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ARTICLE INFO ABSTRACT

Keywords: Acute myeloid leukemia (AML) is the most lethal form of leukemia. Standard anti-AML treatment remains almost

Tingenone . unchanged for decades. Tingenone (TG) and 22-hydroxytingenone (22-HTG) are quinonemethide triterpenes

iijhydéox‘ytmgenone found in the Amazonian plant Salacia impressifolia (Celastraceae), with cytotoxic properties in different histo-
loredoxin

. logical types of cancer cells. In the present work, we investigated the anti-AML action mechanism of TG and 22-
Oxidative stress . . s T .
Apoptosis HTG in the AML HL-60 cell line. Both compounds exhibited potent cytotoxicity in a panel of cancer cell lines.
AML Mechanistic studies found that TG and 22-HTG reduced cell growth and caused the externalization of phos-

phatidylserine, the fragmentation of internucleosomal DNA and the loss of mitochondrial transmembrane po-
tential in HL-60 cells. In addition, pre-incubation with Z-VAD(OMe)-FMK, a pan-caspase inhibitor, prevented TG-
and 22-HTG-induced apoptosis, indicating cell death by apoptosis via a caspase-dependent pathway. The analysis
of the RNA transcripts of several genes indicated the interruption of the cellular antioxidant system, including the
downregulation of thioredoxin, as a target for TG and 22-HTG. The application of N-acetyl-cysteine, an anti-
oxidant, completely prevented apoptosis induced by TG and 22-HTG, indicating activation of the apoptosis
pathway mediated by oxidative stress. Moreover, TG and 22-HTG induced DNA double-strand break and
phosphorylation of JNK2 (T183/Y185) and p38a (T180/Y182), and co-incubation with SP 600125 (JNK/SAPK
inhibitor) and PD 169316 (p38 MAPK inhibitor) partially prevented apoptosis induced by TG and 22-HTG.
Together, these data indicate that TG and 22-HTG are new candidate for anti-AML therapy targeting thioredoxin.

1. Introduction [2].
Standard anti-AML treatment remains almost unchanged for de-

In 2020, there were an estimated 474,519 new cases and 311,594 cades, which includes cytarabine and anthracyclines (daunorubicin or

deaths from leukemia worldwide [1]. Among the forms of leukemia,
acute myeloid leukemia (AML) is the most lethal, and about 19,940 new
cases and about 11,180 deaths from AML have been estimated in the
United States. The overall ratio of mortality to incidence is 0.56, indi-
cating poor prognosis. The relative 5-year survival rate (2008-2014) is
25% in adults (20 years and over) and 67% in patients aged 0-19 years

* Corresponding author.
E-mail address: daniel.bezerra@fiocruz.br (D.P. Bezerra).

https://doi.org/10.1016/j.biopha.2021.112034

idarubicin). Although most patients achieve high rates of remission, the
rate of recurrence is very high [3]. Therefore, new anti-AML drugs are
urgently needed.

Tingenone (TG) and 22-hydroxytingenone (22-HTG) (Fig. 1) are
quinonemethide triterpenes found in the Amazonian plant Salacia
impressifolia (Celastraceae). These compounds have been reported as

Received 28 June 2021; Received in revised form 27 July 2021; Accepted 7 August 2021

Available online 16 August 2021
0753-3322/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-ne-nd/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license


mailto:daniel.bezerra@fiocruz.br
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2021.112034
https://doi.org/10.1016/j.biopha.2021.112034
https://doi.org/10.1016/j.biopha.2021.112034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2021.112034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.C.B.C. Rodrigues et al.

pe)
I

H

Py,
I

[ quincnemethide ring

TG

FOH 22-HTG

Fig. 1. Chemical structure of TG and 22-HTG.

Table 1
Cytotoxic activity of TG and 22-HTG.
Cells Histological type ICso and 95% CI (uM)
DOX TG 22-HTG
Cancer cells
HL-60 human acute promyelocytic 0.34 2.09 1.58
leukemia 0.23 - 1.66 — 1.31 -
0.48 2.70 1.92
Jurkat human acute T cell leukemia n.d. 1.50 1.70
1.17 - 1.05 -
1.80 2.68
THP-1 human acute promyelocytic 0.25 1.76 1.26
leukemia 0.16 - 1.55 - 0.94 -
0.44 2.02 1.72
KG-la human acute myelogenous 0.18 3.68 4.70
leukemia 0.17 - 2.83 - 3.44 -
0.22 4.83 6.41
NB4 human acute promyelocytic 0.46 0.69 1.15
leukemia 0.14 - 0.17 - 0.53 -
1.58 2.66 2.43
K-562 human chronic myelogenous 1.53 2.14 2.27
leukemia 0.85 - 1.83 - 1.56 —
2.77 2.52 3.30
MCF-7 human breast adenocarcinoma 1.51 5.45 2.77
0.96 — 3.66 — 1.92 -
2.38 8.06 4.01
HCT116  human colon carcinoma 0.09 3.07 1.21
0.05 - 2.38 - 0.94 -
0.16 3.92 1.54
HepG2 human hepatocellular 0.32 8.58 2.31
carcinoma 0.18 - 6.40- 1.51 -
0.55 11.58 3.55
CAL 27 human tongue squamous cell 0.34 1.66 1.26
carcinoma 1.65 - 1.12- 0.89 -
0.69 2.45 1.76
HSC-3 human tongue squamous cell 0.53 2.07 1.56
carcinoma 0.39 - 1.31 - 1.08 -
0.73 3.21 2.29
SCC-4 human tongue squamous cell 2.1 1.02 1.15
carcinoma 1.7-2.6 0.74 - 0.92 -
1.38 1.44
B16- mouse melanoma 0.15 2.26 1.97
F10 0.07 - 1.62 - 1.33 -
0.18 3.16 2.93
Non-cancerous cells
MRC-5 human lung fibroblast 1.65 2.83 2.82
1.03 - 2.26 — 2.36 —
2.61 3.57 3.37
BJ human foreskin fibroblast 3.60 3.28 2.57
1.15 - 2.23 - 1.33 -
11.22 4.83 3.67
PBMC human peripheral blood 1.21 0.81 n.d.
mononuclear cells 0.73 - 0.62 -
1.99 1.05
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cytotoxic agents in different histological types of cancer cells [4-9]. In
particular, 22-HTG induced apoptosis and suppressed invasion of mel-
anoma cells by inhibiting the activity of metalloproteinases (MMP-2 and
MMP-9) and the expression of the BRAF, NRAS and KRAS genes [7,8].
TG and 22-HTG inhibited tubulin polymerization in vitro [9] and TG has
also been identified through in silico study as a pro-apoptotic agent [10].
However, the mechanism of action of these compounds is not yet known.
In the present work, we investigated the anti-AML action mechanism of
TG and 22-HTG in the AML HL-60 cell line.

2. Material and methods
2.1. Tingenone and 22-hydroxytingenone obtaining

TG and 22-HTG were isolated from the stem bark of S. impressifolia
using different chromatographic techniques, as previously described
[6]. For all experiments, TG and 22-HTG were dissolved in sterile
dimethyl sulfoxide (DMSO, Vetec Quimica Fina Ltda, Duque de Caxias,
RJ, Brazil) at a 5 mg/mL stock solution and diluted with culture medium
at different concentrations.

2.2. Cells

A total of 13 cancer cell lines, 3 non-cancer cells and 1 mutant and its
parent cell line were used in this study and details can be found in
Table S1. The American Type Culture Collection (ATCC, Manassas, VA,
USA) animal cell culture guide was used for all cell line procedures and
mycoplasma test was carried out using a mycoplasma stain kit (Sigma-
Aldrich Co., Saint Louis, MO, USA) to validate the use of mycoplasma-
free cells. Cells were cultured in RPMI-1640 medium (Gibco-BRL, Gai-
thersburg, MD, USA) or DMEN-F12 medium (Gibco-BRL) with 10% (or
20% for KG-1a) fetal bovine serum (Life, Carlsbad, CA, USA) and 50 pg/
mL of gentamicin (Life, Carlsbad, CA, USA). Trypsin-EDTA solution
(Gibco-BRL) was used to collect adherent cells. All cell lines were grown
in flasks at 37 °C in 5% CO and subcultured every 3-4 days to maintain
exponential growth. All experiments were carried out at exponential
growth phase.

2.3. Alamar blue assay

Cell viability was quantified by Alamar blue assay, as previously
described [11-13]. The cells were plated in 96-well culture plates
3 x 10* cells/well for suspension cells and 7 x 102 cells/well for
adherent cells) and kept at 37 °C and 5% CO5 atmosphere. The com-
pounds (0.19-25 pg/mL) were added to each well and incubated for
72 h. Doxorubicin (0.04-5 pg/mL) (purity > 95%, doxorubicin hydro-
chloride, Laboratory IMA S.A.L.C., Buenos Aires, Argentina) was used as
a positive control. Four (for cell lines) or 24 h (for PBMCs) before the
end of incubation, 20 pL of a stock solution (0.312 mg/mL) of resazurin
(Sigma-Aldrich Co.) was added to each well. Absorbances at 570 nm and
600 nm were measured using a SpectraMax 190 Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA). Experiments was conducted
three times independently.

For subsequent experiments, HL-60 cells (3 x 10°/mL) were seeded
in 24-well plate and treated with TG (0.6 and 1.2 pM) and 22-HTG (1.2
and 2.4 pM) for 24 and/or 48 h. The negative control was treated with
the vehicle (0.2% DMSO) that was used to solubilize and dilute the
triterpenes, and doxorubicin (1 pM) was used as a positive control.

2.4. Trypan blue exclusion assay

After the treatment time, cells were removed from the suspension
and added to the trypan blue (0.4%) solution (1:10 dilution). Cells that
excluded trypan blue were counted as viable and cells stained in blue,
due to membrane damage, were considered non-viable. Cell counting
was carried out in a hemocytometer using a light microscope.
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Fig. 2. Trypan blue exclusion assay after 24 (A and C) and 48 (B and D) h of treatment with TG and 22-HTG. The vehicle (0.2% DMSO) was used as a negative control
(CTL) and doxorubicin (DOX, 1 uM) was used as a positive control. Data are shown as mean + S.E.M. of three independent experiments carried out in duplicate.
*p < 0.05 compared with CTL by ANOVA followed by Student Newman-Keuls test.

Experiments was conducted three times independently.

2.5. Internucleosomal DNA fragmentation and cell cycle distribution

Internucleosomal DNA fragmentation and cell cycle distribution
were quantified through DNA content, as previously described [14]. In
this assay, HL-60 cells were removed from the plate, washed with PBS
and harvested in a permeabilization solution containing 0.1% Triton
X-100, 2 pg/mL propidium iodide (PI), 0.1% sodium citrate and
100 pg/mL RNAse (all from Sigma-Aldrich Co.), and incubated in the
dark at room temperature for 15 min. Cell fluorescence was quantified
by flow cytometry. For all flow cytometry analyses, at least 10.000
events/sample were acquired using a BD LSRFortessa cytometer along
with BD FACSDiva Software (BD Biosciences, San Jose, CA, EUA) and
Flowjo Software 10 (Flowjo LCC, Ashland, OR, USA). Cell debris were
excluded from the analysis. Experiments was conducted three times
independently.

2.6. Morphological analysis

To evaluate alterations in the morphology, 150 pL of each sample
was centrifuged on slides in a cytospin at 2000 rpm for 10 min. Cell
fixation was performed with methanol for 1 min, then the slides with a
monolayer of cells were stained with hematoxylin and eosin. Morpho-
logical alterations were observed and photographed by light microscopy
(Leica Microsystems, Wetzlar, Germany). Light scattering features were
obtained by flow cytometry, as described above.

2.7. Apoptosis detection

Apoptosis detection was performed using FITC Annexin V Apoptosis
Detection Kit I (ID 556547) (BD Biosciences), according to the manu-
facturer’s instructions. HL-60 cells were gently harvested from the plate,
washed with PBS, resuspended in binding buffer, and incubated with
Annexin V-FITC and PI at room temperature for 15 min. The cell fluo-
rescence was determined by flow cytometry, as described above. Func-
tional assays using pan-caspase inhibitor (Z-VAD(Ome)-FMK, Cayman
Chemical; Ann Arbor, MI, USA), antioxidant (N-acetyl-cysteine, NAC,
Sigma-Aldrich), p38 MAPK inhibitor (PD 169316; Cayman Chemical),
JNK/SAPK inhibitor (SP 600125; Cayman Chemical) and MEK inhibitor
(U-0126; Cayman Chemical) were also performed. For that, cells were
pre-incubated for 2 h with 50 uM Z-VAD(Ome)-FMK, 5 mM NAC, 5 pM
PD 169316, 5 uM SP 600125 and 5 uM U-0126, followed by incubation
with 1.2 uM TG and 2.4 uM 22- HTG for 48 h. Experiments was con-
ducted three times independently.

2.8. Mitochondrial transmembrane potential

To assess mitochondrial transmembrane potential loss, HL-60 cells
were washed twice with PBS, then incubated with rhodamine 123 (5 pg/
mL, Sigma-Aldrich Co.) at 37 °C for 15 min in the dark and resuspended
with PBS. The mitochondrial transmembrane potential was performed
by retention of dye rhodamine 123, as described previously [15]. The
cell fluorescence was determined by flow cytometry, as described above.
Experiments was conducted three times independently.



A.C.B.C. Rodrigues et al.

A
22-HTG (2.4 pM)
22-HTG (1.2 yM)
TG (1.2 uM)
TG (0.6 pM)
DOX
CTL
0 "1 "> T A
10 10 10 10 10
PE-A: PI PE-A
B
120 70
__ 100+ ~ 60+
g g
o 80 . 2 507
E 8 4o
g 601 g
GD s £ 30
] 5 o
2 40 . g 21
3 S,
204 O 104
0- 0-
CTLDOX 06 12 1.2 2.4 (uM) CTLDOX 06 12 1.2 2.4 (M)
TG  22-HTG TG 22-HTG
30 50
o @ 404 .
< s
% 20+ 2
2 3 304
S 45 3
¢ £ 20
< 10+ B
(2] N
54 @' 104 *
i 0_
CTLDOX 06 12 12 24 (uM) CTLDOX 06 12 1.2 24 (M)

TG 22-HTG TG 22-HTG

Sub-G/G; cells (%)

S phase cells (%)

Biomedicine & Pharmacotherapy 142 (2021) 112034

(o3
22-HTG (2.4 pM)
|
22-HTG (1.2 pM)
|
TG (1.2 uM)
|
TG (0.6 uM)
|
DOX
CTL
0 ' " "2 ! 3 4
10 10 10 10 10
PE-A
D
120 70
60-
100 &
% 50
3
o 40
£ 30
o
@ 204
O 4o
0 |
CTLDOX 06 12 12 24 (uM) CTLDOX 06 12 12 24 (uM)
TG  22-HTG TG  22-HTG
30 50
254 ;\-Q\ 40
20 @
3 30
15 9
£ 20
o
10 s
® 104 .
0 *
CTLDOX 0.6 12 12 24 (uM) CTLDOX 0.6 12 12 24 (uM)
TG  22-HTG TG  22-HTG

Fig. 3. Cell cycle distribution of HL-60 cells after 24 (A and B) and 48 (C and D) h of incubation with TG and 22-HTG. The vehicle (0.2% DMSO) was used as a
negative control (CTL) and doxorubicin (DOX, 1 uM) was used as a positive control. Data are shown as mean + S.E.M. of three independent experiments carried out
in duplicate. *p < 0.05 compared with CTL by ANOVA followed by Student Newman-Keuls test.

2.9. RT-qPCR array

HL-60 cells were incubated with 1.2 uM TG or 2.4 uM 22-HTG for
12 h and total RNA was isolated from the cells using the RNeasy Plus
Mini Kit (Qiagen; Hilden, Germany), according to the manufacturer’s
instructions. The RNA was analyzed for purity and quantified by a

NanoDrop® 1000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA). RNA reverse transcription was carried out
using a Superscript VILO™ Kit (Invitrogen Corporation; Waltham, MA,
USA). TagMan® array human cancer drug targets 96-well plate, fast (ID
RPRWENH, Applied Biosystems™, Foster City, CA, USA) was used for
the gene expression study by qPCR. The reactions were conducted in an
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Fig. 4. Light scattering features of HL-60 cells after 24 (A and B) and 48 (C and D) h of treatment with TG and 22-HTG. The vehicle (0.2% DMSO) was used as a
negative control (CTL) and doxorubicin (DOX, 1 uM) was used as a positive control. Data are shown as mean + S.E.M. of three independent experiments carried out
in duplicate. *p < 0.05 compared with CTL by ANOVA followed by Student Newman-Keuls test.

ABI ViiA7 system (Applied Biosystems™). The cycle conditions
comprised 2 min at 50 °C, 10 min at 95 °C, then 40 cycles of 15 s at
95 °C and 1 min at 60 °C. The relative quantification (RQ) of mRNA
expression was calculated by the 22T method [16] using Gene
Expression Suite™ Software (Applied Biosystems™), and the cells
treated with the negative control (0.2% DMSO) were used as a cali-
brator. The reactions were normalized by the geometric mean of the RQ
of the reference genes GAPDH, HPRT1, PGK1 and RLPLO. All experi-
ments were performed in DNase/RNase-free conditions. The genes were
considered to be upregulated if the RQ> 2, which means that the gene
expression in TG- and 22-HTG-treated cells were at least twice that of
the negative control-treated cells. Similarly, the genes were considered
to be downregulated if RQ < 0.5, which means that the gene expression
in TG- and 22-HTG-treated cells were at least half of that of the negative
control-treated cells.

2.10. Phospho-specific ELISA

Phosphorylated histone H2AX (S139) (ID DYC2288-2), JNK2 (T183/
Y185) (ID DYC2236-2), p38a (T180,/Y182) (DYC869B-2) and ERK1
(T202/Y204) (ID DYC1825-2) expression levels were measured in cell
lysates using sandwich ELISA kits (all from R&D Systems, Inc. Minne-
apolis, MN, USA), according to the manufacturer’s instructions. HL-60
cells were seeded in a 24-well plate and incubated following treat-
ment with 1.2 yM TG or 2.4 pM 22-HTG for 15 min, 30 min or 24 h, then
cells were harvested and suspended in lysis buffer plus phosphatase and

protease inhibitors cocktail and 1 mM PMSF (all from Sigma-Aldrich
Co.). Total protein quantification was carried out in each sample by
Pierce Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA)
using BSA as standard. Absorbance at 450 nm was measured using a
SpectraMax 190 Microplate Reader (Molecular Devices, Sunnyvale, CA,
USA). Experiments was conducted three times independently.

2.11. DNA interaction assay

DNA interaction was measured in a cell-free system using calf
thymus DNA (ctDNA, Sigma-Aldrich Co.), as previously described [17].
The reaction mixture containing 15 pg/mL ctDNA, 1.5 pM ethidium
bromide (Sigma-Aldrich Co.) and TG (5 and 10 pM) or 22-HTG (5 and
10 pM) in 100 pL of 0.9% NaCl solution were added to 96-well plates.
The vehicle (0.2% DMSO) was used as negative control and doxorubicin
(10 pM) was used as positive control. Fluorescence was measured using
the excitation and emission wavelengths of 320 and 600 nm, respec-
tively, using a Spectramax Microplate Reader (Molecular Devices).

2.12. Statistical analysis

Data were presented as mean + S.E.M. or as ICsg values with 95%
confidence intervals obtained by nonlinear regressions. The differences
between the experimental groups were compared through analysis of
variance (ANOVA) followed by Student-Newman-Keuls test (p < 0.05).
All statistical analyzes were performed using the GraphPad Prism
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Fig. 5. Induction of apoptosis in HL-60 cells after 24 (A and C) and 48 (B and D) h of treatment with TG and 22-HTG. (A and B) Representative flow cytometric dot
plots. (C and D) Quantification of apoptotic HL-60 cells (annexin V-FITC positive cells). The vehicle (0.2% DMSO) was used as a negative control (CTL) and
doxorubicin (DOX, 1 uM) was used as a positive control. Data are shown as mean + S.E.M. of three independent experiments carried out in duplicate. *p < 0.05

compared with CTL by ANOVA followed by Student Newman-Keuls test.

(Intuitive Software for Science; San Diego, CA, USA).
3. Results

3.1. Tingenone and 22-hydroxytingenone present potent cytotoxicity in a
panel of cancer cells

The cytotoxicity of TG and 22-HTG was evaluated in a panel of 13
different cancer cell lines and 3 non-cancerous cells through the Alamar
blue assay after 72 h of incubation. Table 1 shows the data obtained. TG
showed ICsq values that ranged from 0.69 to 8.58 pM for the cancer cell
lines NB4 and HepG2, respectively, while 22-HTG showed ICs( values
that ranged from 1.15 to 4.70 uM for the cancer cell lines NB4/SCC4 and
KG-1a, respectively. Doxorubicin was used as a positive control and
showed ICsg values ranging from 0.09 to 1.53 uM for the cancer cell
lines HCT116 and K562, respectively. Table S2 presents the selectivity
index calculated. These data indicated low selectivity of TG and 22-HTG.
Doxorubicin also showed potent cytotoxicity to non-cancerous cells.

These data were calculated by nonlinear regression from three in-
dependent experiments carried out in duplicate, as quantified by alamar
blue assay after 72 h. Doxorubicin (DOX) was used as a positive control.
n.d. = not determined.

Next, cell viability was assessed after 24 and 48 h of incubation with
TG and 22-HTG with the trypan blue exclusion assay in HL-60 cells
(Fig. 2). At concentrations of 0.6 and 1.2 pM, TG reduced the number of
viable cells by 85.7% and 98.4% after 24 h and 91.2% and 99.7% after

48 h, respectively. At concentrations of 1.2 and 2.4 pM, 22-HTG reduced
the number of viable cells by 63.5% and 76.0% after 24 h and 89.1% and
96.2% after 48 h, respectively. Doxorubicin (1 pM) decreased the
number of viable cells by 50.0% and 96.4% after 24 and 48 h of incu-
bation, respectively.

3.2. Tingenone and 22-hydroxytingenone induce caspase-mediated
apoptotic cell death in HL-60 cells

In a new set of experiments, DNA content was measured by flow
cytometry to quantify the internucleosomal DNA fragmentation and cell
cycle distribution in TG- and 22-HTG-treated HL-60 cells (Fig. 3). DNA
that was subdiploid (sub-Gy/G;) was considered fragmented. Both
compounds induced DNA fragmentation (p < 0.05). At concentrations
of 0.6 and 1.2 pM, TG increased the percentage of cells with DNA
fragmentation by 12.0% and 69.0% after 24 h and 43.0% and 79.2%
after 48 h, respectively. At concentrations of 1.2 and 2.4 pM, 22-HTG
increased the percentage of cells with DNA fragmentation by 24.13%
and 44.88% after 24 h and 43.5% and 64.5% after 48 h, respectively.
Doxorubicin induced cell cycle arrest in Go/M phase, followed by DNA
fragmentation.

Cell morphology was evaluated by light microscopy using hema-
toxylin & eosin staining after 48 h of treatment (Fig. S1). TG and 22-HTG
caused chromatin condensation, cell shrinkage and fragmentation of the
nuclei. These morphological features were also observed by flow
cytometry through light-scattering where both compounds caused cell
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shrinkage, as observed by the decrease in forward-light scatter, and
nuclear condensation, as observed by the increase in side scatter (Fig. 4).
These morphological chances are associated with apoptotic cell death.
Interestingly, doxorubicin also induced morphological changes associ-
ated with apoptosis.

Next, annexin V-FITC, a Ca®*-dependent protein with affinity for
phosphatidylserine, was used to quantify phosphatidylserine external-
ization, as an apoptosis marker, and the dye PI was used to assess the loss
of membrane integrity, as a necrosis marker. The cells were measured
through annexin-V-FITC/PI double staining using flow cytometry after
24 and 48 h. Therefore, viable (those cells that were negative for
annexin-V-FITC and PI), early apoptotic (those cells that were positive

for annexin-V- FITC, but negative for PI), late apoptotic cells (those cells
that were positive for annexin- V-FITC and PI) and necrotic (annexin-V-
FITC negative and PI positive) cells were quantified. Both complexes
significantly increased the percentage of apoptotic cells (all cells that
were positive for annexin-V-FITC) (Fig. 5). At concentrations of 0.6 and
1.2 pM, TG increased the percentage of apoptotic cells by 60.9% and
88.8% after 24 h and 92.4% and 95.5% after 48 h, respectively. At
concentrations of 1.2 and 2.4 pM, 22-HTG increased the percentage of
apoptotic cells by 21.7% and 39.5% after 24 h and 49.2% and 63.7%
after 48 h, respectively. Doxorubicin (1 pM) also increased the per-
centage of apoptotic cells by 33.6% and 88.8% after 24 and 48 h,
respectively.
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To evaluate the role of caspases in the apoptosis induced by TG and
22-HTG, Z-VAD(OMe)-FMK, a pan-caspase inhibitor, was used. Inter-
estingly, co-treatment with Z-VAD(OMe)-FMK partly decreased the
apoptosis induced by TG and 22-HTG (Fig. 6), indicating apoptosis
mediated by caspases. The mitochondrial transmembrane potential was
also decreased in TG- and 22-HTG-treated cells (Fig. S2).

In additional experiments, we examined the role of BAD gene in the
cell death induced by TG and 22-HTG using BAD KO SV40 MEF cell line
and in its parental WT SV40 MEF cell line (Fig. 7). The effect of TG and
22-HTG on cell viability was similar in BAD KO SV40 MEF and WT SV40
MEEF cell lines, indicating that the BAD gene is not essential for their
cytotoxicity.

3.3. Tingenone and 22-hydroxytingenone target oxidative stress through
downregulation of thioredoxin leading apoptosis in HL-60 cells

To understand the mechanism of action, the effects of TG and 22-
HTG on the expression of 82 genes related to apoptosis, PI3 kinases &
phosphatases, growth factors & receptors, drug metabolism, G-protein
signaling, hormone receptors, heat shock proteins, receptor tyrosine
kinase signaling, cathepsins, cell cycle, topoisomerases type II, tran-
scription factors, protein kinases, RAS signaling, histone deacetylases,

poly ADP-ribose polymerases and structural proteins were detected after
12 h of incubation on HL-60 cells by RT-qPCR array using TagMan®
array human cancer drug targets 96-well plate.

A total of 18 and 9 upregulated genes and 18 and 17 downregulated
genes were identified after treatment with TG and 22-HTG, respectively
(Fig. 8 and Table S3). Among them, TG downregulated the growth factor
gene IGF2, the drug metabolism gene GSTP1 and TXN, the cell cycle
genes CDK4, CDK5 and CDKS8, the topoisomerases genes TOP2A and
TOP2B, the protein kinase gene AURKC, the RAS signaling genes HRAS,
KRAS and NRAS, and the poly ADP-ribose polymerase gene PARPI.
While downregulation of the growth factor gene IGF2 and its related
receptor IGF1R, the drug metabolism genes TXN and TXNRD1, the cell
cycle gene CDKS8, the topoisomerases gene TOP2B, the transcription
factors genes ATF2 and HIF1A, and protein kinases genes PLK4, PRKCA,
PRKCB, PRKCC and PRKCD were found after treatment with 22-HTG.
Curiously, the gene belongs to the cellular antioxidant system thio-
redoxin (TXN) was negatively modulated by TG and 22-HTG. Moreover,
TG also downregulated the gene expression of glutathione S-transferase
pi 1 (GSTP1) and 22-HTG downregulated the gene expression of thio-
redoxin reductase 1 (TXNRD1) that are important antioxidant enzymes
that can protect cells from oxidative stress in various human cancers.
These data indicate that the interruption of the cellular antioxidant
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22-HTG at 2.4 pM for 48 h. The vehicle (0.2% DMSO) was used as a negative control (CTL) and doxorubicin (DOX, 1 uM) was used as a positive control. Data are
shown as mean =+ S.E.M. of three independent experiments carried out in duplicate. *p < 0.05 compared with CTL by ANOVA followed by Student Newman-Keuls
test. # p < 0.05 compared with the respective treatment without inhibitor by ANOVA followed by Student Newman-Keuls test.

system, including downregulation of thioredoxin, as a target of TG and
22-HTG.

Based on the fact of TG and 22-HTG can downregulate the cellular
antioxidant system, we decided to study the role of oxidative stress in
the cell death induced by these compounds. For that, we measured the
apoptotic cells induced by TG and 22-HTG in HL-60 cells that were co-
treated with the antioxidant NAC. Interestingly, NAC completely
inhibited TG- and 22-HTG-induced apoptosis in HL-60 cells (Fig. 9),
indicating that these compounds induce oxidative stress-mediated

apoptotic cell death.

3.4. Tingenone and 22-hydroxytingenone cause DNA damage in HL-60
cells

Induction of oxidative stress can lead to DNA damage. Therefore, we
decide to assess DNA double-strand break in HL-60 cells treated with TG
and 22-HTG. Phospho-histone H2AX (S139) (also called yH2AX), a DNA
double-strand break marker, expression was measured after 24 h of
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incubation. Interestingly, treatment with both compounds induced an
augment of phosphorylation of histone H2AX (S139), indicating DNA
damage (Fig. 10A).

To evaluate whether the DNA damage is caused by a direct DNA-
binding ability, TG and 22-HTG were evaluated in a cell-free system
using a ctDNA model by ethidium bromide replacement method. In this
model, the ability of drugs to displace the ethidium bromide-DNA
complex and subsequently reduce the fluorescence is measured. At 5
and 10 pM, neither TG nor 22-HTG significantly decreased the fluores-
cence intensity, indicating that DNA is not a primary target to these
compounds (Fig. 10B). Doxorubicin (10 pM), a known drug that inter-
calate with DNA, was used as a positive control and decreased the
fluorescence intensity by 89.0%.

3.5. Tingenone and 22-hydroxytingenone cause JNK/p38-mediated
apoptosis in HL-60 cells

Since mitogen-activated protein kinase (MAPK) signaling is involved
in oxidative stress-mediated apoptosis, we decided to evaluate the
participation of the MAPK pathway in the apoptosis caused by TG and
22-HTG in HL-60 cells. For that, the levels of expression of phospho-
JNK2 (T183/Y185), phospho-p38a (T180,/Y182) and phospho-ERK1
(T202/Y204) were also measured after 15 and 30 min of treatment.

10

Moreover, the apoptotic cell death caused by TG and 22-HTG was also
quantified in HL-60 cells co-incubated with MAPK inhibitors. Interest-
ingly, treatment with TG and 22-HTG increased the phosphorylation of
JNK2 (T183/Y185) and phospho-p38a (T180/Y182), without change
phospho-ERK1 (T202/Y204) expression levels (Fig. 11). In addition, co-
incubation with a JNK/SAPK inhibitor (SP 600125) and a p38 MAPK
inhibitor (PD 169316), but not a MEK (mitogen-activated protein kinase
kinase) inhibitor (U-0126) that inhibits the activation of ERK1/2, pre-
vent partially TG and 22-HTG-induced apoptosis, indicating apoptotic
cell death through JNK/p38 pathways in HL-60 cells (Fig. 12).

4. Discussion

Herein, we demonstrated that TG and 22-HTG target oxidative stress
through downregulation of thioredoxin leading DNA damage and
MAPK-mediated apoptosis in AML cell line HL-60. This is the first report
on the ability of TG and 22-HTG to inhibit the cellular antioxidant sys-
tem, including downregulation of thioredoxin, as a target of their
cytotoxicity.

Metabolic reprogramming is known as a hallmark of cancer. In this
context, aberrant metabolism leads to increased oxidative stress in
cancer cells [18]. Interestingly, thioredoxin reductase 1 has been re-
ported to be overexpressed in several types of cancer, including
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leukemia. The thioredoxin system is an important class of the
mammalian antioxidant system, which scavenges reactive oxygen spe-
cies to maintain intracellular redox homeostasis. It is composed by thi-
oredoxin, thioredoxin reductase and nicotinamide adenine dinucleotide
phosphate (NADPH) [19-24]. Moreover, thioredoxin knockdown with
shRNA inhibits the growth of prostate cancer cells [25].

Using a RT-qPCR array, we identified downregulation of thioredoxin
as target of TG and 22-HTG. In addition, 22-HTG also downregulated the
gene expression of thioredoxin reductase 1. Likewise, TG also down-
regulated the gene expression of glutathione S-transferase pi 1, another
important regulator of oxidative stress, acting by combining glutathione
with electrophiles [26]. Furthermore, by functional assay using the
antioxidant NAC, we observed that TG and 22-HTG induce oxidative
stress-mediated apoptotic cell death.

Pristimerin, a quinonemethide triterpene structurally related to TG
and 22-HTG, has been previously reported to inhibit thioredoxin, lead-
ing to apoptosis and autophagy through activation of ROS/ASK1/JNK
pathway in human breast cancer [27]. Moreover, pristimerin caused
apoptosis and autophagy in K562 cells through G; phase arrest and
produced oxidative stress-inducing JNK activation [28]. Likewise,
oxidative stress induced by pristimerin was associated with JNK acti-
vation in glioma cells [29], colorectal [30] and cervical [31]. Interest-
ingly, TG and 22-HTG caused DNA damage and MAPK-mediated
apoptosis in AML cell line HL-60.

As mentioned above, previous studies using 22-HTG also observed
induction of apoptosis and suppression of invasiveness of melanoma
cells by inhibiting MMP-2 and MMP-9 activity and expression of BRAF,
NRAS and KRAS genes [7,8]. Here, we observed that TG also reduces the
expression of the cell cycle genes CDK4, CDK5 and CDKS8, top-
oisomerases type II genes, aurora kinase C (AURKC) gene and the RAS
signaling genes HRAS, KRAS and NRAS. While 22-HTG also reduces the
expression of the cell cycle gene CDKS, the topoisomerase type II gene
and the transcription factors genes ATF2 and HIF1A. These data indicate
that cell cycle control proteins, topoisomerases, aurora kinase C, RAS
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signaling and transcription factors genes ATF2 and HIF1A can also be
targets of TG and 22-HTG.

In summary, we showed the ability of TG and 22-HTG to inhibit the
proliferation of AML cell line HL-60 cells by inducing apoptosis. Sup-
pression of the thioredoxin system following treatment with TG and 22-
HTG result in oxidative stress, leading to DNA damage and MAPK acti-
vation, which contribute to TG and 22-HTG-mediated apoptotic cell
death. The molecular mechanism of action proposed for TG and 22-HTG
in HL-60 cells is shown in Fig. 13.
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