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This systematic review identified various bioactive compounds which have the po-

leukemia (AML) is a heterogeneous hematopoietic malignancy that arises from the

dysregulation of cell differentiation, proliferation, and cell death. The risk factors as-
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awuchi.chinaza@kiu.ac.ug of the conventional chemotherapy regimens, hypomethylating agents, and molecu-

lar targeted drugs, have been developed in recent years, resistance and relapse re-
main the main clinical problems. In this study, three databases, PubMed/MEDLINE,
ScienceDirect, and Google Scholar, were systematically searched to identify various
bioactive compounds with antileukemic properties. A total of 518 articles were iden-
tified, out of which 59 were viewed as eligible for the current report. From the data
extracted, over 60 bioactive compounds were identified and divided into five major
groups: flavonoids, alkaloids, organosulfur compounds, terpenes, and terpenoids, and
other known and emerging bioactive compounds. The mechanism of actions of the
analyzed individual bioactive molecules differs remarkably and includes disrupting
chromatin structure, upregulating the synthesis of certain DNA repair proteins, in-
ducing cell cycle arrest and apoptosis, and inhibiting/regulating Hsp90 activities, DNA

methyltransferase 1, and histone deacetylase 1.
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1 | INTRODUCTION

Leukemia is a malignant proliferation of white blood cells (leuko-
cytes). In acute leukemia, the cells produced by the bone marrow are
abnormal, dysfunctional, and fail to mature, passing into the circu-
lation as immature white blood cells called “blasts.” A percentage of
>20% blasts in the bone marrow is needed to establish the diagnosis
of acute leukemia (Chennamadhavuni et al., 2020). Contrastingly,
chronic leukemia is characterized by the proliferation of mature,
functional leukocytes, and by a small percentage of blasts in the
bone marrow (<20%), typically taking months or years. The risk
factors for the development of acute leukemia include exposure to
ionizing radiation, benzene, chemotherapy (namely topoisomerase
inhibitors and alkylating agents), or viral agents (the Epstein-Barr
or the human T-cell leukemia virus), a previous hematological can-
cer, or the presence of a genetic syndrome (e.g., Down syndrome).
The clinical picture of acute leukemia comprises a conundrum of
unspecific symptoms and signs, ranging from fatigue, shortness of
breath, fever, recurrent infections, weight loss, bruising, bleeding,
and heavy menstrual cycles, to bone pain, hepatomegaly, spleno-
megaly (or both), and (or) enlarged lymph nodes. To establish a final
diagnosis of acute leukemia, the physician often needs to perform
a bone marrow biopsy, which guides the patient's further man-
agement and the employment of chemotherapy regimens and (or)
stem cell transplantation. Several treatment options are reported in
Table 1. The prognosis differs based on the type of leukemia studied
(Chennamadhavuni et al., 2020).

Acute myeloid (or myelogenous) leukemia (AML) is characterized
by the abnormal proliferation of blasts of myeloid lineage and has
emerged as the most common form of leukemia in the adult pop-
ulation, possessing a bimodal distribution in terms of interested
age groups. In 2015, AML affected at least 1 million individuals
and caused 147,000 deaths worldwide (Vos et al., 2016). It occurs
when a pluripotent hematopoietic stem cell undergoes a malig-
nant transformation and begins to proliferate uncontrollably, giv-
ing rise to myeloblasts. Myeloblasts are abnormal white blood cells
(Chennamadhavuni et al., 2020), which are immature and poorly dif-
ferentiated, that are exposed to clonal expansion and proliferation,
replacing the normal, healthy cells of the bone marrow. In AML, the
bone marrow mostly compromises immature monocytes or granu-
locytes which in general are positive on the immunohistochemistry
tests for markers of myeloid lineage: CD13, CD14, CD15, CD33,
CD36, CDé61, and CD64 (Chennamadhavuni et al., 2020).

Upon AML diagnosis, other factors are usually considered, such
as AML subtypes, age, and the patient's medical history before
treatment is scheduled. Usually, the main treatment option for AML
is chemotherapy or the use of targeted drugs based on the outcome
of medical tests. Some drugs in clinical usage are vadastuximab

talirine, gemtuzumab ozogamicin, sorafenib, midostaurin, lestaur-
tinib, quizartinib, crenolanib, gilteritinib, ivosidenib, enasidenib,
venetoclax, guadecitabine, and pracinostat (Beeharry et al., 2019;
Bisaillon et al.,, 2020; Cortes et al., 2018; Galanis et al., 2014;
Georgoulia et al., 2020; Ha et al., 2020; Ivosidenib, 2018; Kantarjian
et al.,, 2017; Knapper et al., 2017; Lancet et al.,, 2018; Mufoz &
Coveniias, 2020; Nguyen et al., 2019; Novotny-Diermayr et al., 2012;
Ohanian etal., 2018; Sharon et al., 2019; Somers et al., 2020; Awuchi,
2023;Stein et al.,, 2017, 2018; Stone et al., 2017; Swaminathan &
Cortes, 2023; Wang, Hu, et al., 2020; Weisberg et al., 2020; Zhao
et al., 2019; Table 1). Besides drugs, stem cell transplant can also
be recommended for treatment. Other conventional forms of cancer
treatments such as surgery and radiation therapy are rarely recom-
mended for AML. However, despite the availability of these drugs,
the overall survival rate of AML of 5years is 27.4% according to the
National Cancer Institute. This is partly due to drug resistance and
increased risk of subsequent cancers and infections. Considering
that the current treatment protocols are far from reaching the in-
tended goal, there is an ongoing quest to identify new molecules
which could potentially be developed into novel pharmacological
agents to battle AML.

Medicinal plants contain chemical compounds called phyto-
chemicals that are good for human health and for the prevention of
diseases. The term “phytochemical” is often used to describe chemi-
cal substances like antioxidants that may have biological significance
but are not recognized as essential nutrients. Some are responsible
for color while others are responsible for organoleptic properties in
plants. Some phytochemicals have the ability to influence conditions
including cancer, stroke, and metabolic syndrome. Thus, this study is
aimed at identifying natural bioactive compounds which have been
reported to be active against AML.

2 | MATERIALS AND METHODS

2.1 | Search strategy

The PubMed/MEDLINE, ScienceDirect, and Google Scholar data-
bases/search engines were searched using the following key terms:
(“bioactive compounds” OR “natural compounds” OR “phytochemi-
cals”) AND (“acute myeloid leukemia” OR “AML").

2.2 | Inclusion criteria

To be eligible for inclusion, the selected articles had to meet the fol-
lowing inclusion criteria. To begin, the article must have used gen-
erally recognized research models (human cell lines and laboratory
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animals) and reported on the effects of the bioactive compound(s)
against AML. Second, the article must have been published in

English.

2.3 | Exclusion criteria

We excluded studies that investigated other types of cancers.
Duplicate articles from different databases were screened and only
one was retained. Two authors evaluated the title and abstract and
references of each article.

3 | RESULTS AND DISCUSSIONS

3.1 | Results

A total of 518 articles were identified through database search-
ing and other sources. Of this number, 487 papers were identified
through database searching while 31 additional articles were identi-
fied through other sources (hand searching) (Figure 1). A number of
474 records remained after the exclusion of irrelevant articles and
duplicates. After title and abstract screening, a total of 247 articles
were left, of which 163 articles were selected after the full-text as-
sessment. An additional 104 articles were excluded from the study,
leaving behind 59 eligible articles for the final analysis. The data
obtained from the screening of eligible articles were presented in
Table 2. The various bioactive compounds effective against AML,
their class, sources, effects, and the nature of the study were pre-
sented in this table. According to our analysis, we discovered that
the majority of the bioactive molecules fell within the flavonoid
class. Overall, five compound classes showed efficacy against AML
(Figure 2), namely flavonoids, alkaloids, organosulfur compounds,

terpenes, and terpenoids as well as other minor compound classes.

3.2 | Discussion

Based on the data obtained from this study (Table 2), we identified
a myriad of promising bioactive compounds that have the potential
to be used as novel drugs or serve as leads for the discovery and
development of new pharmacological agents to target AML cells.
Although the majority of the analyzed research consisted of cell
models of AML (leukemic cells, in vitro), the effort is commendable
and might represent a leading step for future drug discovery studies
involving in vivo AML models. From the extracted data, we found
that the majority of the compounds belong to one of the following
compound classes: polyphenols (mainly flavonoids), alkaloids, orga-
nosulfur compounds, and terpenoids.

The cytotoxicity of the flavagline family on AML cells, which
occurs via several mechanisms, has been studied and established
(Menezes et al., 2016; Saraei et al., 2019). Epigallocatechin-3-gallate
has been reported to be effective against AML. The significant

reduction in the xenograft capability of rocaglamide-treated AML
cells shows that rocaglamide targets leukemia stem cells (LSCs) and
has an insignificant influence on hematopoietic stem cells (HSCs).
Silvestrol and rocaglamide downregulate Myc proteins, disrupt the
integrity of the mitochondria, reduce antiapoptotic proteins, and
inhibit translation, all of which are essential for LSCs self-renewal
(Callahan et al., 2014; Saraei et al., 2019). Rocaglamide (Figure 3) in-
hibits the eukaryotic initiation factor 4E phosphorylation by prevent-
ing Erk (extracellular signal-regulated kinase; lwasaki et al., 2019).
Silvestrol prevents the overexpression of FLT3 and reduces miR-155
levels, one of the regulators of FLT3 internal tandem duplication
(ITD)-positive AML cells (Alachkar et al., 2013).

A flavopiridol (Figure 3) known as alvocidib effectively inhibits
CDK9 (cyclin-dependent kinase 9) and causes cyclin D1, Myc, and
Mcl-1 transcription repression. Several clinical trials involving alvo-
cidib indicate the potential effectiveness in patients with newly di-
agnosed and refractory/relapsed (R/R) AML (Lee & Zeidner, 2019).
Newly diagnosed AML patients who were treated using the 7+3
induction chemotherapy cycle were recruited for the clinical trial
and benefited from gene expression profile analyses. Refractory
patients were distributed into three groups based on the different
profiles of gene expressions. In patients with refractory AML, leuke-
mic cells were sensitive to alvocidib, indicating that this flavopiridol
(alvocidib) is a promising candidate for relapsed/refractory AML pa-
tients (Horibata et al., 2019).

Curcumin (Figure 3) is a phenol with cytotoxic effects on LSCs
and leukemia cells. Following treatment with curcumin, the mRNA
levels of the signal transducer and activator of transcription 3 (STAT3)
and KG1 cells' BCL-XL decreased (Mohammadi Kian et al., 2020).
Curcumin significantly decreased the population of ALDH+ cells in
the THP-1 cell line model. In addition, curcumin inhibited cell pro-
liferation via the inhibition of the Notch and Hedgehog pathways
(Li, Domina, et al., 2018). Curcumin, in combination with nanolipo-
some carriers, showed a high cell uptake and satisfactory targeting
capability. The curcumin + nanoliposome carriers’ combination sig-
nificantly improved the survival of mice with AML. The c-Myc inhi-
bition by curcumin in combination with nanoliposome carriers also
led to the downregulation of the expression of DNMT1, resulting in
inadequate gene methylation and leading thus to the re-expression
of downstream tumor suppressor genes, for example, miR-223.
Curcumin in combination with nanoliposome carriers also resulted
in caspase-dependent apoptosis by hindering the MAPK and Akt/
mTOR pathways (Sun et al., 2017).

Resveratrol (Figure 3) is a polyphenol that occurs in several
plants, including peanuts(Awuchi & Okpala, 2022). It inhibits the
survival of AML cells via activation of Fas-mediated apoptosis and
caspase signaling. The STAT3 signaling inhibition and the down-
regulation of the expression of BCL-2 (B-cell lymphoma 2) also par-
take in the resveratrol-induced apoptosis (Huang, Li, et al., 2019).
Resveratrol could reverse the drug resistance of AML cells through
PISK/Akt/Nrf2 signal regulation (Li et al., 2019). Several studies
have indicated that resveratrol inhibits cancer stem cells. It has been
shown to inhibit the growth of KG1 cells. Resveratrol stimulates the
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FIGURE 1 PRISMA flow chart showing the number of selected articles.

upregulation of the ligands of the “natural-killer group 2, member
D" (NKG2D) for ULBP1/2/3. Resveratrol reduces the DcR1 (decoy
receptor 1) expression and encourages the DR4 (death receptor 4)
upregulation. All these actions enhance the KG1 cells' sensitivity to
the cytolysis, mediated by the CIKs (cytokine-induced killer cells; Hu
etal,, 2012).

The metabolites of flavonoids enhance the susceptibility of re-
sistant malignant cells to chemotherapy drugs and, consequently,
have been acknowledged as effective options in the management
of AML. Many studies have shown that flavonoids can overcome the
resistance of death ligand agonists in various cellular models of leu-
kemia (Russo et al., 2014; Nwozo et al., 2023). Quercetin, a popular
flavonoid, has been reported to enhance the susceptibility of chronic
lymphocytic leukemia (CLL) cells to anti-CD95 molecules and to the
recombinant “TNF-related apoptosis-inducing ligand" (TRAIL), as
well as to fludarabine, which is a drug widely used in the treatment
of CLL (Russo et al., 2010). Additionally, TRAIL and 4’-bromoflavonol
combined treatments enhance the leukemic cells' susceptibility to
TRAIL (Burmistrova et al., 2014). Studies also show that this flavonoid

has pro-apoptotic properties and, as a result, it increases the anti-
cancer potency of chemotherapeutic drugs in multidrug-resistant
cells, for example, the P388 leukemia cell line. It appears that fla-
vonoids have the potential to emerge as sensitizer/chemopreven-
tive compounds and compliment the efficacy of chemotherapeutic
agents in multidrug-resistant leukemia cells (Gatouillat et al., 2015).
Other flavonoids that have demonstrated antileukemic functions are
chrysin in CLL, myricetin and baicalein in chronic myeloid leukemia
(CML), wogonoside in T-cell acute lymphoblastic leukemia (T-ALL),
and catechin and alvocidib in AML (Mukhopadhyay et al., 2017,
Romanouskaya & Grinev, 2009; Salimi et al., 2017).

Alkaloids are complex and large group of cyclic compounds that
contain at least one atom of nitrogen (Figure 4). They are found in
almost all plant groups, fungi, and algae species, with over 12,000 of
them isolated so far. Wei et al. (2020) reported that alkaloid-based
regimens show undisputed efficacy in AML treatment. Feldman
et al. (1996) emphasized that the conventional cephalotaxine alka-
loid named homoharringtonine (Figure 4) is beneficial in reducing
the complications of myelodysplastic syndromes which can evolve



EGBUNA ET AL.

WILEY-

4196

(STOZ) "[B3I211

(9102) ‘1838 InH

(¥702) |2 32 Sueyz

(S002) 1e 32 03

(91072) ' 3@ e434qED

(9102) "le 3@ ‘Sueny ‘1

(£0072) |e 32 duey

(€T0Z) 18 3@ qnqyei
(8007) ‘|e 32 Sueyz

(¢T02) "[e 39997
(€207) '|e 32 4eSueg
(STOZ) Ueteg

pue uepy

(STOZ) Ueleg
pue uepy

(8102) I8 19 997

S9JU3.19J9Yy

S|193 ¢9GA

201w pue
aul| 1|92 T-lwnsey|

S|I®3 ¢d-74aN
pue Td-vdN

aul| (192 09-TH
SIER)
LE6-N PUE 09-TH

aul| 1192 09-TH
ery
(21Ul || 9Seyd

SII9 LE6-N
SIER)

BIWN3| LE6N
s||92

C95 PUE 09-TH

[ull 193 09-TH
[ull 193 09-1H
[ull 193 09-TH

|opow yJeasay

0J}IA U]

OAIA U|
pue 0J}IA U]

0J}IA U]

0J}IA U]

0J)A U]

0J}A U

OAIA U]

OJ}A U]

0J)A U]

0JJA U|

OJ}A U|

0J4}IA U]

0J}IA U]

OJYA U]

Apnis
Jo adAL

sisojdode pue 3sadie 3|24 pasnpul
pue T4VM
/T¢d Jo uoissaudxa ay3 pajendaudn
OAIA Ul pUB OJ}IA Ul
s[aA9| utajoud T-DyYAH pajendaisumoq
©vdg3/D
pue 7zd Jo uoissaidxa ay} paje|ndaidn
ainsodxa-3sod padueyoun paulewal
xeg Joqwaw d1303dode-oud ay |
IX-|2g Jaquiaw Ajlwey
Z-129 21nnojdoderjue sy pajeindaiumoq
|elpualod sueiquiaw |elIpuOy20W
9y3 paseautdap pue ‘sisoydode
pasnpul ‘ases|al D-1AD) pajowold
sisoydode pasnpul
pue ¢ pue ‘g ‘c sasedsed pajeAlldy
uoljesuspuod
Jea|onu pue uonejuswsels VNG
3uipnjoul ‘sisojdode pasueyul

s3se|q poo|q |esaydiiad paseasdag

sisojdode paosnpu|

XA pue ‘T ulPAD panqiyul
uolssaudxa ulajoud g - pue g-asedsed
pajen3audn pue sisojdode pasnpuy

sisoydode paosnpu|
uolnjeAlnoe ¢ asedsed pue

‘}s9le |N/ZD ‘uoielayijoid ||92 payqiyul
¢-asedsed

pajeAI}oe pue ‘}salie IN/ZD
pa2npul ‘uopesayjoad (199 parqiyu]

uigniounep
y3m A31auAs ui sisojdode pasnpu|

$123}43/WISIUBYISA|

$903ewo} pue ‘ouedalo
39349 ‘0202 ‘sueaq ‘Juiw
J93em ‘Jowediaq ‘ynijadels

wnaipul wnjAxolQ
pue sisua|baibq blIb||21N2S

‘ueaq eAey
pue ‘aunud ‘s}inJy ‘ea} ‘e0d0)

S91143q pUE ‘SINU ‘DUIM
paJ ‘eay ‘sa|qejadan pue s3ini4

sauliasue;
pub sij|3 saploulwspl pjuapive)

pn8ixa
pioydog pue suadsaApjf bioydos

‘D)N3IYO. DIoOW Y

sJ1amoy} uolssed
ay3 pue ‘sjjodoud ‘AsuoH

SISU2|DIIDQ DLID|[23NDS

19|1w |Jead pue Aliagaiseyd

uoljapuep
pue ‘QwAy} ‘vjoain| bpasay
so|dde pue ‘siaqunond

‘SUOIUO ‘S3IIIagMEI]S

'3} ‘SUOWd| ‘sawl| ‘spLIqAy
}In44 snuyid sauaguey ‘saguelQ

(wnorsAyzaw Jadid) ueld eaey|

$924n0S

auoueAe|JAxoipAyL

SUOAE|} pajejAyaw-Q

|o-g-ueae|4

plouone|4

auone|jAXoylaweI]

auoueAe|jAxoipAyel)a|

PIOUOAB[J D139YJUASIWDS

auoAe|4

auoAe|4
9pISOJA|3

auoAel} uluadidy

9UOAE|H

|ouone|4

suoueAe|JAX0IpAYLIL

auodleyd

sse|)

ujuaguneN

V UljAxo1Q

uiyoazed

UI}OLAN

uijasaduey
B WOJJ SIALISP g uluap.es)

9 auoueAejjesoydog

(g1p120A|Y)
|opliidone|4

(uone|yAxoIpAyIp-£‘G)
uisAiyd
uluo30oAA
XA

uljoaIN

unasi4

ujpadsaH

g uimexone|4

s

€T

K4’

7

o1

T

splouoae|

punodwod aA13deOlg

ON/S

"e|waX N3] plojoAw a3nde jsujese aAl3oe spunodwod dAl3deolg Z 374dV.L



EGBUNAET AL.

(senunuo))

Aemyied
UOoI1BAI}DE 9SBUDY [BUIWLID|-N UNf-2

(£102) "le 39 USIYD aulf |19 09-1TH oA Uj pajelpaw-SOY elA sisojdode pasnpuj
paseaJoul Ajjuesiyiudis oijed z-109
/XVd pue €4Sy Jo uoissaldxa
ay3 3Iym ‘sauad TIDGV pue
‘1424V ‘2124 ‘PIV 40 uoissaidxa
paseasdaq uonendod THNs
(£102) '|e 12 uesipng 79N pue 09-1H oA Uj paseatoul pue AjljiqelA [|92 pasealdag
SIER
(0T0Z) '|B3218Yd2s3ug  #EN pue 09-1H ONIA U sisojdode pasnpu|
*SISOYIUAS
(A YANRE) uja30.d JO UOIIE|NSIUMOP 0}
ueyuwiseteN 1192 09-TH 0J}IA U] pPal Yarym Aemyied YO W paisaly
wisiueydaw pajelpaw-g
-asedsed e pue Aemyied juspuadap
-elIpuoyd203}iw e 3ulA|oAul sisoydode
pue 3sauie aseyd-g Supnpul pue
ANAnoe 1-dy Suissaiddns Aq
(£102) '|e 30 Uesipng 1192 09-TH OJHA U] uonew.oysuely sayhdojeday payqiyul
S[PpPoW TNV
1jesSouax
uewny sauas jo
pue ‘s|jao OAIA U] S[9A9] YNYW paseaJdu| uoissaldxa
(8702) "B 12 ZateAly LE6N ‘09-TH  Pue OJJIA U] EELNNAQ PuUe T1IANQ P3HqIyu]

saul| |e1juajod suelquiaw

1192 (4AN) [elipuoy203iw Jo uopdnisip
aouelsisal pue ‘sasedsed JO UOIleAl}Oe
(STOZ) "|e 12 a1any Snup adiyInin O0J}IA U| ay3 y8nouyy sisojdode pasnpuj

saul| [|92 yjoq ul shemyjed
PIV/AEId PUe LVLS/AVI 343 payqiyul

pue ‘s||3 09-1H

ul sisojdode juspuadap-asedsed
pue s||22 741 ul ASeydoine pasnpul

‘s|122 T4L

(0102) 1839 uraseyd 19/09 pue s||92 09-1H !
esnog-ap-ejany T41 pue 09-TH o)A Ul 3seyd |NZD 1. 3Saade 3|AD |9 paJas3i]
S92U49J9Y  [SpOW Ydieasay Apnis REINEYIITHTETRETN]
JoadA

9B30RIAN
33 JO SJaqwiaW Jo ud|jod

$90]ewWo) pue
‘saluIagMel]s ‘9fey ‘sadesd
‘a8eqqed ‘1j0220.q ‘sueag

€9} Usal9)

s3onpoud Aos pue sueagqAos

Ajlwey sjue|d seadeloln

JE3YM>ONG puUE SHNIS SNIYD

snjjAydouajay sndipaoiiy

AJ3]22 pue ‘9|iwoweyd ‘As|sied

$924n0S

SuoAe|q

Jouone|4

uiydared

3UOAE|JOS|

QuoAe|jAxoipAyeluad

plouone|4

plouone|4

auoAe|JAxopAyLIL

sse|)

unPduL

[[SETTETN]

(9093)
93e||es3 uiyoaiedo|edid3

WIS

ULION

ui3R2IaNY

auod|eyoeAeqosl
pue ‘sadied031e0|dAd
‘uisadiesony

uluagidy

punodwod aA13de0lg

(ponunuo?)

K44

x4

‘0¢C

61

81

LT

91

ql
ON/S

¢ 319vl



EGBUNA ET AL.

WILEY-

4198

(8002) 'Ie 19 17

(STOT) "o 32 SuenH

(1702) "[e 12 1yseyeseL

(€T0Z) " 32 21211053

(STOT) "[e 32 BuorX
(9T02) |e 30 uayd

(ST0Z) '[e 32 seaueq

(6002) Ie 32 3oypaig

(S702) 'lB32 NI

(6102) || 32 ueL

(TT0Z) "|e 30 e3dNnD

(8702) ‘e 32 eWOY

(£107) "[e 32 3mo07]

RITEYEVEN|

aul| (192 09-TH

22 09-TH

aul| 192 09-TH

1192 T-dHL
SIER)
J1WaxN3| Jo

slouop uewnH

aul| 1192 09-TH

S| 6C1H
pue ‘Z9S5) ‘09-1H

TT-v-AW

SII92 ¥9N

SI193 £€6N

€TNV-ID0

pue‘q
-dH1 ‘09-TH

9
pue ZINV-1D0

TT-VAW

|opow youeasay

OJ}A U]

0J}IA U]

0J}IA U]

0J}IA U]

OJ}A U]

0JMA U]

0J}IA U]

0JA U]

OJYA U|

0J}IA U]

OJ}A U|

0JA U]

0J}IA U]

Apnis
JoadA

|19A9] utazoud T-4QS padnpal
PUE ‘S92 TNV Pa2Nnpul-1-4ds paHqiyy]
sisojdode
pasnpul pue Y3mous [|32 paqiyu]
Aemuyied
uijeusis (YH) 3oyadpay ay3 payqiyuj
sisoydode |22
T-dHL
paonpul-|0193s3|0Y203aX-/ passaiddng
(ae0
pue T-ulj29q) suia10.d d13eydoine
pue (g-asedsed pue ‘z-|og ‘xeq)
o1joydode Jo S|aA3| 8y} paseasdu|
sisoydode pasnpu|
uonjeziiejodap
SUBIqWSW PUB UOIIEZI[BUIIXD
aulias|Apiieydsoyd pasned
“Jaquinu [|32 21303dode ay} paseadu|

uoljeAl}oe g-asedsesoud
pue a8eAea|d 1d|74-2 padnpu|

UO[3U3}aJ UIdIGNIOXOP
paseaJoul pue d8-d/TdaIN PauqIyu|

32Ad
||92 3Y3 pax20|q pue sisoydode psonpu|

13USIS4IP TNV P32NpU|

D4NL 2U{03AI Sunpul
-y3eap ay} pue / /¢ pue g sasedsed
Ul aseaJdul yim sisoydode paonpuj

sisoydode pue AjiA3oe
uonliqiyuil Juspuadap-asop pasnpu|

$1039}J9/WISIUBYDII N

SLDBINA siagJag

S9203ewo]|

WiN2JuJ0§1|pd WNJIDIIA

(pa1put snatf ") dead snyoed

Jaddad 8uo| wnsuoj 4adiq

pIpaw.I23U] DIUId]Y

wn(jAydAipid uoapuapoipuoyd

DILUIWINID DI2Y303dWD?)

pJpup}a} piULYdalS

1uoj8urLIbY snxvjojpyda)

DS021INIJINS DEIULINDAG

snaiD

" DIDAIND2 DISPUD||I|

$924n0Sg

plojexy
plojexe
p10133S 3y} JO SPIS0IA|D

ploje3e |eplodais

plojex|v

plojex|y
plojexv

plojexv
plojex|v
plofexe

auljouinbosijAzuag-sig

plofexv

plofexvy

QUOAE|H

auoueAe|{

sse|)

auiaqgJag

auipewo]

aujwedo|dA)

ulyjuexesipuj

aujwnguojiadid

V Ulpawaiu|

auln)

upayjoydwe)

aulipuesla]

aujuo}3uliieyowoH

auluLIND3G

uiswsolg

(suoueaejjAxoylawesyal
-¥'8'L'9Ax01pAyIp-,£°G)
00T-L91H

punodwod aAndeolg

(ponunuo?)

‘S€

e

€e

X4

€
‘0¢

‘6C

‘8¢

‘Lc

9¢

5T
splojex|y

e

€C
ON/S

¢ 319vl



4199

-WILEY

EGBUNAET AL.

(senupuod)

(£102) 1832
‘Buepn ‘ueyz

(0z07) |e 32 Bueyd

(6102) ‘18 32 NI

(9T02) ‘|e 32 ZaUopIO

(8702) e 3@ Aleqinod

(6002) Ie 32 ulog

(8T0T) '|e 30 Suepy

(8002) ‘le 3@ Iy

(S¥76T) 43|paauN

RITEYEVEN|

92IW spnu
payjes3ouax

pue

‘s|l?2 dad

/€T-WI10ONW
‘dad/Tr-vAW

SI192 96T- TNV

S[192 09-TH
SIES
Jesjanuouow

poojq
jeaayduad

pues|=2 NV 8

SII92 TNV

sjualled wouy
slouop TNV
pue TT-yAN

s||92
C99) pue eTO)

(9ININ)

9-OB|A|OUOIN

pue ‘09-1H
‘PN ‘LE6N

poo|q |esaydiiad

|opow youeasay

OAIA Ul
pue oJ}IA U|

OJ}A U]

0J}IA U]

OJUA U

0JHA U]

OAIA Ul
pue oJ}IA u|

0J}IA U]

OJ}A U|

OAIA U]

Apnis
JoadA

YIMoJ3 |92 pamiqiyu]
sisoydode paosnpu

sisojdode
pPa2Npul-|elIpuoOy203IW PIJeAI}DY

LE6N PUE UNL ‘T-dHL ‘TT

AN ‘ET-INTOW ‘T-OY ‘T-lwinsey|

‘09-1H uUo g3-4N paje|ndaiumop
pue YTVdSH pue TXOWH pasnpu]

00¢€d jo urewop gze|

9y3 y3Im uoijoesaiul s31 Sundnisip
Aq d93/2 40 AnAIzOE BU3 pa3IqIyu|

asn s3I sywi| A3dixoy

y3SiH apeodsed asedsed |elipuoyd0ywW

3 TNV

9y} pue ¢gd pasnpuj aul

ay3 ul sisojdode] pue sjoA9| uiajoud

10308} EIWAY N3] d1jeday pasealdaq

sisojdode
paonpul pue uoneayijoid |92 paiqiyul

sAesse

AJIAI}OE AQ pawIjuOd sem |eljualod

AJoNdIyul sDYAH 1943 pue 93

3A1308 se DYH 2y} 03 8ulpuiq 30341p

J13Y3 payoipaid saipnys Supjoop

{43M0J8 ||92 pue uoljejA3ade auo)siy

Paanpul JoNqIyul DYAH 3us3od 20

JUNOd ||32 pooiq

Aq juaned suo ul uolssiwal 339|dwo)

$1039}J9/WISIUBYDII N

Ua2saqn. bisopqoy

jueld siqeuue)) ay3 Jo $300y

‘dds poruay

2502N1I2A SAXOU29)

XIpDY 1IpIOJJIA 11BAIRIALL

s9[3934 J433s1|q Aq pa3a.das

9]qe3989A snouajdnID)

(WinARDs wnyjjy)

d1j4e8 se yans ‘sajqelasan wni||y

a|puwNIND WNJ1Yy2J0)

$924n0Sg

plouadialig

plouaduajii]

auojoe| suadiayinbsag

auojoe| auadialinbsag

plouad.alii} o1pAdejuDd

splouadia]

91eueAd01yjos|

punodwod

anjnsouediQ

plojexvy

sse|)

uluoplo a4
uljspali4 R34
uljeus|sy K474
aulpoanajolpAyagd T
|0J3s€|9D ‘o
ulprielpue) 6€

splouadia] pue sauadia]

(N4S) sueydeJojins ‘8¢

opy|nsip
[Ayzawip pue ‘apy|nsip
|Adoudip
‘(sava) spyinsip
IAlleIp ‘(Sva) @PiIns 1Alela L
spunodwod anjjnsouedio

auIY2|0D ‘9¢
punodwod aAljoeolg ON/S
(penunuod) z 374VL



EGBUNA ET AL.

WILEY-

4200

(S702) '[B39 9H

(€702) "B 32 qnqye

(Z10T) ‘| 32 usasex

(8107) I8 312
o||l3seD-zaujeN

(£107) '|e 32 uesipng

(‘pru) pwasO

(€T0T) BI0490Q
pue Jolej

(£T0TZ) ‘|e 19 B)YNSOXOA

(¢107) ‘|2 32 0B

(£102) "[e 32 ‘17 ‘Bueyz

EERIEYETEN]

S|192 T-41L
S||92
(295 pue eT-9)

TT-v-AW
pue zg6n

SIER)
295X pue 09-1H

S|123 09-TH

ET-NTOW
au| 193

TNV pasdejay
201w
pajjes3us
REIVENTRE]]

TT-vAN

09-1H

S||92 3exanf
pue‘09-TH ‘LE6N

T-dHL
pue 09-1H

|opow yJeasay

0JJIA U|

OJ}A U]

OJ)A U]

OJYUA U]

0JA U|

0J}IA U]

OAIA Ul
pue oJ}IA u|

0J}A U]

0JYA U]

Apnis
JoadA

Suljeudis €1V1S
/401W/1MV 8uniqiyul Aq uopessiw
PUE YIMOJS ||92 elwaxna| payqIyu]
sisojdode
paonpul pue A3l|iqelA |92 paseadaq

uolize|nwnaoe

aseyd-g pue uononpoud SOY

pasnpuj ‘g-asedsed pajeAl}dy

‘uoljeAlde gi-4N pue uoljejAlaoe
G9d/V[2y Pa2npul-IDYAH P31qiyul

S|[92 Z9G) Ul 3salie aseyd |A/ZO pue

S|192 09-1H Ul 3sa.Je aseyd 79 pasnpu|

saul| [|92 JO
98ues apim e uj sisojdode Sujowoud
10308e) uondiosuel) g34N ay3 payadie]

uolssaldxs 91d

9yl Aq paulwialap se Jsdued syiqiyul

1ey1 wisiueydsw dluagdiowniijue

ue ‘92Ud2S2aUIS Padnpu| }salle

S[2Ad [|92 3|qISiaAa4dl uljedipul

‘aseyd N/ZD 185|192 ET-IWTOW

pa)20|g-xo pue D ulwellA Jo ‘pioe
ol||es ‘urpso3uew-n Jo uoljeulquod)

uolssaldxa GG
-yiw pue g]74 payqiyul ‘sisoydode
paseatou] ‘uolielasijold |92 paqiyu|

WIZ0T

pue ‘z'9 ‘€'ST ‘8'6 ‘8°CT 40 saN|eA
9521 Unm ‘s|[92 09-TH 03 2IX0303AD

Jsuuew

Juspuadap-awi} pue -9sop e ul S[|9d
elwaxna| uewny uj sisoydode pasnpuj
uoissaldxa (YHY) 101dadal
uoqJed04pAy |Ate pasealdou|

$123}43/WIsIUBYISN|

(paqD|8 DZIY1IADA|D)
jue|d 9214021| JO 100y

paamjouy asaueder
pue ‘uioyppdng ‘qleqnyy

S31443q puE SUIM Py

(o8WINY) 7 bBUO| bWN2IND

Asuoy wouy sijjodoid

(9243 usa3sosuew)
DUDISOBUDW DIUIDIDD

DID|02AOJ DID|BY

wnan| wnuijpowny)
saAed| AJewasol

pue ‘sanes| weJoliew
‘upys a|ddy
suaasaqnd pjnjag

$924n0S

ujuodes

auouinbeiyjuy

prousqjis

proujwnoiny

pIoe dlweuudAXoIpAH

auoyjuex

Ajlwey auiSene|4

p1oe 21ZIYLIADA|D

uipour3

(uIxajeolAyd e) |oJjelaASDY

ulwnaanD

(3dv2)
1931s9 |Ayjauayd pioe 19448

ujpso3ue|n -0

[01359A1S

Vs

€S

¢S

18

‘0s

6%

8¥

(8uiB1awa pue umouy Yroq) sdnoad 1ayiQ

auaduall] o1pAde9]

piouad.a3i} o1pAde1uDd

piouaduayi} o1pAdejuDd

sse|)

SOpISO2A|3 auelsajoyd

p1oe d1j0s1N

In1og

punodwod aA13de0lg

(ponunuo?)

Ly

2%

Sy
ON/S

¢ 319vl



4201

-WILEY

EGBUNAET AL.

(S66T) ‘[e 32 uoydue|d

(0T0C) ‘|2 33 UBH
(6102) "le 32 unydN

(£102) 139 ANy L

(#T02) "le 3o wiy

(#T0Z) |e 32 AoxaWoON

(6T0C) "€ 32 |edole|y
(2007) "|e 32 Buoar

(€702) '|e 32 oelsH

EERIEYETEN]

$1192 09-TH

TT¥SY
pue TT:7AIN
poojq |esaydiiad

auy|
1192 eIWa3n3| DO

SIER)
Lg6N pue
‘T-dHL 9NN

09-TH

C99M
09-1H

INdH-
-120
WIN 09-TH TN

|opow yJeasay

OJ}A U]

OJ}A U]

OAIA U]

OJ)A U]

0JJA U|

OJYA U]

oJYA U]

0J}IA U]

OJ}A U|

Apnis
JoadA

suoljeindod

||92 d1303dode ul asealdul ue pue

saseyd |A/ZO pue S ul 9sealdap
e ynm saseyd 19/09 parqiyul

aseyd

T 341 38 5|12 TTHAIN 40 91242 |92
pajsalie pue 174 Jo AjAOE pajqIyu]
S|el} uewny ul uolssiway

‘pa3sa} aul] [|93 ElwdN3| [DO
93 Jo AJIAIDE uojesaijold |92 ay3
ul uoi3dnpaJ Juapuadap-asop pasnpu|

suiajoid pajedosse-3ujjeudis gi-4N
Jo uonejAioydsoyd ay3 Suisealdap
Aq sauag 193.4e3 77| JO uolssatdxa
ay3 passaiddns pue ‘Aemyjed
uljeudis YdVIN 24l Suineindau Aq
sisoydode pasnpul ‘y3mous3 |92 pa3iqiyu|
SSWAzus gpue ‘g ‘c-asedsed
Jo uopre|ndaidn ayjy 03 anp sisoydody
uoljonpoud uiajoud
xeg 21301dodeoud ay3 pasueyul
(%009 Aq) uononpoid SOY 03 anp
uoidnusip [elipuoyd03iw paseatdu|
|0SpawIaluUl JO AJIAIROE UOIjeIS)I0adIIuY
dyVvd paiendaidn
pue
‘Z2-109 Aq g pue ‘g ‘g-asedsed pajeAl}oe
‘aul] 192 BIWN3| 09-TH PaHqIYU]

$123}43/WIsIUBYISN|

23243 oyoede| ayy jo
>}Jeq puUe ‘abpaubjjaAD pIngaqo |

jue|d o31puy

wnJjjpa winjaiquiod

snpbalIqui sndipaA1dpQ Jo dieg

sijpuidijjo
pijouBbjA JO X93102 dJieg

11U03] WINUIT JO S}00Y

Slibwaly bluaBng JO SOAed

"JeA 1IaYyosty bLID[NSI]

(woouysn|A) nupIus snuljjayd

$924n0S

auouinboyjydeN-o

sauljopuj

PIOUaqINSOIPAYIQ

auowLoy p1oJa3sApal

dljouaydig

ueusi

auouinboupAH

suewsapny

JouaydAjod

sse|)

suoyoede|-ejag

uignaIpu|

ujje}selaiquio)

3U0SAPI3AX0IPAH-0T

|03eA0qO
g uipnsnf
ueusd|| ausjejydeujAiy

9}e3928 BUIPIUODIIN

|oapawIaU|

uojodsiH

punodwod aA13de0lg

(ponunuo?)

€9

9
9

‘09

65

‘89

LS
9%

'SS
ON/S

¢ 319vl



EGBUNA ET AL.

4202
—LWI LEY-

into AML. Bacher et al. (2006) reported that oxindole alkaloids from
Uncaria tomentosa are able to induce apoptosis in GO/G1-arrested,
proliferating, and B-cell lymphoma 2 (bcl-2)-expressing AML cells.
Another study by Ye et al. (2016) showed that the novel amaryllida-
ceae alkaloid named N- amaryllidaceae chloride (NMHC) extracted
from Zaphyranthes candida possesses an enhanced ability to inhibit
AML in vivo. The authors hypothesized that this alkaloid caused an
aberrant activation of the Notch signaling pathway by docking into
the hydrophobic cavity to promote the NOTCH1 proteolytic cleav-
age via the NOTCH1-negative regulatory region (Ye et al., 2016).
On the same hand, Huang, Pan, et al. (2019) reported that a novel
Bruton's tyrosine kinase (BTK) inhibitor named abivertinib (another
alkaloid) possesses antileukemia properties and synergistic effects
against AML cells along with homoharringtonine. In a different study
by Li, Yan, et al. (2018), it was stated that a natural alkaloid named ni-
tidine chloride possesses an enhanced ability to arrest the cell cycle
and induce apoptosis in AML cells. The study revealed that nitidine
chloride possesses a dose- and time-dependent growth inhibition
activity against AML cells after 48 h of treatment by downregulat-
ing the cyclins B1, BCL-2, and cyclin-dependent kinase-1 (CDK-1; Li,
Yan, et al., 2018). Nitidine also upregulates the p27- and bcl-2-like
protein 4 (Bax) while inactivating the poly-(ADP ribose) polymerase
(PARP; Li, Yan, et al., 2018). It also activates caspase-3 as well as
inhibits the phosphorylation of protein kinase B (AKT) and extracel-
lular signal-regulated kinase (ERK; Li, Yan, et al., 2018). It is evident

Others  IN——
Terpenoids  INEEG_——
OSCs 1l

Alkaloids

Major compound classes

|
Flavonoids [ I—

(=3

5 10 15 20 25 30

Number of bioactives

FIGURE 2 Major compound classes summarized from Table 2.
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from all these studies that alkaloids exhibit an enhanced potential to
inhibit the growth and development of AML cells.

Organosulfur compounds (OSCs) are sulfur-containing organic
compounds (Figure 4) found abundantly in nature—plants and an-
imals. Sulfur-containing compounds are essential for human life,
for example, amino acids like cysteine and methionine contain sul-
fur in their chemical structure. Organosulfur compounds extracted
from allium species (chives, garlic, leek, onion, scallions, and shal-
lots) showed antiproliferative and apoptotic effects in human cell
lines (U97, NB4, HL-60, and MonoMac-6; Auger et al., 2008). OSCs
from garlic have been the most studied in the management of AML.
Garlic OSCs can be classified as thiosulfinates and sulfides. Alliin,
a (+)S-allyl-L-cysteine sulfoxide, is present in the intact garlic clove
and is converted into the corresponding thiosulfinate (Allicin) by the
enzyme allinase when the garlic clove is cut, crushed, chopped, or
chewed. Allicin is unstable, it rapidly degrades and rearranges to
stable derivatives. The anti-AML activity is related to the disulfide
functional group present in these compounds (Kaschula et al., 2011).
Ajoene in combination with conventional chemotherapeutic agents
has shown promising effects in AML therapy (Hassan, 2004).
Chemically, ajoene is a Z,E 4,59-trithiadodeca-1,6,11-triene-9-o
xide and exhibits geometric isomerism (E- and Z-isomers). Block
et al. (1984, 1986) demonstrated the mechanism of rearrangement
of allicin to ajoene. Ajoene is chemically more stable than allicin and
contains two functional groups (sulfoxide and disulfide). Chaetocin is
a specific inhibitor of histone lysine N-methyltransferase SUV39H1
enzyme which interacts with the proto-oncogenes involved in
AML development. Chaetocin is a fungal mycotoxin derived from
Chaetomium fungal species (Lai et al., 2015).

Organosulfur compounds such as diallyl sulfide (DAS), diallyl di-
sulfide (DADS), diallyl trisulfide (DATS), and thiosulfonate, deoxysul-
fone, and ajoene (Figure 5) exhibit antileukemic effects via several
mechanisms, namely by inducing cell cycle arrest and apoptosis in
cellular models of leukemia.

In terms of the apoptotic effects of OSCs, studies have suggested
that OSCs can induce apoptosis in leukemic cells. The mechanism of

OSCs-induced apoptosis involves many features. The responsible

I
N

- OH
Rocaglamide Flavopiridol Curcumin o
HO

Resveratrol

FIGURE 3 Chemical structures of some flavonoids.
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Homoharringtonine

FIGURE 4 Chemical structures of homoharringtonine and nitidine.
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FIGURE 5 Chemical structures of some organosulfur compounds.

mechanism for apoptosis mainly involves the release of ROS as a
result of cell damage and moderate elevation of exogenous oxidants
such as H,0, (Wu et al., 2005). DADS promoted the apoptosis of
HL-60 cells via an increased expression of the GTPase Ras-related
C3 botulinum toxin substrate 2 (Rac2). Furthermore, research has
shown that Rac2, NADPH oxidase, and ROS have important roles in
the apoptosis induced by DADS in HL-60 cells (Yi, Ji, Lin, et al., 2010;
Yi, Ji, Tan, et al., 2010). DADS-induced apoptosis in human leuke-
mia HL-60 cells is triggered by caspase-3 activation, poly(adenos-
ine diphosphate-ribose) polymerase (PARP) degradation, and DNA
fragmentation (Kwon et al., 2002). Moreover, the DADS-mediated
apoptosis in HL-60 cells also involves the activation of JNK via ROS
generation (Novotny-Diermayr et al., 2012). Other evidence sug-
gests that ERK signaling pathway inhibition and activation of the
p38 signaling pathway in DADS leads to apoptosis (Tan et al., 2008).
The induction of apoptosis in human leukemia K562 cells by DADS
involves the activation of the Fas/FasL pathway which is associated
with an increased expression of the Fas gene and caspase-8 and a
decreased expression of FasL and Bag-1 genes (Lin et al., 2007; Xiao
et al., 2011; Yin & Peng, 2011). DATS inhibited the growth of U937
leukemia cells by apoptosis induction in a concentration- and time-
dependent manner. DATS-induced apoptosis was associated with
the downregulation of the protein levels of Bcl-2, XIAP, and clAP-
1, the cleavage of Bid proteins, the activation of caspases, and the
collapse of the mitochondrial membrane potential. Furthermore,
the data showed that DATS increased the generation of intracel-
lular ROS, which was attenuated by pretreatment with N-acetyl-L-
cysteine (NAC), an antioxidant that acts as a ROS scavenger (Agassi
et al., 2020; Choi & Park, 2012). Furthermore, NAC administration
resulted in a major inhibition of the DATS-induced apoptosis by

Ajoene

inhibiting caspase activation. Apoptosis induction in HL-60 cells
treated with moderate doses of DADS may be associated with the
expression of DJ-1 (also known as Parkinsonism-associated degly-
case-7, PARK-7) in the mitochondria (Li, Tang, et al., 2016). Moreover,
the aforementioned effect is extrapolated to the activation of
caspase-9, an initiator caspase of the mitochondrial-mediated intrin-
sic pathway, and caspase-3, accompanied by the proteolytic degra-
dation of poly(ADP-ribose)-polymerase. In one of the investigations,
the DADS lead to apoptosis and autophagy via mTOR (mammalian
target of rapamycin) activation in K562 and NB4 myeloid leukemia
cell lines (Suangtamai & Tanyong, 2016). In several cell lines of leuke-
mia, for example, U937, K562, and Jurkat, since they lack a wild-type
p53, NF-kB-mediated pathways might play another putative role in
the apoptosis mediated by the DADS treatment. DADS induced re-
versible G2/M arrest via an increased nuclear translocation of NF-xB
and its specific binding to the p21 promoter (Tiong & Wei, 2019).

In animal models, terpenoids have been shown to possess che-
mopreventive properties as well as in the treatment of cancer (Haider
etal.,2014; Tiong & Wei, 2019). The plant-derived molecule, helenalin
(sesquiterpene lactone) has been investigated against doxorubicin-
resistant AML HL-60 cells. It was found to induce apoptosis, cell
inhibition, cell migration, and Akt/PI3K/mTOR signaling pathway
inhibition (Liu et al., 2019). Helenalin strongly inhibited HL-60 cell
growth and displayed an IC,, of 23.5uM. It was noted that helen-
alin's anticancer effects are due to the activation of mitochondrial-
induced apoptosis which has also been associated with an increase
in Bax expression and a decrease in Bcl-2 expression. Helenalin also
triggered the loss of MMP in HL-60 doxorubicin-resistant cells and
also blocked their migratory and invasive properties via signaling
modulation (Babaei et al., 2018; Drogosz & Janecka, 2019).



4204
—I—WI LEY-

Marine organism
Actinomycetes
Bryozoan
Macroalgae
Mollusk

Sponge

Sponge

Sponge

Tunicate

Tunicate

Tunicate

Species

Streptomyces peucetius
Bugula neritina
Hydroclathrus clathratus
Jorunna funebris
Cryptotethya crypta
Halichondria okadai

Pseudaxinyssa
cantharella

Didemnum cuculiferum

Eudistoma olivaceum

Eudistoma toealensis

EGBUNA ET AL.

Bioactive
compound

Daunorubicin
Bryostatin 1
H3-a1

Jorumycin

Ara-C (Cytarabine)
Halichondrin B

Girodazole

Vitilevuamide

Eudistomin

Staurosporine

TABLE 3 Marine organisms-derived
bioactive compounds effective against
AML (Alves et al., 2018; Folmer et

al., 2010; Schwartsmann et al., 2001;
Sithranga Boopathy & Kathiresan, 2010;
Wali et al., 2019; Wang, Sorolla, et

al., 2020).

Type

Anthracycline antibiotic
Macrocyclic lactone
Sulfated polysaccharide
Isoquinoline alkaloid
Pyrimidine nucleoside
Polyether macrolide

Imidazole alkaloid

Bicyclic peptide

Amino acid-derived
alkaloid

Indolocarbazole alkaloid

The development of human leukemia was substantially sup-
pressed by friedelin by means of apoptosis induction. With no ef-
fect on normal cells, friedelin blocked the proliferation of human
AML-196 cells. The review of its underlying mechanisms found that,
in AML-196 cells, friedelin mediated apoptosis. Apoptosis induced
by friedelin was associated with the upregulation of the cleaved
caspase-3, 8, and 9 as well as of the cleaved PARP. The levels of Bax
protein were elevated and the levels of Bcl-2 were lowered (Asati
et al., 2016; Chang et al., 2020). In addition, friedelin also blocked
the MEK/ERK and PI3K/AKT signaling in a dose-dependent fashion
(Zhou et al., 2019).

Matrix metalloproteinases (MMPs) are involved in the processes
of invasion and metastasis in human malignancies, and the expres-
sion levels of MMP-2 and MMP-9 have been shown to decrease
in MV4-11/DDP cells treated with high oridonin concentrations.
Oridonin may have the capacity to suppress human AML cell inva-
sion and metastasis and is likely to be effective in inhibiting the de-
velopment of drug-resistant AML cells. Combination treatment with
oridonin and cisplatin has become a useful way of treating human
AML cells resistant to cisplatin. Both compounds exerted synergistic
antitumor effects, and cisplatin tolerance in human AML cells was
essentially reversed. Meanwhile, under these laboratory conditions,
opioid toxicity had to be minimized (Zhang, Wang, et al., 2017).

Besides terrestrial organisms, marine organisms are also valuable
sources of anticancer agents such as peptides, alkaloids, polyketides,
phloroglucinols, polyphenols, sulfated polysaccharides, sterols, ca-
rotenoids, and polysaccharide derivatives obtained from chitin,
chitosan, and chitooligosaccharides, etc. (Chakraborty et al., 2009;
Simmons et al., 2005; Sithranga Boopathy & Kathiresan, 2010;
Wang, Sorolla, et al., 2020). Polyphenols (ecol, diecol, phloroglucinal,
and phlorofucofuroecol A), alkaloids (brugine and benzoxazolinone),
antibiotics (daunorubicin), and polysaccharides (chondroitin-6-
sulphate, chondroitin-4-sulphate, heparin, and fucoidan) are some
notable biologically potent and predominant classes of anticancer
natural products derived from marine organisms (Table 3; Simmons
et al., 2005; Sithranga Boopathy & Kathiresan, 2010). To sum up,
our systematic review identified potential molecules with anti-AML

properties which could emerge as leads for novel pharmacological
agents targeting AML cells and improving patient care worldwide.

4 | CONCLUSION

Acute myeloid leukemia is one of the most common kinds of leu-
kemia, resulting in significant human mortality in both children and
adults. It is a type of hematological malignancy characterized by dys-
regulation of cell differentiation, proliferation, and death induced by
epigenetic and genetic changes in hematopoietic progenitor or stem
cells. Despite the development of innovative treatments in recent
years, such as modifications in conventional chemotherapies, hy-
pomethylating medicines, and molecular targeted medications, re-
sistance and relapse remain the key clinical concerns of AML care.
As a result, there is an urgent need for ongoing research on better
alternatives. This study has identified various promising bioactive
compounds, many of which pertain to the class of flavonoids and
polyphenols. Other important groups are alkaloids, organosulfur
compounds and terpenoids. All of the identified compounds showed

promising effects on AML cells.
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