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Based on data from the International Agency for Research on Cancer, leukaemia is the tenth most common
cause of cancer deathsridwidée'. Leukaemia is a group of life-threatening malignant disorders of the blood
and bone marrow, which a ects all blood cell lineages and is associated with an increase in the growth rate
of blood-forming cells, caused by a failure of programmed cell death pathways and a reduced di erentiation
of haematopoieticell$. Apoptosis plays a crucial role in determining and regulating cellular development,
homeostasis, and both physiological and patholopicgessés Apoptosis has two core pathways: the intrinsic

and the extrinsipathway. Dysregulation of programmed cell death via apoptosis in leukaemia is common due
to abnormal expression or mutation of one or more apoptotic gene, resulting in the survival of malignant cells
over their normatounterpart§2.

Acute leukaemia is associated with a decrease in cell sensitivity to pro-apoptotic signals by overexpressior
of BCL-2 family anti-apoptotic proteins such as BCL2, BCLXMM@O1%%!% and/or with low levels of pro-
apoptotic members such B&X'% is means leukaemic cells can evade apoptosis, and this can lead to chemo-
therapy resistance, and relapse associated with shorter disease-free, or overall survival for patients with acut
leukaemia®®% e standard front-line therapeutic approach for acute leukaemia patients is chemotherapy,
which consists of multi-agent chemotherapgimens?26. Unfortunately, the multi-agent chemotherapy regi-
mens have a number of o -target e ects, which include pancreatitis, coagulopathyepatbtoxicity*'® and
the development of chemoresistance, which contributes to disease relapse, and ultimatetieptitiett It is

‘Laboratory Medicine Department, Faculty of Applied Medical Sciences, Umm AI§ —"f «<"$"«3w{@ a a
feefSwe{{a f[—t<X¥f/dffa..—2Zf" ..<ke fe Feff"..S te-"%ta St¥i7Zt fZZ
—<«Zt<o%od <«—> fo'—ed ‘™Mf Iw WIE AR FEEFLUE "TfearefS>;eS—af..a—-

<Fe—<co .,

| £ "(022) 12:8858 | S——'¢& T'ca‘"% wvawvy~ szw{e*~aVvxxaww zz vhatuge portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-11441-z&domain=pdf

www.nature.com/scientificreports/

reported that this is particularly challenging in the treatment of childhood acute lymphocytic leukaemia (ALL),
where there is a risk of relapse in 20-30&hibdren'®,

Currently, one of the most promising anti-leukaemia strategies is to design targeted therapies with lower tox-
icities, which reverse chemotherapy-resistance, and improve acute leukaemizspatieat®. Such therapies
would induce apoptotic cell death in leukaemia cells, with no or limited collateral damage to normal haematopoi-
etic progenitor cells; and less likely to encounter many of the resistance mechanisms that have been associat
with conventionabgent$®'®. Indeed, Rodriguez et 22015 reported that intermediates of apoptosis pathways
might be excellent candidates for molecular targeting for careegment®. For this reason, it is worth identify-
ing new drugs targeting apoptotic molecules that are abnormally expressed or dysregulated in leukaemic cells
and to restore the sensitivity of leukaemic cells to apoptotic stimuli.

Polyphenols represent a unique class of phytochemicals that possess excellent antioxidant, and anti-in am-
matory properties, and modulate cell signalling pathways leading to anti-eaextst2%. Epidemiological data
has shown that diets rich in polyphenols signi cantly improve the quality of life and survival rates of patients
with a range of chronic diseases, includiagcef?* Recently, Montané et al., 2020 reported that using poly
phenols, as an alternative to anti-cancer drugs is a very promising approach, because they minimize or suppres
the adverse e ects of standard therapies. One such polyphenol is apigenin, it is found at high levels in herbs
fruits, and vegetables, such as oregano, parsley, celery, celeriac, carrots, and cteatimile

At present, there is evidence suggesting that apigenin has an anti-cancer e ect on 14 di erent cancers includ-
ing breast>=% prostaté*=3, color?*?8 bladdef**’, cervical#? lung*3, oesophageH] liver*; pancreatit®, and
bonecancet’; as well aglioblastom& melanomé&’, lymphoma&®, andleukaemi&'>®. Within leukaemia cell
lines, apigenin suppresses cell proliferation, induces cell cycle arrest, and apoptosis of leukaemia célls, in vitro
Interestingly, apigenin has no anti-proliferative e ect in normal cells, suggesting its potential as an anti-cancer
compound, with no toxicity to normalell$3>°. Hussain et al., 2010 also reported that apigenin has low intrinsic
toxicity and limited mutagenic properties, compared to other structurally relatedoids™.

Most of these studies suggest that apigenin can induce apoptosis in cancers mainly via a mitochondrial-
dependenmechanisrtf*%°4 Apigenin-mediated downregulation of BCL-2, causes the release of cytochrome ¢
from the mitochondria to the cytosol, which leads to the activation of caspase-9 and c#ép&sd-iBewise,
previous research has shown that apigenin induces caspase 3 activity and apoptosis in various types of lymphoi
(Jurkat, CCRF-CEM, MOLT-3, U937) and myeloid (HL60, THP-1, K562, KG1a) leukaemia cell lines with mini-
mum e ect on non-tumour blood progenitor ce€D34)%5. Notably, apigenin produced a greater toxicity on
lymphoid than myeloid leukaemizlIS®.

Furthermore, the use of combination treatments can improve the response to chemotherapy, clinical outcome,
and patient survivakate$?*5. Montané et al., 2020 suggested that chemotherapy agents could be combined with
polyphenols, as polyphenols could enhance the e cacy of chemotherapy agents and decrease the developmer
of drug resistance, toxicity, and side e ects on humaalti?>. ere have been promising results in in vitro
and in vivo studies using combination treatments of apigenin and chemotherapeutic agents, this has opened &
new avenue of drug discovery for cancer. Recent studies showed that apigenin can synergistically enhance tf
anti-cancer activity of 5- uorouracil in the treatment of breast cancer cell lines (MDA-MBZ4&58) head
and neck cancer cell lines (SCC25 and A43daclitaxel in the treatment of cervical cancer cell lines (FfeLa)
ABT-263 in the treatment of colon cancer cell lines (HTCSP18hd cisplatin in the treatment of lung cancer
cell lines (A549}. In a recent study by Huang et al., 2020, they demonstrated apigenin synergistically enhanced
the action of the BTK inhibitor abivertinib, and this action was associated with an apigenin-mediated down-
regulation of BCLX by the suppression of the PI3K/p-AKT pathway in di use large B-cell lymphoma cell lines
(U2932 and OCI-LY10) at 2#2. All these previous studies suggest that apigenin has great potential to improve
cancer therapy.

is is supported by our previous work, which demonstrated apigenin could synergistically enhance the action
of topoisomerase inhibitor agents (e.g., etoposide), and alkylating agents (e.g., cyclophosphamide) reducing ATF
levels, and inducing apoptosis (caspase 8, 9 and 3 induction and morphological evidence of apoptosis) in bott
lymphoid and myeloid leukaemia cell lines; whilst protecting normal hematopoietic stefCERB3IHSC
and CD34HSCY3%. e synergistic e ect of these combination treatments was shown to be dependent on the
modulation of glutathione (GSH) levels, caspase cascades (8, 9 and 3), and DNA#¥anmagertantly, a
reduction of GSH was strongly linked with sensitising leukaemia cells to the pro-apoptotic e ects of polyphenols
like apigenin when used in combination witoposidé&® or cyclophosphamidé.

However, the exact molecular mechanisms underlying pro-apoptotic e ects associated with apigenin in com-
bination with these chemotherapies have not been fully elucidated. e expression of genes that regulate apoptotic
cell death plays an essential role in determining the sensitivity of cancercdwisiatherap$p. For this reason,
this study aims to analyse the expression pro les of intrinsic and extrinsic apoptosis-related genes and proteins,
to help elucidate the molecular mechanisms of action of apigenin in combination with chemotherapy agents
(etoposide and cyclophosphamide) on signalling molecules that play important roles in regulating programmed
cell death of acute lymphoid and myeloid leukaemia.

_:t"(on foT o:t_S‘To
S'f"cete—fZ T ITwad%umian leukaemia cell lines were selected to represent lymphoid and myeloid
lineages (Jurkat and THP-1). Apigenin has been previously shown to synergistically induce apoptosis when com-
bined with etoposide and cyclophosphamide within thesié® % However, the apoptotic pathways induced by
such treatments remain to be elucidated. To investigate apoptosis related gene and protein regulation inducec
by apigenin alone or in combination with chemotherapy agents, Jurkat and THP-1 cells were treated with the
lowest signi cant doses (LSD) to induce apoptosis selected from our pretiniiss®©364 Following treat-
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ment for 24 h a qPCR based TagMan™ Array of Human Cellular Apoptosis Pathway was utilised to investigate
gene expression regulation of 92 apoptosis-related genes (Supplementary Table S1). A subsequent analysis v
made of 35 apoptosis-related proteins (Supplementary Table S2) using the Proteome Pro ler™ -Human Apopto-
sis Array Kit. ese analyses were utilised to investigate potential gene and protein regulation by apigenin alone
and in combination with chemotherapy agents.

T—eftecf ...3Z7 Z3Iwshuman Bukaeriid éell lines were selected for this study: one acute mye-
loid leukaemia cell line [THP-1 (monocytic leukaemia)] (ATCC, TIB- 202) and one acute lymphoid leukaemia
cell line [Jurkat (peripheral blood T cell leukaemia)] (ATCC, TIB-152). Cells were cultured as described in
Mahbub et al.20135 and incubated under standard cell culture conditions at 37 °C withGOs#tmosphere.
Furthermore, cells were tested for mycoplasma contamination using the MycoAlert™ mycoplasma detection kit
(Lonza, LT07-318) and were negative throughout all experiments.

"Ff—ete— "I %Celsiere seeded ax10° per well in 12-well plates and treated with the lowest
signi cant doses (LSDs) of apigenin (AP) (Sigma Aldrich, 10798) at 10 uM and 50 uM, etoposide (ETP) (Sigma
Aldrich, E1383) at 0.01 pM and cyclophosphamide (CYCLO) (Sigma Aldrich, PHR1404) at 2 uM and 10 uM,
alone or in combination; along with a vehicle control for 24 h. e therapeutic agents: AP, ETP, and CYCLO were
prepared as describgdeviously>5364 LSDs capable of inducing apoptosis were selected based on our earlier
publisheddat®¢3¢4wvhich caused a 10% to 20% increase in caspase-3 activity and induced apoptosis in THP-1
and Jurkat cells, when compared to the vehicle control.

:t.:t ié,"itt(‘. f.fZ).(. —'(.%O f f“ fo> _of. TEY _teqe ""f) "foi
"% f ... — (Tredted cells were collected and the RNA was extracted using a PureLink™ RNA Mini-Kit ( er
mo sher Scienti c-Invitrogen, 12183018A) following the manufacturer’s instructions. e puri ed RNA was
then transcribed to cDNA using High-Capacity RNA-to-cDNA™ Kit ( ermo sher Scienti c- Applied Biosys-
tems, 4387406) according to the manufacturer’s instructions.

Following preparation of the cDNA, a 10 pl of PCR reaction mix was prepared with the 5 pl of cDNA and 5 pl
of TagMan™ Fast Advanced Master Mix ( ermo sher Scienti c- Applied Biosystems, 4444557) following the
manufacturer’s instructions and loaded onto the TagMan Array Human Apoptosis Fast 96-Well Plate Pathway
(‘ermo sher Scienti c-Applied Biosystems, 4418762). Next, the plate was loaded into the StepOnePlus™ Real-
Time PCR system (Applied Biosystems, She eld Hallam University, UK). ermal cycling conditions consisted
of a hold step for 20 s at 95 °C, and then ampli cation for 40 cycles starting with an initial denaturation step
at 95 °C for 3 s and an annealing/extending step at 60 °C for 30 s. e relative gene expression was determined
using the2 €T method®. Normalizing against the average housekeeping genes of 4 endogenous control genes:
transferrin receptor (TFRC), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine phosphori-
bosyltransferase 1 (HPRT1), and Beta glucuronidase (GUSB) (Supplementary Table S1); and untreated controls
ree arrays were processed for each treatment in THP-1 and Jurkat cell lines, in three technical experiments.
e results are expressed as medians and ranges, of three independent repeats.

Ti—fce £ feecte f-fZ>-<- —ece% f '"'—%'e%t ”"OZi”?éTréated-cfslbs f-
were collected and washed twice with PBS. Cells were lysed with CelLytic M (Sigma Aldrich, C2978, 10 ml/g)
supplemented with a protease inhibitor cocktail (Sigma Aldrich, P2714, 1:100) as described in the manufactur
er's instructions. e total protein content was quanti ed using the Pierce™ BCA protein assay kit ( ermo sher
Scienti ¢, 23227), following the manufacturer’s instructions. e expression of 35 apoptosis-related proteins was
assessed using the Proteome Pro ler™—Human Apoptosis Array Kit (Biotechne—R&D Systems, ARY009) (Sup
plementary Table S2). In brief, the Human Apoptosis Proteome Pro ler™ array was composed of a nitrocellulose
membrane with duplicate spots for each apoptosis-related protein. Protein expression analysis was performed ir
duplicate on arrays (each array contained two spots for each protein analysed) for duplicate technical repeats fo
each treatment in each type of cell, thus a total of 4 repeats per protein per treatment group. All analyses wer
performed according to the manufacturer’s instructions.

Cell lysates were analysed using the proteome pro ler human apoptosis antibody array kit (Biotechne—
R&D Systems, ARY009) in accordance with the manufacturer’s instructions, utilising 300 pg of cell lysate per
membrane. erea er, the array membranes were scanned using the LI-O@ysey Infrared Imaging System
(LI-COR). e pixel density of each duplicated array spot was quanti ed using Image Studio™ So ware version
5.2 (LI-COR). Following the manufacturer’s instructions (Biotechne—R&D Systems, ARY009), the mean pixel
density of each duplicated protein spot was determined and subtracted from the mean density of the background/
reference spots. Reference spots are included in each array to align the transparency overlay template and
demonstrate that the array has been incubated with IRDye® 800CW Streptavidin (LI-COR Biosciences UK,
926-32230) during the assay procedure. e results were expressed as a median and range of two independen
experiments.

—f—<o—c... f z fe~rﬁ&ﬁian<anﬂ range was determined for each assay. Stats Direct so ware (Stats
Direct Ltd, Altrincham, UK) was used to determine if the data followed a normal distribution using a Shapiro—
Wilk test. As data was identi ed as non-parametric, a Kruskal-Wallis with a Conover- Inman post-hoc test was
used to determine statistical signi cance. Signi cance was set @OB. Statistical signi cance of individual
agents was determined rstly in comparison to the vehicle control (VC) (Supplementary Tables S3-S6). e
statistical signi cance of combined apigenin and chemotherapy treatments was determined in comparison to
the vehicle control and the individual treatments alone (Supplementary Tables S3-S6) to determine potential
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Effect of treatments alone on acute leukaemia cells using their LSDs at 24 h
Name of . THP-1 acute myeloid cells Jurkat acute lymphoid cells
. Apoptotic genes and
apoptosis tei AP ETP CYCLO AP ETP CYCLO
pathways proteins 10uM | 0.01uM | 2uM 50uM | 0.01 uM 10 uM
G — — — —
BCL2 = L 4
BCL2 Protein — ! ! _ — _
antiapoptotic G — — — — —
pop BCLX — .
Protein —_ — | —_ — —
BAD Gene 1 — ! 1 — 1
BCL2 Protein 1 — ! 1 _ 1
Proapoptotic BAX Gem-: ) - — 1 1 1
Protein 1 — — 1 1
G — — — —
CYTec = 1 1
Protein 1 — — — _ 1
. . G — — — — —
Mitochondrial HTRA2/OMI enff )
members Protein 1 — — — — —
Gene 1 — — 1 — —
SMAC/DIABLO -
Protein ) —_ — 1 — —
G — — —
TRAILR1/DR4 = 1 1 1
Protein T — — T _ T
TNFR1/TNFRSF Gene 1 1 1 1 1 —
Death receptors 1A Protein 1 — — 1 — —
and domain Gene 1 - - 1 - —
FAS/CD95 -
Protein T — —_ T —_ —
Gene ) —_ —_ — — —
FADD -
Protein 1 —_ — —_ — -
CASP-8 Gene 1 — — 1 — —
Caspases CASP-9 Gene 1 1 1 1 1 1
G
CASP3 ene 1 1 1 1 1 1
Protein T —_ — T —_ —
Table 1. A summary of the e ects of individual treatments: apigenin (AP), etoposide (ETP), and
cyclophosphamide (CYCLO) on the expression of apoptosis-related genes and proteins in acute myeloid (THP-
1) and lymphoid (Jurkat) leukaemia cell lines; using their lowest signi cant doses (LSDs) that induce apoptosis
(previously determined in Mahbub et al., 2013, 2015, 2019) for 24 h treatment. A Kruskal Wallis with an Inman
post-hoc test was used to determine statistical signi cance afdB. e individual treatment e ects were
determined as described in Statistical analysis.
synergistic or antagonistic responses (see below). e results were shown as relative fold change in gene expres
sion/protein levels, with the vehicle control being set at 1.
Individual treatment e ects. A signi cant increase or decrease following individual treatments on apoptotic
gene and protein expression was determined when compared to the vehicle control (G@BIR*). A sig-
ni cant increase is shown in Tableas an upward arrow in green ( 9), whilst a signi cant decrease is shown as
a downward arrow in red ( ;). Where there were no signi cant changes in gene/protein expression compared to
the vehicle control (VC); this was represented by a dash (-).
Combination treatments e ects:.e e ect of combination treatments on apoptotic gene and protein expres-
sion were classi ed either as:
* Synergistic—here there is a signi cant increase or decrease in gene/protein expression compared to the
vehicle control (VC) and drugs alone (B.05) (*). Synergistic increases in gene/protein expression are
represented in the bar charts in dark green, whilst a synergistic decrease is represented in the bar charts i
dark red.
* Non-interactive, but with signi cant e ect—here there is a signi cant increase or decrease in gene/protein
expression compared to the vehicle control (VC) and/or one of the individual drugs aloBe€gp (*).
<Fe—cm.. | "(2022) 12:8858 | S——'e8 T'cA4'""% wWVAwWVy~ ezw{s~aVXxxaww z_z viasueportfolio
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e signi cant increase in gene/protein expression is represented in the bar charts in light green, whilst a
signi cant decrease is represented in the bar charts in pink.

* No e ect—here there is no signi cant di erence in gene/protein expression compared to the vehicle control
(VC) and/or one of the individual drugs. is e ect is represented in the bar charts in grey.

:t ® — Z —_—
Fourteen apoptosis-related genes were signi cantly modulated and are discussed further here, these included
BAD, BAX, BCL2, BCLX, CYT ¢, SMAC/DIABLO, HTRA2/OMI, TRAILR1/DR4, TNFR1/TNFRSF1A, FAS/
CD95, FADD, CASP-8, CASP-9, and CASP-3, no signi cant di erences were observed in any of the remaining
78 apoptosis related genes (Supplementary Table S1) and thus are not discussed further here. Furthermore, !
apoptosis-related proteins out of 35 investigated (Supplementary Table S2) were signi cantly modulated, which
included: BAD, BAX, BCL2, BCLX, CYT ¢, SMAC/DIABLO, HTRA2/OMI, TRAILR1/DR4, TNFR1/TNFRSF1A,
FAS/D95, FADD, and CASP-3.

iF.o.o— T ekt —fZ T —%o fZL'eF ‘e fli—tecoe@ T Zf—FT %ofeF fof
efTecf .. IAdigenit. In THP-1 myeloid leukaemia cells, the use of the LSD for apigenin of 10 uM,
caused a signi cant increase of pro-apoptosis-related genes and proteins (BAD, BAX, CYT ¢, HTRA2/OMI,
SMAC/DIABLO, TRAILR1/DR4, TNFR1/TNFRSF1A, FAS/CD95, FADD, CASP-8, CASP-9 and CASP-3), when
compared to the vehicle control (P.05). Whilst anti-apoptotic genes and proteins (BCL2 and BCLX) were
unchanged (Table 1).

In contrast, Jurkat lymphoid leukaemia cells when treated with the LSD for apigenin (50 pM) for 24 h, dis
played a signi cant increase in nine pro-apoptotic genes and/or proteins (BAD, BAX, SMAC/DIABLO, TRAILR1/
DR4, TNFR1/TNFRSF1A, FAS/CD95, CASP-8, CASP-9 and CASP-3) compared to the vehicle cén@®),(P
with no changes seen in the remaining investigated genes and proteind)Table

Etoposide. Treatment of THP-1 and Jurkat cells with the LSD of etoposide (0.01 pM) for 24 h signi cantly
increased the expression of the pro-apoptotic genes: TNFR1/TNFRSF1A, CASP-9, and CASP-3 compared to th
vehicle control (P 0.05) (Tablel), plus there was an increase of BAX expression in the Jurkat lymphoid leukae-
mia cells when compared to the vehicle control @®5) (Table 1).

Etoposide treatment also caused a signi cant decrease of the anti-apoptotic factor BCL2 gene expressior
and protein levels in THP-1 myeloid leukaemia cells, when compared to the vehicle contr@5)R Tabld).
However, there was no signi cant e ect on the remaining investigated apoptotic genes or proteins in both cell
lines (Tablel).

Cyclophosphamide.Following treatment with the LSD of cyclophosphamide for THP-1 myeloid (2 pM) and
Jurkat lymphoid (10 uM) leukaemia cells for 24 h, this caused di erential e ects on the apoptosis genes and
proteins (Tablel). In THP-1 acute myeloid leukaemia cells, there was a signi cant decrease in the expression
of BCL2, BCLX, and BAD genes and proteins; with a signi cant increase in TNFR1/TNFRSF1A, CASP-9, and
CASP-3 gene expression, when compared to the vehicle conti@I0®) (Table 1).

In Jurkat acute lymphoid leukaemia cells, there was a signi cant increase in the expression of BAD, BAX, and
CYTcgenes and proteins, as well as CASP-9 and CASP-3 genes when compared to the vehicle 6ddjol (P
(Tablel). However, there were no signi cant e ects on the remaining apoptotic genes or proteins in either cell
line (Tablel).

l:t_ en ___‘o"(of_(‘o _"if_o:to_o ‘o ié'”i..(‘. en & X Af.(Z) @o_(%l
—Fcoo X fet  Wheh apigenin was used in combination with etoposide, there was a synergistic
decrease of BCL2 gene expression in both myeloid (THP-1) and lymphoid (Jurkat) leukaemia cells compared to
both apigenin alone and etoposide treatment alone {Rig.Similarly, when apigenin was used in combination
with cyclophosphamide there was a synergistic decrease on BCL2 gene expression in Jurkat lymphoid leukaem
cells only (FiglA), when compared to the vehicle control and drugs alone).@), with no further decrease
seen in THP-1 cells when cyclophosphamide was combined with apigenin compared to cyclophosphamide
alone (Fig1A). However, whilst protein expression for BCL2, was signi cantly decreased following apigenin
and etoposide combination treatments compared to vehicle contro8.QB), in both THP-1 and Jurkat cells a
synergistic response was not observed (Fig. 1B) (Supplementary Figs. S1, S2).

Apigenin when used in combination with etoposide was shown to synergistically decrease the expression of
BCLX gene and protein levels in Jurkat lymphoid leukaemia cells, compared to the vehicle control and drugs
alone (P 0.05) (FiglA). Similarly, apigenin when used in combination with cyclophosphamide, also caused
a signi cant decrease in the expression of BCLX gene and protein in Jurkat cella,@)igSupplementary
Figs. S1, S2) when compared to the vehicle control and one of the individual treatments, but not both and thus
failed to show synergistic responses (F05). In contrast, in THP-1 myeloid cells, apigenin when combined
with cyclophosphamide and etoposide caused a signi cant reduction in BCLX gene expression compared to
apigenin treatment alone, but failed to result in a synergistic respons&A(igrhilst protein levels remained
unchanged (FidlB) (Supplementary Figs. S1, S2).

Overall, Jurkat lymphoid cells were more susceptible to combination treatments, which caused a reduction
in anti-apoptotic genes and proteins; whilst the THP-1 myeloid cells were unresponsité @jdSupple-
mentary Figs. S1, S2).
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|(A) Gene Expression of BCL2 An ti-apoptotic |

|(B) Protein Expres sion of BC L2 Anti-a poptotic |

BCL2

BCL2

BCLX

|THP-1 Myeloid Leukaemia Cell s| |Jurkat Lymphoid Leukaemia Cells |

Figure 1. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of BCL2 and BCLX anti-apoptotic genean@proteins (Bin acute myeloid (THP-

1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant doses (LSDs) that
induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene and protein data
are expressed as medians and ranges. Results were considered statistically signi cant when P 0.05 (*). e
combination treatment e ects and colours were determined based on the statistical analysis described.

it...— 7 e cef—<te ="t f—ete—e ‘e FF ' "Feecte 7 &X “fe<slZ>&E'eef’
—Fcoo fe1t  Wh&n apigenin was combined with chemotherapy agents in THP-1 cells the induc-
tion of BAD which was seen following treatment with apigenin alone, was inhibited in combination treatments
(Fig.2B). However, when Jurkat cells were treated with a combination of apigenin and cyclophosphamide there
was a synergistic increase in the expression of BAD gene and protein levels compared to the vehicle controls ar
drugs alone, (P0.05) (Fig2A,B) (Supplementary Figs. S1, S2). However, when apigenin was combined with
etoposide in Jurkat cells there was a signi cant increase in BAD gene expression when compared to the vehicls
controls and etoposide alone, but a synergistic response was not s8ddbjRFig2A); and protein expression
was unchanged (FigA,B) (Supplementary Figs. S1, S2). Interestingly, all investigated combination treatments
caused a synergistic increase in the expression of BAX gene and protein levels in both THP-1 and Jurkat cell
when compared to the vehicle controls and drugs aloned (#5) (Fig. 2A,B) (Supplementary Figs. S1, S2).

|¢— £ ...“,,(‘f—(“ —"if_o:to_o ‘o :I:é’":too(‘o e =" ...é"T"Cﬁ.Z %Oi‘
a X & In both acute myeloid and lymphoid leukaemia cells (THP-1 and Jurkat),

all the investigated combination treatments synergistically increased the gene and protein expression of CYT ¢
(Fig.3A,B) (Supplementary Figs. S1, S2), and SMAC/DIABLO4PRi®) (Supplementary Figs. S1, S2), when
compared to the vehicle controls and drugs alone 0(B5). Similarly, there was a synergistic increase in the
expression of HTRA2/OMI gene and protein in Jurkat lymphoid leukaemia cells when treated with all the com-
bination treatments (P 0.05) (Fig4A,B). However, in THP-1 myeloid leukaemia cells, there was a signi cant
increase in the expression of HTRA2/OMI gene and protein when compared to the vehicle controls and the
chemotherapy drugs alone (B.05), but a synergistic response was not observedf&R). (Supplementary

Figs. S1, S2).
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Figure 2. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of BAD and BAX pro-apoptotic gengsuié proteins (Bin acute myeloid (THP-

1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant doses (LSDs) that
induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene and protein data
are expressed as medians and ranges. Results were considered statistically signi cant when P 0.05 (*). e
combination treatment e ects and colours were determined based on the statistical analysis described in.

PF..— 7 e cef—<te —"Ef—efe—_e ‘o L& '"Feecte T FLf_S "I "¢
—fceoo w za w w a «{4& In THRAL acute myeloid cells, the
combination treatment of apigenin and etoposide caused a synergistic increase in TNFR1/TNFRSF1A gene anc
protein expression, when compared to the vehicle controls and drugs alod®%p (Fig5A,B) (Supplemen-
tary Figs. S1, S2). Whilst, when apigenin was used in combination with cyclophosphamide, although a signi -
cant increase was seen in the expression of TNFR1L/TNFRSF1A compared to vehicle cofu@ts (@ dif-
ference was seen compared to drug treatments alon&&Figand protein expression was unchanged GB{.
(Supplementary Figs. S1, S2). In THP-1 cells, both combination treatments caused a signi cant increase in gen
and protein expression of TRAILR1/DR4 (Fiy.(Supplementary Figs. S1, S2), and gene expression in FAS/
CD95 and FADD, when compared to the vehicle control and/or one of the individual dru@sQ8y; with dif-
ferential e ects being seen in protein expression of FAS/CD95, and FADB)(Fsyipplementary Figs. S1, S2).

In Jurkat acute lymphoid cells, the combination treatment of apigenin and etoposide caused a signi cant
increase in the expression of all investigated death receptors and domain genes and proteins when compare
to the vehicle controls (P0.05), no synergistic e ects were seen (Fgsd § (Supplementary Figs. S1, S2).

In contrast, the combination treatment of apigenin and cyclophosphamide, caused a synergistic increase in the
expression of TRAILR1/DR4 gene and protein levels, when compared to the vehicle controls and drugs alone
(P 0.05) (Fig.5A,B) (Supplementary Figs. S1, S2). However, this combination did not cause any signi cant
e ect on the expression of TNFR1/TNFRSF1A (B#gB) FAS/CD95, and FADD (FifA,B) genes and proteins
(Supplementary Figs. S1, S2).

it..- " jcof—cte —"Ef 18 "feecte 0 L fe'fef Yofete
®eea & yn Both myelond and lymphoid leukaemia cell lines, all comblnatlon treatments caused

a synergistic increase in CASP-9 and CASP-3 gene expression when compared to the vehicle control and druc
alone (P 0.05) (FigrA). Whilst CASP-8 was signi cantly increased compared to the vehicle control and chem-

_.:to_. ‘o
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Figure 3. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of Cytochrome ¢ (CYMitochondrial gene (Aand protein (B in acute myeloid

(THP-1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant doses (LSDs) that
induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene and protein data
are expressed as medians and ranges. Results were considered statistically signi cant when P 0.05 (*). e
combination treatment e ects and colours were determined based on the statistical analysis described in.

otherapy treatments alone (®.05), but not signi cantly di erent from that seen from apigenin alone (FAg.

CASP-3 protein expression was also signi cantly increased in both THP-1 and Jurkat cells when combination
treatments were performed compared to the vehicle control and chemotherapy aldh@5p but no di ef

ence was seen from apigenin treatments alone (Fig. 7B) (Supplementary Figs. S1, S2).

e —o00o( ‘e

Our earlier work has shown that polyphenols can decrease cell proliferation, cause cell cycle arrest, and induc
apoptosis in leukaemia céiies®*S. Furthermore, we have shown that the polyphenol, apigenin acts syner
gistically with chemotherapy agents such as etoposide (a topoisomerase inhibitor) and cyclophosphamide (an
alkylating agent), causing a reduction in ATP and glutathione levels, DNA damage and induction of apoptosis
in acute myeloid (THP-1) and lymphoid (Jurkat) leukaemia cell lines as shown by induction of caspase activity
and morphological evidence apoptosi&®®*. To progress our understanding of the therapeutic potential of
apigenin, it is essential to elucidate their molecular mechanism of action during apoptosis. Here, we investigated
the molecular events that trigger apoptosis in response to apigenin alone, and in combination with etoposide
and cyclophosphamide in both acute myeloid (THP-1) and lymphoid (Jurkat) leukaemia cells, following treat
ment for 24 h.

ere are two core pathways involved in inducing apoptosis: (1) e intrinsic or mitochondrial-mediated
pathway, and (2) the extrinsic or death receptor-medipstway-*6. Initiation of either pathway ultimately
results in a caspase activation cascade and celadt®!5'”. Here, 8 key genes and proteins of the intrinsic
apoptosis pathway (BAD, BAX, BCL2, BCLX, CYSMAC/DIABLO, HTRA2/OMI, CASP-9); and 5 genes and
proteins of the extrinsic pathway (TRAILR1/DR4, TNFR1/TNFRSF1A, FAS, FADD, CASP-8); plus, the execu-
tioner caspase 3 (CASP-3); were signi cantly modulated by our investigated treatments. Although all responses
seen at gene level were not always translated to protein responses; this may be due to the use here of a single ti
course of 24 h, and changes in the protein levels may take longer, beyond this time point.

is study demonstrated apigenin increased gene and protein expression for BAX, BAD, SMAC/DIABLO and
CASP-9, but had no e ect on the expression of anti-apoptotic BCL2 and BCLX genes and proteins. In addition,
apigenin also induced TRAILR1/DR4, TNFRL/TNFRSF1A, and FAS/CD95 and CASP-8, in both acute leukaemia
cell lines. Demonstrating the increase in CASP-3 activity was induced via both intrinsic and extrinsic apoptotic
pathways. Apigenin, has previously been shown to induce apoptosis in leukaemia cells (HL60, THP-1, U937)
via mitochondrial-dependent mechanisms, with the release of cytochrtrtbe cytosol and the activation
of caspase-9 and®3* Similarly, Wang et al., 1999 reported that apigenin could induce apoptosis through
cytochrome c release and activation of caspase 9 and 3 ircell$50

Etoposide and cyclophosphamide alone induced apoptosis in both cell lines associated with increased CASP-:
however gene and protein regulation di ered between THP-1 and Jurkat cells suggesting di erential regulation
between myeloid and lymphoid cells. In THP-1 cells, both etoposide and cyclophosphamide reduced anti-
apoptotic BCL2 and/or BCLX, and an increase in the expression of TNFR1/TNFRSF1A, and increased CASP-¢
and -3. In Jurkat lymphoid cells, etoposide increased BAX, TNFR1/TNFRSF1A, CASP-9, and -3 genes. Wherea
cyclophosphamide was much more e ective in Jurkat cells and seemed to speci cally target intrinsic apoptosis;
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Figure 4. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of SMAC/DIABLO and HTRA2/OMI mitochondrial gengsa(@ proteins (Bin

acute myeloid (THP-1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant
doses (LSDs) that induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene
and protein data are expressed as medians and ranges. Results were considered statistically signi cant when
P 0.05 (*). e combination treatment e ects and colours were determined based on the statistical analysis
described in.

and increased the gene and protein expression of pro-apoptotic BAD and BAX, CASR:9 and -3. Indeed,
previous studies suggest most chemotherapeutic drugs induce mitochondrial membrane permeabilization prior
to apoptosi®*ee,

Combination treatments of apigenin and chemotherapy agents (etoposide or cyclophosphamide), induced
apoptosis via a synergistic induction of the intrinsic apoptosis pathway, combined with an apigenin-induced
extrinsic apoptosis, resulting in an overall enhanced induction of apoptosis. Speci cally, apigenin enhanced the
pro-apoptotic activity of chemotherapy agents, through the synergistic increase in expression of BAX, CYT ¢
SMAC/DIABLO, HTRA2/OMI, CASP-9, and -3 gene and protein levels, whilst decreasing anti-apoptotic BCL2
gene expression (Figsand 9.

Hassanpour et al., 2018 reported that the dysfunction of the intrinsic apoptotic pathway is a key strategy to
avoid apoptosis in leukaenmiallg. Acute leukaemia is commonly associated with a decrease in cell sensitivity
to pro-apoptotic signals due to overexpression of anti-apoptotic proteins of the BCL-2 family such as BCL2 and
BCLX@910166% and/or with low levels of pro-apoptotic members sucBAX'. Yoo et al., 2012 and Jan et al.,
2019 reported that targeting the expression of anti-apoptotic and/or pro-apoptotic members of the apoptotic
pathways is a promising strategy to induce cancer cell death and improve sensitivity to chenageat&is:

Cassier et al., 2017 also reported that downstream e ectors of the mitochondrial pathway are mainly deregulated
in acute myeloid leukaemia (AML) through overexpression of anti-apoptotic proteins of BCBCANEP.
Overexpression of anti-apoptotic proteins BCL2 and BCLX inhibit apoptosis; and are reported to be correlated
with the pathogenesis of acute leukaemia (mainly AML), and can induced resisramdtherapeutic¢&'’#,

Here, the e ective targeting of anti-apoptotic members BCL2 and BCLX, by the use of apigenin with standard
chemotherapy agents; seem to vary dependent on the type of leukaemia cell line and chemotherapy agent use
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Figure 5. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of TRAILR1/DR4 and TNFR1/TNFRSF1A death receptors geaas fjfoteins (B

in acute myeloid (THP-1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant
doses (LSDs) that induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene
and protein data are expressed as medians and ranges. Results were considered statistically signi cant when P
0.05 (*). e combination treatment e ects and colours were determined based on the statistical analysis as
described in.

with apigenin showing a greater modulation of anti-apoptotic members in lymphoid, compared to myeloid
cells. Similar reductions in BCLX expression seen here in Jurkat cells have been seen when apigenin was usec
combination withTRAIL™. Suggesting at least in lymphoid cells apigenin may be able to overcome the overex
pression of anti-apoptotic proteins seen during leukaemia.

Notably, both acute leukaemia cells (THP-1 and Jurkat) showed a synergistic increase in gene and protein
expression of pro-apoptotic BAX when treated with all combination treatments§FRigg.9, whilst in Jurkat
cells when treated with apigenin and cyclophosphamide, this was accompanied by a synergistic increase of BAL
(Fig.9). In a similar study, when apigenin was used in combination with the BCL2 inhibitor navitoclax for 48 h,
there was an upregulation of BAX and BIM gene expression and protein levels, which led to apoptotic cell death
in colon cancer (HTC-116)ell$®. Likewise, Chen et al., 2019 showed that apigenin could inhibit tumorigenesis
and induce apoptosis in cisplatin-resistant colon cancer cells (HT-295), when grown in vitro and in vivo as
mouse xenogra s, through the upregulation of pro-apoptotic BAX and downregulation of anti-ap @@t

Conventional chemotherapy agents used clinically, are known to indirectly aBiXté Liu et al., 2016
and Walensky et al., 2019 reported that the direct activation of BAX, holds great promise for cancer therapies,
with the advantages of speci city, and the potential of overcoming chemo- and radio-resistance; and that this is
a possible target for small-molecule ddigcovery?’3 Here, the synergistic increase of BAX gene and protein
expression in both THP-1 and Jurkat cells with all combination treatments, was associated with a synergistic
increase in CYT and SMAC/DIABLO, and/or HTRA2/OMI (Fig8.and 9.

Cytochromec (CYT ¢) is considered to be a critical mediator and biomarker in mitochondria-mediated
apoptosi&. It is located on the inner surface of the mitochondria, it is a heme-containing metalloprotein
and multifunctional enzyme, that is involved in @@bptosig’. Functionally, overexpression of cytochrome
c e ectively suppresses the proliferation of cancer cells and induces cell apoptosis, whilst the knockdown of
cytochrome c, reverses thesects’®. SMAC/DIABLO and HTRA2/OMI are important also to neutralize the
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Figure 6. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of FAS/CD95 death receptor and FADD domain ggraasd(proteins (Bin acute

myeloid (THP-1) and lymphoid (Jurkat) leukaemia cell lines when treated with their lowest signi cant doses
(LSDs) that induce apoptosis (determined previously in Mahbub et al., 2013, 2015, 2019) for 24 h. Gene and
protein data are expressed as medians and ranges. Results were considered statistically signi cant when P 0.0
(*). e combination treatment e ects and colours were determined based on the statistical analysis as described
in.

inhibitory e ect of inhibitors of apoptosis proteins (IAPs) on caspase-9 &idS@, the release of cytochrome
SMAC/DIABLO, and HTRA2/OMI promote the activation of initiator caspase-9 and subsequently the execu
tioner caspases (6, 7 and 3), which leads to apoptotiteedii®’*. Here, the gene expression of caspase 9 was
synergistically increased in both THP-1 and Jurkat cells when treated with combination treatments of apigenin
and etoposide or cyclophosphamide (F&and 9, as a result of increased BAX, CYara SMAC/DIABLO
activation.Similarly, three previous studies found that apigenin could synergistically increase caspase 9 gene
expression, when used in combination with: (1) TRAIL for 24 h in Jurkat acute lymphoblastic ledeisihia

(2) Abivertinib for 24 h in U2932 and OVI-LY1 di use large B-cell lymphoma cells; via the downregulation of
PI3K/mTOR% and (3) Cisplatin in A549 lung canaall$. In addition, Horinka et al., 2006 and Huang et al.,

2020 also reported that apigenin/chemotherapy combination treatments synergistically upregulated caspase ¢
activity in Jurkat, U2932, and OCI-L¥&II$?7°.

Death receptor related genes and proteins were shown to be increased in this study by apigenin, howeve
these failed to demonstrate synergistic responses when combined with chemotherapy agents, with the only
synergistic increases seen in TNFR1/TNFRSF1A in THP-1 myeloid leukaemia cells, when treated with apigenin
and etoposide (Fi@®); and in TRAILR1/DR4 in Jurkat lymphoid leukaemia cells when treated with apigenin and
cyclophosphamide (Fi§). Apigenin alone was capable of inducing these death receptors which chemotherapy
agents were not able to induce alone. Suggesting combined therapies which maintained the e ect induced by
apigenin alone could enhance apoptosis induction from chemotherapy alone via activation of additicnal apop
tosis pathways. is was further supported by the induction of caspase 8 activity in cells treated with apigenin,
but not chemotherapy. Apigenin has previously been shown to target the extrinsic pathway of apoptosis when
used in combination with: (1) TRAIL in Jurkat cells via upregulation of the expression of tlgeidR5and
(2) 5- uorouracil and cisplatin in head and neck carcinoma cells (SCC25 and A431) via upregulation of the
expression of TNFR and TRAIlgene%.
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Figure 7. E ects of apigenin (AP) alone and in combination with etoposide (ETP) and cyclophosphamide
(CYCLO) on expression of caspase gengarfd proteins (Bin acute myeloid (THP-1) and lymphoid (Jurkat)
leukaemia cell lines when treated with their lowest signi cant doses (LSDs) that induce apoptosis (determined
previously in Mahbub et al. 2013, 2015, 2019) for 24 h. Gene and protein data are expressed as medians and
ranges. Results were considered statistically signi cant when P 0.05 (*). e combination treatment e ects and
colours were determined based on the statistical analysis as described in.

e synergistic induction of the intrinsic apoptosis pathway, and additional induction of the extrinsie path
way by apigenin resulted in a synergistic increase in caspase 3 activig/grig9. Caspase 3 has previously
been shown to be synergistically increased when apigenin is used in combination with: (1) TRAIL at 24 h for
acute lymphoblastic leukaemia cells (Jurkat) via upregulation oeREREssiorf, (2) Abivertinib at 24 h for
di use large B-cell lymphoma cells (U2932 and OCI-LY1) via downregulation of PI3K/raX@Bssiof?; (3)
5-Fluorouracil at 72 h for breast cancer cells (MDA-MB-453) via down regulation ekpidssiofY; and (4)
Cisplatin for lung cancer cells (A549)

Our previous study showed that polyphenols, including apigenin synergistically enhanced the action of
chemotherapeutic agents, includietpposidé® andcyclophosphamid¥ in leukaemia cells (including Jurkat
and THP-1), through a reduction of glutathione levels. Furthermore, these studies found that these polyphenol/
chemotherapy combination treatments synergistically reduced cell ATP levels, arrested cell cycle, caused DN/
damage, and induceapoptosi&®®* Interestingly, many researchers reported that there is a strong correlation
between glutathione depletion and restored apopiodisction’>’’. Franco et al., 2009 reported that a depletion
in the glutathione content can directly activate the intrinsic apoptotic pathway, either by: activating the initiator
BAX, releasing the cytochrome ¢ from the mitochondria, or by forming the apoptosome; which can be oxidised
for its pro-apoptotic action. is may explain why the investigated combination agents here, synergistically
increased the expression of mitochondrial BAX and cytochrof&nco et al., 2009 reported that the depletion
of glutathione, restored apoptosis via the intrinsic apoptotic pathway; and suggested that this could be a highly
e ective way to increase the e cacy of chemotherapy or anti-caagent$®’”. In addition, Traverso et al., 2013
reported that high glutathione levels are commonly found in cancer cells and the e ux of glutathione is one of
the major key mechanisms in the development of multi-drug resistacemaef’. Our earlier work has found
that the basal glutathione levels of the leukaemia cell lines were linked with the sensitivity to the treatments of
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Figure 8. A summary of the e ects of apigenin and etoposide combination treatments on apoptosis-related
gene and protein expression in acute leukaemia cells (Jurkat and THP-1).

polyphenol ancchemotherap$?. It was demonstrated that Jurkat lymphoid leukaemia cell lines had lower basal
glutathione levels than the THP-1 myeloid cell lines and non-tumour carghdi®®. is could explain why
the Jurkat acute lymphoid cell lines are more sensitive and susceptible.

In conclusion, the combination of apigenin with etoposide and cyclophosphamide induced apoptosis by the
synergistic increase of BAX expression (Fgsd 9, the permeabilization of the mitochondrial membrane,
and the release of CYTSMAC/DIABLO, and HTRA2/OMI, which then promotes caspase-9 and -3 activation
(Figs.8 and 9. Furthermore, the induction of the extrinsic apoptosis pathway with induction of death receptors
and ligands and caspase 8 by apigenin, activation of which were not seen in chemotherapy stimulations alone
could further enhance the total apoptosis seen in combination therapies. us, the utilisation of combined
therapies targeting apoptosis could have therapeutic potential in the treatment of leukaemia.
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Figure 9. A summary of the e ects of apigenin and cyclophosphamide combination treatments on apoptosis-
related gene and protein expression in acute leukaemia cells (Jurkat and THP-1).
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