PXD101 at 5 μM for 24 h, and then cell viability,
the percentage of viable cells, cytotoxic activity, and the percentage of
apoptotic cells were measured. All experiments were performed in
triplicate. Data are expressed as mean ± S.E. *p < 0.05 vs. each mat-
ched control. †p < 0.05 vs. cells treated with PXD101 alone
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acetyl. histone H3, and cleaved PARP were measured
(Fig. 2a). Under single treatment of evodiamine and
PXD101, the protein levels of γH2AX, acetyl. histone H3,
and cleaved PARP were elevated, and Bcl2 protein levels
were reduced without change in Bax protein levels. In cells
treated with both evodiamine and PXD101, compared with
PXD101 alone, the protein levels of γH2AX and cleaved
PARP were elevated, and Bcl2 protein levels were reduced
without alteration in those of Bax and acetyl. histone H3.
Moreover, Bcl2/Bax ratio was reduced in single treatment
of evodiamine and PXD101 and became further evident in
combination of evodiamine with PXD101 (Fig. 2b).

Evodiamine synergizes with PXD101-induced
cytotoxicity in conjunction with ROS production in
thyroid carcinoma cells

To explore whether synergistic combination of evodiamine
with PXD101 was relevant to ROS production, cells were
treated with both evodiamine and PXD101 at 5 μM for 24 h,
and then ROS production was measured (Fig. 3). ROS
production increased as a result of single treatment of
evodiamine and PXD101, and increment of ROS produc-
tion was augmented by the combination of two agents.

Repression of Akt synergistically potentiates a
cytotoxic activity of evodiamine in combination
with PXD101 in thyroid carcinoma cells

The aberrant activation of PI3K/Akt signaling promotes tumor
formation in thyroid follicular cells and plays crucial roles in
survival of thyroid carcinoma cells [18, 22, 23, 29–38]. With
respect to the role of PI3K/Akt signaling in survival of thyroid
carcinoma cells exposed to evodiamine and PXD101, it was

Table 1 CI values at combined doses determined by the median effect
analysis method in thyroid carcinoma cells treated with both
evodiamine and PXD101

Cells EVO (μM) PXD101 (μM) CI

EVO+PXD101

TPC-1 1 1 0.892

3 3 0.849

5 5 0.807

7 7 0.828

SW1736 1 1 0.910

3 3 0.838

5 5 0.794

7 7 0.908

CI values <1.0, 1.0, and >1.0 indicate synergism, additivity, and
antagonism, respectively

CI combination index, EVO evodiamine

Fig. 2 The influence of evodiamine in combination with PXD101 on
expression of survival-related proteins in thyroid carcinoma cells.
a, b TPC-1 and SW1736 cells were treated with evodiamine and
PXD101 at 5 μM for 24 h, after which the protein levels of Bcl2, Bax,
γH2AX, acetyl. histone H3, and cleaved poly (ADP-ribose) poly-
merase were measured. The protein levels of Bcl2 and Bax were
quantified by densitometry, and Bcl2/Bax ratio was estimated. All
experiments were performed in triplicate. The blots are representative
of independent experiments. Data are expressed as mean ± S.E. *p <
0.05 vs. each matched control. †p < 0.05 vs. cells treated with PXD101
alone

Fig. 3 The relation of reactive oxygen species (ROS) production to the
combined effect of evodiamine with PXD101 in thyroid carcinoma
cells. TPC-1 and SW1736 cells were treated with evodiamine and
PXD101 at 5 μM for 24 h, and ROS production was measured. All
experiments were performed in triplicate. Data are expressed as mean
± S.E. *p < 0.05 vs. each matched control. †p < 0.05 vs. cells treated
with PXD101 alone
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reported that evodiamine and PXD101 resulted in cell death
through inhibition of PI3K/Akt signaling [18, 21–23]. Fur-
thermore, HDAC inhibitors synergized with hsp90 inhibitors
via suppression of PI3K/Akt signaling [22, 23]. In this study,
the role of PI3K/Akt signaling in combination of evodiamine
with PXD101 was assessed.

When cells were treated with evodiamine or PXD101 at
1, 3, and 5 μM for 24 h, phospho-Akt protein levels were
diminished, while total Akt protein levels were not changed
(Fig. 4a). In cells treated with both evodiamine and
PXD101 at 5 μM for 24 h, compared with PXD101
alone, total and phospho-Akt protein levels were not altered
(Fig. 4b).

Next, cells were administered with the PI3K inhibitor
wortmannin before cotreatment of evodiamine and PXD101
at 5 μM for 24 h, and then cell viability (Fig. 4c), the per-
centage of viable cells (Fig. 4d), cytotoxic activity (Fig. 4e),
the percentage of apoptotic cells (Fig. 4f), and ROS pro-
duction (Fig. 4g) were measured. In cells treated with both
evodiamine and PXD101, wortmannin diminished cell
viability and the percentage of viable cells and enhanced
cytotoxic activity and the percentage of apoptotic cells
without change in ROS production.

Evodiamine in combination with HDAC inhibitors
has synergistic cytotoxicity in thyroid carcinoma
cells

To analyze the impact of evodiamine in combination with
the HDAC inhibitors SAHA and TSA, cells were simul-
taneously treated with both evodiamine and SAHA or
TSA (Fig. 5a, Table 2, Supplemental Fig. 1). After
cotreatment, all of the CI values were <1.0, and the
combination data points were all placed below the iso-
bologram line at ED50, suggesting the synergism between
evodiamine and HDAC inhibitors in inducing death of
thyroid carcinoma cells.

When cells were treated with SAHA or TSA at 5 μM for
24 h, cell viability and the percentage of viable cells were
reduced, and cytotoxic activity, the percentage of apoptotic
cells, and ROS production were elevated (Fig. 5b–f). In
addition, the protein levels of acetyl. histone H3, and
cleaved PARP were elevated and Bcl2 protein levels were
reduced, whereas Bax protein levels were not altered,
causing reduction of Bcl2/Bax ratio (Fig. 5g, h). In cells
treated with both evodiamine and SAHA or TSA at 5 μM
for 24 h, compared with SAHA or TSA alone, cell viability
and the percentage of viable cells were reduced, and cyto-
toxic activity, the percentage of apoptotic cells, and ROS
production were elevated. Moreover, cleaved PARP protein
levels were elevated, and Bcl2 protein levels were reduced
without change in the protein levels of Bax and acetyl.
histone H3: Bcl2/Bax ratio was reduced.

Discussion

This study displays for the first time that evodiamine in
combination with the HDAC inhibitors PXD101, SAHA,
and TSA results in synergistic cell death via modulation of
Bcl2 family proteins, DNA damage response proteins, and
ROS production and inactivation of Akt further increases
cell death caused by the combined treatment in thyroid
carcinoma cells.

Evodiamine exerts antitumor activities in a variety of
cancer cells including hormone-sensitive breast and prostate
cancer cells [5]. Meanwhile, Bcl2 family proteins fulfill
pivotal functions for homeostasis such as survival on the
cellular level [39]. In this respect, relative expression of the
prosurvival protein Bcl2 and the antisurvival protein Bax,
called Bcl2/Bax switch, is associated with survival of can-
cer cells [40]. With regard to influence of evodiamine on
survival-related proteins including Bcl2 family proteins,
evodiamine leads to cell death by repressing Bcl2, Bcl-xL,
survivin, inhibitor of apoptosis protein, and cyclooxygenase
2 in cancer cells [6]. Moreover, evodiamine results in cell
death through mediation of Bcl2 family proteins and
manipulation of Bcl2/Bax ratio in melanoma and hepatoma
cells [7, 8]. Previously, it was reported that evodiamine
suppressed survival and proliferation of ARO cells, thought
to be ATC cells, but the cells have been identified as colon
cancer cells [9, 41]. Recently, evodiamine was shown to
inhibit cell proliferation with overexpression of Bcl-2, Bcl-
xL, cleaved caspase-3, cleaved caspase-9, and cleaved
PARP as well as underexpression of Bax, procaspase-3,
procaspase-9, procaspase-PARP, PI3K, and phospho-Akt in
K1 PTC cells [42]. In our recent study, evodiamine alone or
in combination with chemotherapeutic agents posed cyto-
static and cytotoxic properties via regulation of survival-
related proteins including Bcl2 family proteins in PTC and
ATC cells [18].

HDAC inhibitors such as PXD101, SAHA, and TSA
exhibit pharmacological actions by repressing deacetylation
of nuclear histone proteins and stimulating DNA damage
response [19, 20]. In respect to single or combined effect of
HDAC inhibitors on thyroid carcinoma cells, PXD101
alone or in combination with doxorubicin and paclitaxel
suppresses survival and growth of ATC cells [21]. Fur-
thermore, single or combined treatment of SAHA with
doxorubicin, paclitaxel, and paraplatin abrogates survival
and growth of PTC and ATC cells, and SAHA accelerates
antiproliferative activities of vitamin D analog in ATC cells
[24, 25]. Intriguingly, TSA enhances mRNA expression of
sodium/iodide symporter and pendrin in PTC, FTC, and
Hürthle cell carcinoma cells, promising effective RAI
therapy [26]. In our previous studies, PXD101 in combi-
nation with the hsp90 inhibitor NVP-AUY922 synergisti-
cally induced cytotoxicity, and PXD101, SAHA, and TSA
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had the synergism with the hsp90 inhibitor SNX5422 in
induction of cytotoxic properties in ATC cells [22, 23]. In
terms of impact of evodiamine combined with HDAC
inhibitors, a hybrid molecule, composed of evodiamine
derivative and SAHA, possesses apoptotic and anti-
proliferative actions in a range of cancer cells [27].
Although it was reported that evodiamine potentiated
SAHA-induced cell death through inactivation of HIF-1α in
hepatoma cells under hypoxia [28], the influence of evo-
diamine in combination with HDAC inhibitors on survival
of thyroid carcinoma cells has not been identified.

In this study, we used TPC-1 and SW1736 cells
authenticated as PTC and ATC cells, respectively [41]. In

cells as a result of treatment of evodiamine, PXD101,
SAHA, and TSA, cell viability and the percentage of viable
cells were reduced and cytotoxic activity and the percentage
of apoptotic cells were elevated. In cells treated with both
evodiamine and PXD101, SAHA, or TSA, compared with
PXD101, SAHA, or TSA alone, reduction of cell viability
and the percentage of viable cells as well as elevation of
cytotoxic activity and the percentage of apoptotic cells were
significantly evident. Under treatment of both evodiamine
and PXD101, SAHA, or TSA, all of the CI values were
<1.0 in view of death rate in combination analysis,
demonstrating synergistic cell death. Correspondingly,
evodiamine, PXD101, SAHA and TSA reduced Bcl2

Fig. 4 The role of phosphoinositide-3 kinase (PI3K)/Akt signaling in
combination of evodiamine with PXD101 in thyroid carcinoma cells.
a TPC-1 and SW1736 cells were treated with evodiamine or PXD101
at 1, 3, and 5 μM for 24 h, and then total and phospho-Akt protein
levels were measured. b TPC-1 and SW1736 cells were treated with
evodiamine and PXD101 at 5 μM for 24 h, after which total and
phospho-Akt protein levels were measured. c–g TPC-1 and SW1736
cells were administered with the PI3K inhibitor wortmannin at 1.5 μM

prior to cotreatment of evodiamine and PXD101 at 5 μM for 24 h, and
cell viability, the percentage of viable cells, cytotoxic activity, the
percentage of apoptotic cells, and reactive oxygen species production
were measured. All experiments were performed in triplicate. The
blots are representative of independent experiments. Data are expres-
sed as mean ± S.E. *p < 0.05 vs. cells treated with PXD101 alone. †p <
0.05 vs. cells treated with both evodiamine and PXD101
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protein levels, whereas these did not change Bax protein
levels, causing reduction of Bcl2/Bax ratio. In addition,
evodiamine combined with PXD101, SAHA, or TSA,
compared with PXD101, SAHA, or TSA alone, reduced
Bcl2/Bax ratio. These findings reveal that evodiamine
synergistically magnifies cell death induced by PXD101,
SAHA, and TSA with concomitant reduction of Bcl2/Bax

ratio in thyroid carcinoma cells. Moreover, these results
suggest that the synergism between evodiamine and HDAC
inhibitors in inducing cytotoxicity is associated with mod-
ulation of Bcl2 family proteins in thyroid carcinoma cells.
Taken together, evodiamine in combination with HDAC
inhibitors may be a promising therapeutic remedy in human
thyroid cancer refractory to standard treatment. With this

Fig. 5 The impact of evodiamine combined with suberoylanilide
hydroxamic acid (SAHA) and trichostatin A (TSA) on survival of
thyroid carcinoma cells. a TPC-1 and SW1736 cells were simulta-
neously treated with both evodiamine and SAHA or TSA at 1, 3, 5,
and 7 μM for 24 h. Cell viability was measured using CCK-8 assay,
and death rate was computed as 100–cell viability (%). Combination
index (CI) and isobologram were obtained. The horizontal dash lines at
CI= 1.0 are drawn. b–f TPC-1 and SW1736 cells were treated with
both evodiamine and SAHA or TSA at 5 μM for 24 h, and then cell
viability, the percentage of viable cells, cytotoxic activity, the

percentage of apoptotic cells, and reactive oxygen species production
were measured. g, h TPC-1 and SW1736 cells were treated with
evodiamine and SAHA or TSA at 5 μM for 24 h, after which the
protein levels of Bcl2, Bax, acetyl. histone H3, and cleaved poly
(ADP-ribose) polymerase were measured. The protein levels of Bcl2
and Bax were quantified by densitometry, and Bcl2/Bax ratio was
estimated. All experiments were performed in triplicate. The blots are
representative of independent experiments. Data are expressed as
mean ± S.E. *p < 0.05 vs. each matched control. †p < 0.05 vs. cells
treated with SAHA or TSA alone
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regard, further studies for feasibility of clinical implications
of evodiamine combined with HDAC inhibitors in thyroid
cancer patients are necessary to validate whether synergistic
cytotoxicity is reproducible in in vivo models.

Evodiamine multiplies γH2AX protein levels in
thyroid carcinoma cells and leads to cell death via invol-
vement of oxidative stress in colorectal and lung cancer
cells [10–12, 18]. Meanwhile, HDAC inhibitors result in
cell death by intensifying DNA damage response and oxi-
dative stress in cancer cells [19–21]. In our previous studies,
PXD101 synergistically amplified hsp90 inhibitor-induced
cytotoxic activities in conjunction with activation of DNA
damage-related proteins in ATC cells [22, 23]. In this study,
after treatment of evodiamine and PXD101, the protein
levels of γH2AX, acetyl. histone H3, and cleaved PARP
increased. In cells treated with both evodiamine and
PXD101, compared with PXD101 alone, the protein levels
of γH2AX and cleaved PARP increased, whereas acetyl.
histone H3 protein levels were not altered: these variations
were similar to those in cells treated with SAHA and TSA.
As a result of treatment of evodiamine, PXD101, SAHA,
and TSA, ROS production increased, and increment of ROS
production was obvious in cells treated with both evodia-
mine and PXD101, SAHA, or TSA, compared with
PXD101, SAHA, or TSA alone. These data manifest that
evodiamine, PXD101, SAHA, and TSA cause cell death
through involvement of γH2AX, acetyl. histone H3, and
ROS in thyroid carcinoma cells. Furthermore, these results
imply that DNA damage response and oxidative stress may
be a possible mechanism for the synergism between evo-
diamine and HDAC inhibitors in inducing cytotoxicity in
thyroid carcinoma cells.

PI3K/Akt signaling regulates intracellular processes for
survival in normal cells [43]. In our previous studies, it was
shown that aberrant transduction of PI3K/Akt signaling was
responsible for tumorigenesis in thyroid follicular
cells and was essential in survival of thyroid carcinoma cells
[18, 22, 23, 29–38]. In respect to role of PI3K/Akt signaling
in evodiamine-induced cytotoxic properties, evodiamine
inhibits cell survival and proliferation via inactivation of
PI3K/Akt signaling in hepatoma and osteosarcoma cells [8,
13]. In addition, evodiamine in combination with gemcita-
bine improves therapeutic efficacy by repressing PI3K/Akt
signaling in pancreatic cancer models [14]. In our recent
study, evodiamine impeded phosphorylation of Akt and
thereby induced cytotoxicity in thyroid carcinoma cells
[18]. With regard to role of PI3K/Akt signaling in HDAC
inhibitor-induced cytotoxic actions, PXD101 abolishes
PI3K/Akt signaling and accomplishes death of thyroid
carcinoma cells [21–23]. In our previous studies, HDAC
inhibitors combined with hsp90 inhibitors exerted syner-
gistic cytotoxicity through suppression of PI3K/Akt sig-
naling in thyroid carcinoma cells [22, 23].

In this study, evodiamine and PXD101 diminished
phospho-Akt protein levels without change in total Akt
protein levels. Moreover, cotreatment of evodiamine and
PXD101, compared with single treatment of PXD101, total
and phospho-Akt protein levels were not altered. In cells
treated with both evodiamine and PXD101, the PI3K inhi-
bitor wortmannin diminished cell viability and the percen-
tage of viable cells and enhanced cytotoxic activity and the
percentage of apoptotic cells without change in ROS pro-
duction. These findings corroborate that inhibition of Akt
augments cell death under combination of evodiamine with
PXD101 in thyroid carcinoma cells. Furthermore, these
results connote that inactivation of PI3K/Akt signaling
synergistically facilitates cytotoxic activities of evodiamine
combined with PXD101 in thyroid carcinoma cells. Con-
sidering our previous studies that repression of Akt rein-
forces cytotoxicity of various agents in thyroid carcinoma
cells [36–38], these results denote that suppression of Akt
stimulates the synergism between evodiamine and HDAC
inhibitors in inducing cytotoxic properties in thyroid car-
cinoma cells.

In conclusion, our results suggest that evodiamine
synergizes with HDAC inhibitors in inducing cytotoxicity
via involvement of survival-related proteins and ROS in
thyroid carcinoma cells. In addition, inhibition of PI3K/Akt
signaling intensifies synergistic cytotoxicity of evodiamine
in combination with HDAC inhibitors in thyroid carcinoma
cells. This study will provide the possibility of clinical
implications of evodiamine combined with HDAC inhibi-
tors as an attractive regimen in thyroid cancer patients
resistant to conventional therapeutic modalities, although

Table 2 CI values at combined doses determined by the median effect
analysis method in thyroid carcinoma cells treated with both
evodiamine and SAHA or TSA

Cells EVO
(μM)

SAHA
(μM)

TSA
(μM)

CI

EVO
+SAHA

EVO
+TSA

TPC-1 1 1 1 0.896 0.894

3 3 3 0.887 0.823

5 5 5 0.917 0.861

7 7 7 0.860 0.881

SW1736 1 1 1 0.812 0.905

3 3 3 0.887 0.847

5 5 5 0.832 0.794

7 7 7 0.896 0.807

CI values <1.0, 1.0, and >1.0 indicate synergism, additivity, and
antagonism, respectively

CI combination index, EVO evodiamine, SAHA suberoylanilide
hydroxamic acid, TSA trichostatin A
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our data presented herein should be scrutinized in in vivo
models.
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