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ABSTRACT: This review article seeks to provide relevant information about the
applicability of cell-based assays in assessing cytotoxicity of phytochemicals in light
of several traditional methods available. Phenolic compounds and other
phytochemicals are significant resources for drug discovery and development, thus
underlining the enormous potentials of plant-derived natural products for the
prevention and management of oxidative stress associated with cancer and other
diseases. These effects have been linked to the content of phytochemicals such as
phenolic compounds and their antioxidant properties. The abundance and
complexity of these bio-constituents highlight the need for well-defined methods for
the in vitro characterization and quantification of extracts and/or preparations that
can translate to in vivo effects. Cell culture systems provide a useful model for basic
research and a wide range of clinical in vitro studies and physiological processes as
well as assessing the toxicity and therapeutic potential of compounds including plant
extracts with potential medicinal benefits. Their use in cancer research provide a
useful insight into possible therapeutic properties of phytochemicals at the cellular
level. This approach has been instrumental in the initial stages of developing
chemotherapeutic agents where human cancer cell lines are used as experimental
models. These models have continued to contribute to elucidating specific
requirements for certain biochemical events associated with proliferation,
metabolism, loss of cell viability/apoptosis. Cell culture systems remain a promising
tool in natural product development.
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1.0. INTRODUCTION

Globally, cancer is a leading cause of death. It is among the top two
causes of death prior to age 70 in 112 of 183 countries and third or fourth
leading cause in a further 23 countries, according to World Health
Organization (WHO) estimates in 2019 [1,2]. The rising prominence of cancer
as a leading cause of death and a combination of factors such as constraints
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in availability of clinical interventions, and in access to and use of current
technologies, have served to dampen the effects of treatment on population
trends in cancer deaths, even in developed countries [3]. While combining
screening and treatment has been shown to be progressively effective in
reducing the number of fatalities from some cancers, an expected global
cancer burden of 28.4 million cases in 2040, a rise of 47% from 2020 figures,
necessitates the development of new tools with which to address the unmet
needs in cancer management [1,2]. Even though newer, more specific
treatments have shown promising results, they can be expensive, and more
research is required to determine how to best use these drugs, as well as the
toxicities associated with their use [4].

The most common types of cancer treatments available today are
chemotherapy, surgery, and radiotherapy. Chemotherapy has been shown to
lead to desired outcomes in subsets of patients presenting with advanced
disease, such as small cell lung carcinoma, acute myelogenous and acute
lymphoblastic leukemia, ovarian cancer, including Hodgkin’s and non-
Hodgkin’s lymphoma, choriocarcinoma, and, germ cell cancer. [5,6].
Chemotherapy has also been used as a neoadjuvant therapy, to reduce the
size of solid tumors before surgical removal; as well as an adjuvant therapy,
after surgery or radiotherapy, with promising results [6]. However, for some
other advanced cancers, including prostate cancer, a curative treatment
regimen is yet to be discovered [1]. Thus, the search for new therapies or new
combinations of therapies for the improvement of cancer treatment outcomes
has continued.

Increased reactive oxygen species (ROS) levels have been found in
almost all cancers and are thought to play an important role in the initiation
and progression of cancers [7]. These highly reactive ions and molecules are
produced during normal metabolism of cells but are present in higher levels
in cancer cells due to increased metabolism, mitochondrial dysfunction, the
activity of peroxisomes, higher cellular receptor signaling, oncogene activity,
increased enzymatic action of oxidases, cyclooxygenases, lipoxygenases and
thymidine phosphorylase, or through crosstalk with infiltrating immune
cells [7]. ROS are managed under normal physiological conditions, through
detoxification by non-enzymatic molecules like glutathione or through
antioxidant enzymes which specifically quench distinct types of ROS [7]. As
a result, scientists have looked to plants, and continue to consider plants,
which are natural sources of exogenous antioxidants, as possible sources of
effective treatments for different cancers.

2.0. Medicinal Plants in Cancer Treatment and Management

For centuries, bioactive compounds from plants have been credited with
various  therapeutic functions including anticancer  properties.
Phytochemicals are classified as primary or secondary metabolites based on
their role in plant metabolism [8]. Secondary metabolites are chemically
active compounds including alkaloids, anthocyanins, flavonoids, terpenoids,
tannins, steroids, saponins, coumarins, phenolics and antioxidants. These are
often produced in response to stress, are more complex in structure, and are
less widely distributed than the primary metabolites [8,9]. They are
pharmacologically active as anti-oxidative, anti-allergic, anti-bacterial, anti-
fungal, anti-diabetic, anti-inflammatory and anti-carcinogenic compounds
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[9-11]. It is common for a single plant to produce many secondary
metabolites with a wide range of chemical and biological properties,
providing a range for bioactive substances [11].

In the last decades, a considerable number of plants has been shown to
possess chemo-preventive and therapeutic properties against various
cancers [1,12-28], with the US National Cancer Institute reporting
reproducible anticancer properties for about 3000 plants out of a total of
35,000 plant species screened for potential anticancer activities [29]. These
studies show the effectiveness and synergistic effects of phytochemicals in
plant extracts in various diseases [19,30,31]. Researchers have discovered that
polyphenols are very good antioxidants capable of neutralizing the
destructive reactivity of unwanted reactive oxygen/nitrogen species
produced as byproducts in the course of the body’s metabolic processes [32].
Also, results from epidemiological studies show that polyphenols provide a
significant protection against the development of several chronic conditions
such as cardiovascular diseases (CVDs), cancer, diabetes, infections, aging
and asthma [32]. Phenolic phytochemicals are the largest category of
phytochemicals and the most common in plants [33].

More than 60% of currently used anti-cancer agents are estimated to be
derived from natural sources [19]. These include Prunus africana (Prunus
africana (Hook.f.) Kalkman) or Pygeum africanum (Hook. f.) also known as
African cherry, bitter almond, African prune, and red stinkwood. Apart from
its use for timber, it is particularly useful as a medicinal plant, whose leaves,
roots and bark are used in traditional medicine in Africa [1,19,34-37]. This is
not surprising since various bioactive substances with anti-inflammatory,
anti-cancer, and anti-viral properties have been found in various species of
the genus Prunus [35,36,38,39]. Other plants with reproducible or potential
anticancer properties include Tinospora cordifolia which contains alkaloids like
columbin and has been shown to dose dependently kill HeLa cells, Ziziphus
nummularia which contains Betulin and betulinic acid and have been shown
to potentiate the anticarcinogenic properties of certain anticancer drugs, and
Curcuma longa (curcumin) whose antiproliferative properties include the in
vitro inhibition of tumor cell invasion and metastasis [29].

3.0. Assessing Antioxidant Capacity

There are numerous methods for phytochemical screening, with
sometimes more than one test for a particular group of compounds. For
instance, the Wagner and Dragendorff’'s tests and Borntrager’s test for
alkaloids and glycosides, the Shinoda test for flavonoids, the phenol test for
phenols, the frothing or foam test for saponins, the Braemer’s test for tannins,
and the Salkowski test for terpenoids [40-43] all provide a simple, quick, and
inexpensive way to determine the various types of phytochemicals in a
mixture [41-43]. Inmunoassays use monoclonal antibodies (MAbs) against
low molecular weight natural bioactive compounds and are highly specific
and sensitive for receptor binding analyses, enzyme assays, qualitative and
quantitative analytical techniques. Enzyme-linked immunosorbent assays
(ELISA) based on MAbs are more sensitive in many cases than conventional
HPLC methods [43]. ELISA was utilized in the assay of forskolin, a labdane
diterpenoid, isolated from Coleus forskohlii, which has been used in traditional
medicine in the Indian subcontinent for centuries [44]. Forskolin was detected
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with a range of 0.003 - 5.97 ug/mg dry weight in different plant parts,
showing that ELISA can be utilized to assay a wide range of forskolin
contents. In the same study, ELISA was used to measure the contents of
Ginsenoside Rb 1 (GRb1), a major ginseng component. The authors compared
their findings to reports of HPLC analysis of ginsenosides and concluded that
for results obtained using ELISA and HPLC methods, there is a close
correspondence in the range of concentrations found in the plant materials.
In addition, ELISA was more sensitive than the TLC or HPLC methods and
did not require pretreatment of crude extracts [44].

Researchers can identify the spectra of most unknown plant compounds
by comparing them to a library of known compound spectra using Fourier
transform infrared spectroscopy (FTIR), a valuable tool which can be used
for the identification and characterization of compounds or functional groups
present in an unknown mixture of plants extract. Plant samples for FTIR can
be prepared in different ways: for liquid samples, it is easiest to place one
drop of sample between two plates of NaCl, which then forms a thin film
between the plates (Reference needed). Solid samples can be combined with
potassium bromide (KBr) and compressed into a thin pellet for analysis or
may be dissolved in a solvent like dichloromethane, placing the solution onto
a single salt plate and evaporating the solvent, to leave behind a thin film of
the original material on the plate [43]. FTIR was used in the identification of
the different functional groups of annonaceous acetogenins, potent
anticancer compounds, from both liquid and solid samples of soursop
(Annona muricata L) leaves and the compounds identified were confirmed
using HPLC [45].

3.1.0. Cell Culture

Cells provide a useful model for studying and monitoring the
progression of physiological processes, as well as assessing the toxicity and
therapeutic potential of compounds of biogenic origin [46]. Researchers use
cell culture systems for basic research and a wide range of clinical in vitro
studies [47], testing the potency and cellular toxicity of plant extracts with
potential medicinal benefits. This includes their use in cancer research, where
cell cultures have provided insight into the biology of cancer cells, in addition
to facilitating the testing of potential therapies for prevention and treatment
[48]. One of the first measures in the development of chemotherapeutic
agents involves determining their anti-cancer activity in vitro using human
cancer cell lines as experimental models [49,50]. For instance, in a study of
the chemotherapeutic potential of the PC3 human prostate cancer cell line of
propolis, a natural, resinous hive product derived from the buds of poplar
and cone-bearing trees, the polyphenolic compounds contained in an
ethanolic extract of Egyptian propolis (EEP) showed potent antioxidant and
antitumor activities which compared favourably with those of doxorubicin,
an established chemotherapeutic drug [51]. In addition, EEP alone or in
combination =~ with  doxorubicin = showed  stronger antioxidant,
antiproliferative and apoptotic effects against PC3 cells compared to
doxorubicin alone. In a similar study, an aqueous extract of Urtica dioica, a
perennial herbaceous flowering plant was reported to demonstrate strong
antioxidant and antiproliferative activities in MCF-7 breast cancer cell lines
[52] as demonstrated by DNA fragmentation, the appearance of apoptotic
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cells in flow cytometry analysis and an increase of the amount of calpain 1,
calpastatin, caspase 3, caspase 9, Bax and Bcl-2.

Cell culture techniques involve the removal of cells from a plant or
animal and their subsequent cultivation in an artificially favorable
environment [46]. The cells could be directly obtained from the tissue and
then separated by enzymatic or mechanical means prior to cultivation, or
they could be taken from a cell line or cell strain that has already been
established. The in vitro cultivation of organs, tissues, and cells is collectively
known as tissue culture, and has continued to be useful in various scientific
fields [53,54].

When cells isolated from tissues are grown under appropriate
conditions and maintained until they reach confluence, the cells are referred
to as a primary culture. They are then sub-cultured by transferring them to a
new culture dish with fresh growth medium in order to allow space for
continued growth. After the first sub-culture, the primary culture becomes
known as a cell line or sub-clone [46,54]. Cell lines derived from primary
cultures have a limited life span [46]. Cell lines can exist as adherent cultures
or grow in “suspension.” Most cell types will stick to a “substrate” like plastic
or glass and proliferate as a monolayer, in contrast to suspension cultures,
which do not adhere to a substrate and will grow floating in a medium [54].
Cell lines of normal tissue are finite because they divide only a limited
number of times before losing their ability to proliferate. However, some cell
lines become immortal through a process called transformation, which can
either occur spontaneously or be chemically or virally induced by
reactivating telomerase and inactivating the p53 and retinoblastoma (RB)
tumor suppressor pathways [46,55].

3.1.1. Cancer Cell Lines

Cancer cell lines are useful tools in life science research because they do
not only provide a multifaceted model for studying the biological
mechanisms of cancer progression, development and therapy, but some of
them have also been used to study other physiological processes e.g. the use
of the human colorectal adenocarcinoma cells as a model for studying the
intestinal epithelial barrier, nutrient transport nutrient bioavailability. The
use of cancer cell lines improved the understanding of deregulated genes and
signaling pathways in disease, which is crucial to study of genetic, epigenetic
and cellular pathways, of proliferation deregulation, apoptosis and cancer
progression, to define potential molecular markers, and to screen and
characterize cancer therapeutic agents [48]. Numerous cell lines with their
unique properties and characteristics are currently available for in vitro study
of different diseases, especially cancer [56].

For several reasons, the use of cell lines is particularly advantageous in
cancer research. Cell lines are easy to handle and manipulate
genetically/epigenetically by using demethylation agents, small interfering
ribonucleic acid (siRNA), expression vectors, and can be pharmacologically
manipulated through cytostatics (cell growth inhibitors). Cell lines are very
homogenous providing a uniform population of tumor cells for easier
analysis rather than the heterogeneous solid tumors. However, to imitate in
vivo tumor characteristics as closely as possible, a cancer cell line panel
representative of the heterogeneity observed in the primary tumors can be
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used. Cancer cell lines are pure populations of tumor cells and share many
characteristics with the initial tumor, while being readily accessible to the
scientific community. Because of this, results of experiments using correct
conditions are easily reproducible [48]. In addition, there is a substantial
number and variety of cancer cell lines available.

Despite these advantages, some disadvantages of using cancer cell lines
include cross-contamination of cell lines with HeLa cells, genomic instability
leading to differences between the original tumor and the specific cell line,
changes in the morphology, gene expression, and cellular pathways of cell
lines from culture conditions required to maintain them, and infections with
mycoplasma [48]. Furthermore, it is difficult to establish long-term cancer cell
lines of certain types of tumors including prostate cancer tumors [48,55]. The
limited number of cell line models for prostate cancer research can be
attributed to the challenges with growing prostate cancer cells in vitro for
protracted periods. Many investigators have been able to generate only seven
cell lines that were previously available through public cell line depositories,
but these do not represent the entire range of clinical disease. New cell lines,
which demonstrate the commonly observed clinical phenotypes, are clearly
needed [55].

There are many prostate cancer cell lines in use today, most of which
have been established from metastatic deposits [57]. The LNCaP cell line,
isolated from a subclavian lymph node metastasis of prostate cancer,
maintains several key markers such as prostate specific antigen (PSA),
prostate specific membrane antigen (PSMA) and the androgen receptor (AR)
[58]. Through passage and hormonal manipulation in vivo, the lineage-
related LNCaP sublines have resulted in a series of cells that mimic the
progression of prostate cancer from the original androgen sensitive (AS)
LNCaP cell line to the androgen-independent (AI) C4-2 and C4-2B cell lines
[58,59].

An Al cell line, C4-2, reproducibly and consistently follows the
metastatic patterns of hormone-refractory prostate cancer by producing
lymph node and bone metastases when injected either subcutaneously or
orthotopically in either hormonally intact or castrated hosts [1]. This model
enables the study of factors that determine the predilection of prostate cancer
cells for the skeletal microenvironment [59]. These C4-2 cells have a doubling
time of about 48 h, are androgen independent, express an androgen receptor,
metastasize to lymph nodes, and produce PSA [56,57]. The Al C4-2 cell line
differs from its parent AS LNCaP, with differential expression of 38 genes
between the two cell lines (> 2-fold change, 95% CI), 14 of which expressed at
higher levels in LNCaP than in C4-2 cells, while the remaining 24 were
expressed at lower levels in LNCaP than in C4-2 cells. In addition, the AI C4-
2 cell line is highly tumorigenic and metastatic, including spontaneous
metastasis to bone, whereas the AS LNCaP cell line is only weakly
tumorigenic and is non-metastatic [58].

Several cell lines have been used in anti-cancer bioassays of medicinal
plants (Table 1). These phytochemicals were shown to induce apoptosis but
inhibit proliferation/metabolism and certain enzyme activities due to their
inherent antioxidant activities [1,17,25,39,60-65] (Figure 1).
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Table 1: Some cell lines for in vitro analysis of medicinal plants

d0i:10.20944/preprints202109.0488.v1

. . . . Medicinal
Cell line Culture medium Supplementation Culture conditions plant Reference
Androgen-dependent growing human prostate | Roswell Park Memorial | 10% fetal calf serum (FCS), penicillin (100 U/mL), | 5% C0O,-95% air,
cancer cell line, aP (lymph node prostate | Institute streptomycin 'mL), an -(2-hydroxyethyl)- | humidified atmosphere at runus africana
11 line, LNCaP (lymph nod Insti (RPMI) 1640 in (100 U/mL), and 25 mM 4-(2-hyd hyl)- | humidified h P fi [60]
cancer) medium 1-piperazineethanesulfonic acid (HEPES) 37°C
Human hepatoma Hep3B cells stably o ) )
. ) Minimum Essential . N 5% C0O,-95% air,
expressing green fluorescent protein (GFP)- . 5% FCS, 2 mM L-glutamine, penicillin (100 U/mL), .
. Medium Eagle, alpha . = humidified atmosphere at | Prunus africana [60]
AR or yellow fluorescent protein (YFP)-AR- . . streptomycin (100 U/mL), and Genticin (G418)
. modification (a-MEM) 37°C
cyan fluorescent protein (CFP)
Dulbecco’s  modified o .
. . 10% (v/v) FCS, penicillin (100 IU/ml) and streptomycin
Monkey kidney CV1 cells Eagle’s medium (100 1U/ml) 37°C and 5% CO, Prunus africana [39]
m
(DMEM)
Mouse mammary breast cancer cell line, | Earl’s Minimum . o
. . . L . . 37°C in a humidified
mouse colon cancer cell line and Vero cells | Essential Media | Penicillin, streptomycin and 10% fetal bovine serum (FBS) Prunus africana [61]
atmosphere of 5% CO,
(monkey kidney cells) (EMEM)
Lo Glutamine, 10% FBS and antibiotics (100 pg/mL penicillin, . Moringa oleifera,
Human embryonic kidney cells, HEK293 EMEM ) 37°C in 5% CO, [62]
100 pg/mL streptomycin) Prunus africana
Moringa oleifera,
olorectal adenocarcinoma cell line, Caco- EMEM utamine, o FBS and antibiotics 7°C in 5% )
Col 1 ad i 11 line, Caco-2 Gl ine, 10% FBS and antibioti 37°Cin 5% CO, & ¥ 62
Prunus africana
Moringa oleifera,
Hepatocellular carcinoma cell line, HepG2 EMEM Glutamine, 10% FBS and antibiotics 37°Cin 5% CO, & 4 [62]
Prunus africana
HepG-2, Caco-2 and the non-cancer cell line . 10% FBS, 100 pg/mL penicillin and 100 pg/mL
HEK293 EMEM + glutamine rent . 37°C and 5% CO, Prunus africana [66]
streptomycin
. . 10% (v/v) ECS, 1% (v/v) penicillin and streptomycin, 1% | Humidified 5%  CO,
Human prostate carcinoma LNCaP cells RPMI-1640 medium . . . Prunus africana [63]
(v/v) L-glutamin and 1% (v/v) sodium pyruvate incubator
Human prostate carcinoma cell lines PC3, DMEM 10% (v/v) ECS, 1% (v/v) penicillin and streptomycin, 1% | Humidified 5%  CO, P i [63]
runus africana
PC3-ARwt (v/v) L-glutamin (and 600 pg/ml geneticin for PC3- ARwt) | incubator
10% (v/v) FCS, 20% F12, 5 pg/mL Insulin, 13.6 pg/mL T3
(3,3',5-triiodo-L-thyronine ~ sodium  salt), 5 pg/ml | Humidified 5% CO,
Human prostate cancer C4-2 cells DMEM . o o . Prunus africana [63]
apotransferrin, 0.25 pg/ml Biotin, 1% (v/v) penicillin and | incubator
streptomycin
. . 1 x L-glutamine, 5% FCS, 1 x MEM vitamins solution, 1x
Cells removed directly from human prostate | Endothelial basal | = | . . L .
insulin-tranferrin-selenium liquid media supplement, and | - Prunus africana [64]

cancer tissue

medium MCDB 131

1% (v/v) antimycotic/ antibiotic solution
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Madin-Darby canine kidney epithelial cell line

DMEM 1 x L-glutamine, 5% FCS and 1% (v/v) antibiotic solution - Prunus africana [64]
(MDCK cells)
High humidity
Vero E6, CT 26-CL 25 colon cancer cells and . . L . .
MEM medium 10% FBS, 1% L-glutamine and 1% antibiotic solution environment at 37°C and | Prunus africana [65]
Hep2 throat cancer cells
5% CO,
Human ileoceacal adenocarcinoma, HCT-8 10% heat inactivated FBS, 2 mM L-glutamine, 50 ug/mL of
. RPMI-1640 o . 37°C and 5% CO, Moringa oleifera [25]
cell line penicillin-G, and 50 pg/mL of streptomycin sulfate
) 10% heat inactivated FBS, 2 mM L-glutamine, 50 ug/mL of
Human breast cancer, MDA-MB-231 cell line | DMEM L . 37°C and 5% CO, Moringa oleifera [25]
penicillin-G, and 50 pg/mL of streptomycin sulfate
. . 10% fetal calf serum (FCS) containing n-butyric acid (3 mM)
Human B-lymphoblastoid cells, Raji RPMI-1640 o 37°C and 5% CO, Moringa oleifera [17]
and teleocidin B-4 (50 nM)
. Glutamine, 10% fetal bovine serum and antibiotics (100
C4-2 prostate cancer cell lines RPMI-1640 37°C and 5% CO, Prunus africana [

pg/mL penicillin, 100 pg/mL streptomycin)
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3.1.2. Anti-cancer bioassays

In vitro anti-cancer screening has long been used by researchers as a
rapid tool in screening natural and synthetic compounds for drug
development [1,62]. To assess preliminary anti-cancer activity in terms of cell
viability, the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) in vitro cytotoxicity assays are
considered two of the most economic, reliable, and convenient methods
[62,67]. This is based on their ease of use, accuracy, rapid indication of
toxicity, sensitivity and specificity[67]. Both assays are whole cell toxicity
assays that employ colorimetric methods for determining the number of
viable cells based on mitochondrial dehydrogenase activity measurement
and differ only in the reagent employed [67].

Proliferation/

Metabolism
MTT
MTS

ATP Luciferase
\ / -
ﬂ

Ph h ical AEtOEtOSiS
ytochemicals AO/E1Br

Caspase 3/7
Ann V/ Pl
BrdU-TUNEL

Enzymes
PKM?2

PKA

Figure 1. Anti-cancer bioassays to assess in vitro cellular effects of
phytochemicals. The inherent antioxidant activities of phytochemicals may elicit
anti-tumorigenic effects through either the inhibition of proliferation/cell
metabolism, induction of cell apoptosis, or the inhibition of cancer-associated
enzymes. Assays to assess each cellular function are listed below each underlined
function. MTT: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; MTS:
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium; SRB: sulforhodamine B; AO/EtBr: Acridine orange/ethidium bromide;
Ann V/PI: Annexin V/Propidium Iodide; BrdU-TUNEL: bromodeoxyuridine-
Terminal deoxynucleotidyl transferase-mediated d-UTP nick end labeling; PKM2:
pyruvate kinase M2; PKA: protein kinase A. (Created with BioRender.com).

In the MTT assay, 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide is bio-reduced by dehydrogenase inside living cells using the
succinate-tetrazolium reductase system, to form a colored formazan dye,
while in the MTS assay, a similar bioconversion takes places using 3-(4,5-
dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt and phenazine ethosulfate as an electron coupling
reagent [62,67]. In addition, the MTT assay requires the addition of
solubilizing agents to dissolve the insoluble formazan product, while the
MTS assay generates a water-soluble formazan product that simplifies the
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assay. The number of viable cells is measured calorimetrically, based on the
principle that the mitochondrial dehydrogenase enzymes which produce
NADH or NADPH, reduce the colorless tetrazolium salt to a colored aqueous
soluble formazan product through the mitochondrial activity of viable cells
at 37°C [67]. The quantity of the colored product is directly proportional to
the number of live cells in the culture since only metabolically active cells can
reduce the MTT/MTS reagent to formazan [62,67].

The MTT and MTS assays assess the toxicity of a compound to cells, not
anti-cancer activity. When these assays are used, most researchers also screen
for cytotoxicity to either mouse or human cancer cell lines and to normal cell
lines such as peripheral blood lymphocytes, to determine how selective the
compound is for cancer cells over normal cells. Although whole cell assays
are important, further assays are required if the researcher wants to
determine activity against a specific molecular or cellular target to confirm
the mechanism of action, to assess the selectivity for different targets, and
identify off-target effects. This can be achieved using in vitro inhibition assays
with either purified enzymes or cell-free extracts enriched with the enzyme
target of interest or apoptosis assays [67].

The sulforhodamine B (SRB) assay is a rapid, sensitive, and inexpensive
method for determining cell growth, utilizing a bright pink anionic dye that
binds electrostatically to basic amino acids of trichloroacetic acid fixed cells.
The protein-bound dye is extracted with Tris (tris (hydroxymethyl)
aminomethane) base to quantify the protein content indirectly with
spectrophotometry [41]. The endpoint of the SRB assay is non-destructive,
stable, and comparable with other fluorescence assays. However, it is labor
intensive, requiring several washing steps [68,69].

A known characteristic of cancer cell growth and metastasis is the ability
of the cells to escape apoptosis because of gene mutations in tumor
suppressors. Induction of apoptosis is thus used as an important indicator of
the ability of chemotherapeutic agents to inhibit tumor growth and
progression, indicating the cancer cell line is sensitive to test compounds. The
acridine orange/ethidium bromide (AO/EB) apoptosis assay is used to study
changes in cellular and nuclear morphology and characteristics of apoptosis
under a fluorescent microscope [62]. Both acridine orange and ethidium
bromide bind to DNA and RNA by intercalation between adjacent base pairs,
but acridine orange stains both live and dead cells while ethidium bromide
stains dead cells only. Live cells appear green under the microscope and early
apoptotic cells have a bright green nucleus due to chromatin condensation
and nuclear fragmentation, while late apoptotic cells appear orange because
they take up ethidium bromide, and necrotic cells will stain orange but have
a normal nuclear morphology [62,70]. After cells are counted under the
microscope an apoptotic index is calculated.

Another marker to measure cell membrane integrity, and thus cell
apoptosis, is the Annexin V-FITC/propidium iodide (AnnV/PI) assay. During
apoptosis and  necrosis, transmembrane flippases translocate
phosphatidylserine (PS) to the outer portion of the cell membrane, allowing
AnnV to bind to this phospholipid [71]. As both apoptotic and necrotic cells
display PS extracellularly, a cell exclusion dye is necessary to segregate
between apoptotic and necrotic cells. PI is generally the cell exclusion dye of
choice for the AnnV assay. PI stains the nuclei of late apoptotic cells
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undergoing blebbing, and for necrotic cells. Early apoptotic cells will be
stained only with AnnV, while cells in the late stages of apoptosis stain for
both AnnV and PI. Complete loss of the cell membrane integrity in necrotic
cells culminates in these cells only staining for PI. Imaging for AnnV/PI
staining can be completed either on a microscope or using a flow cytometer.
Flow cytometric analysis of the AnnV/PI staining allows for sensitive and
quick analysis of the number of viable, early apoptotic, late apoptotic, and
necrotic cells. The AnnV/PI assay is often utilized to determine the cytotoxic
effect of drugs on both health and cancer cell lines. Recently, a report
highlighted the cytotoxic effect of phytochemicals from Allium sativum and
Allium  fjstolum on HaCaT cells (cultured human keratinocyte) and BJ
fibroblastic cells (telomerase negative cell line derived from skin fibroblasts).
High concentrations of extracts from these two plants induced necrosis in
more than 10% of the populations analyzed [72].

While cell exclusion dyes can determine cell viability and
apoptosis/necrosis, these assays fail to determine the apoptotic pathways
activated during cytotoxicity and, namely caspases. Most anticancer
mechanisms target caspases, as they are the proteolytic enzymes responsible
for the initiation and execution of apoptosis [73]. Importantly,
phytochemicals from Euphorbiaceae have been shown to activate the caspase
3/7 apoptotic pathway in A549, Caco-2,HeLa, and MCF-7 cancer cell lines
[73]. Caspase 3/7 activity was measured using tagged four-amino acid
peptide (DEVD) that is conjugated to a fluorescently tagged nuclear binding
dye. The DEVD peptide is cleaved by activated caspase 3/7 during apoptosis,
which allows for the unbound fluorescent binding dye to interact with DNA
within the nucleus. The advantage of some caspase 3/7 assays is the ability to
stain live cells without needing to fix or lyse your cells. A pitfall to the caspase
3/7 assay stems from the ability of natural flavonoids found in many
phytochemicals to modulate and inhibit caspase 3 and 7 [74]. This suggests
that the cytotoxic effect of flavonoids may be caspase independent.

The living status of a cell can be determined by measuring the amount
of ATP in the cell, since ATP is necessary for life and function of all cells, and
levels of cytoplasmic ATP decrease in cases of injury and hypoxia. After a cell
is lysed, ATP is free to react with luciferin and luciferase, producing high
quantum chemiluminescence, which is linearly proportional to the ATP
concentration under optimum conditions. Compared to the MTT assay, the
luciferase assay had higher sensitivity and reproducibility over several days
and was able to detect the viability of cells with cell counts as low as 2000
cells/well compared to a minimum of 25,000 cells/well required for the MTT
assay for above background readings [68]. The ATP assay was reported the
most sensitive of the ATP, MTT and calcein assays, used to determine the
potency of cytotoxic agents [75]. This high sensitivity of the ATP assay
allowed for detection of cytotoxic agent-induced ATP breakdown after
incubation periods as short as 1 h, which provides an additional advantage
over the MTT assay that requires approximately 72 h of incubation. A further
advantage of the ATP assay was the short measurement time of 15 s per well,
compared to the MTT assay which required a 1-2 h solubilization step of the
formazan before an absorption measurement [75].

Enzymes are popular drug targets as they play a significant role in
several disease processes and are susceptible to inhibition by small drug-like
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molecules. Pyruvate kinase isoenzyme M2 (PKM2) is a very significant
regulatory enzyme functioning in the intracellular control of glucose
consumption specific to cells with overgrowth tendency. Because inhibition
and activation of this enzyme controls intracellular consumption of glucose,
itis a good target for cancer treatment. In addition, PKM2 enzyme inhibition
reduces metabolites, such as pyruvate and lactate, which are involved in drug
resistance [76]. Another enzyme, cyclic adenosine monophosphate (c-AMP)
dependent protein kinase A, regulates several physiological processes. The c-
AMP-protein kinase A (PKA) pathway has been linked to the promotion of
malignant phenotypes of head and neck squamous cell carcinoma and was
activated by a range of different tumors [67,77]. PKA inhibitors display both
in vitro and in vivo anti-tumor activity against various human cancer cell lines,
making the ability to selectively inhibit PKA a new way of potentially
modulating cancer [67].

Many anticancer drugs used today inactivate target cells through the
mechanism of apoptosis [78]. As one of the later steps in apoptosis,
deoxyribonucleic acid (DNA) fragmentation, a process resulting from the
activation of nucleases that break down DNA into small fragment, can be
used as a measure of anticancer agent bioactivity [78]. When anticancer
agents break down DNA, they expose many 3’-hydroxyl ends to which
fluorescein deoxythymidine analog, 5-bromo-2’-deoxyuridine 5’-tri-
phosphate (BrdUTP) molecules get attached, with the help of terminal
deoxynucleotidyl transferase (TdT) [78]. After it is assimilated into the DNA,
BrdU can be detected by an anti-BrdU antibody using standard
immunohistochemical techniques, fluorescence microscopy or flow
cytometry [78]. DNA fragmentation has been used in the evaluation of many
anticancer compounds including derivatives of betulinic acid and botulin
and 5-fluorouracil [78].

Some of the newer, more advanced test systems utilizing the above anti-
cancer bioassays include modeling the tumor microenvironments. This is
done with two-dimensional cultures, three-dimensional cultures,
microfluidic systems, Boyden’s chamber and models created using 3D
bioprinting [79]. They have been developed to overcome some of the
limitations of traditional cell culture test systems and are constantly evolving,
as our understanding increases on the impact of various factors in the tumor
microenvironment on cancer progression.

Conclusion and outlook

The increasing prevalence of cancers worldwide has made the
development of quicker methods to create, develop, and test new anticancer
drugs a necessity. Anticancer bioassays have proven to be powerful tools in
the prescreening of interesting agents. However, caution should be exercised
in comparing results from the different assays as they usually target different
mechanisms. The choice of anti-cancer bioassay to use depends to a large
extent on the researcher’s objective, the target cancer cells and phytochemical
composition of the medicinal plant, the availability of reagents and cost of
reagents, as well as the experience of the research team. When interpreting
results, researchers should be mindful of the hazards associated with
cytotoxicity testing in general and of each assay format in particular. Cell-
based anti-cancer bioassays have much to offer compared to animal testing.
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These assays are efficient, allow easy measurement of drug effects at the
cellular level, and the results from these assays can be used to development
models that predict the drug effect in animals.
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