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Abstract

Background Cancer is a fatal disease that severely affects humans. Designing new anticancer strategies and under-
standing the mechanism of action of anticancer agents is imperative.

Hypothesis/Purpose In this study, we evaluated the utility of metformin and D-limonene, alone or in combination,
as potential anticancer therapeutics using the human liver and breast cancer cell lines HepG2 and MCF-7.

Study design An integrated systems pharmacology approach is presented for illustrating the molecular interactions
between metformin and D-limonene.

Methods We applied a systems-based analysis to introduce a drug-target—pathway network that clarifies different
mechanisms of treatment. The combination treatment of metformin and D-limonene induced apoptosis in both cell
lines compared with single drug treatments, as indicated by flow cytometric and gene expression analysis.

Results The mRNA expression of Bax and P53 genes were significantly upregulated while Bcl-2, iNOS, and Cox-2 were
significantly downregulated in all treatment groups compared with normal cells. The percentages of late apoptotic
HepG2 and MCF-7 cells were higher in all treatment groups, particularly in the combination treatment group. Cal-
culations for the combination index (Cl) revealed a synergistic effect between both drugs for HepG2 cells (CI=0.14)
and MCF-7 cells (CI=0.22).

Conclusion Our data show that metformin, D-limonene, and their combinations exerted significant antitumor effects
on the cancer cell lines by inducing apoptosis and modulating the expression of apoptotic genes.
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Introduction

Cancer is the leading cause of death worldwide, account-
ing for an estimated 9.6 million deaths in 2018 [1]. Can-
cer arises from the transformation of normal cells into
tumor cells in a multi-stage process. The most common
cancers are breast, prostate, lung, colorectal, cervical,
stomach, liver, endometrial, ovarian, and thyroid [2, 3].

Breast cancer is the most common cancer in both
sexes and the second leading cause of cancer mortal-
ity worldwide [4]. Breast cancer is highly heterogeneous
encompassing a group of genetically and epigenetically
distinct diseases exhibiting diverse clinical features [5].
The development of breast cancer is a multi-step process
involving multiple cell types, and its prevention remains
challenging [3]. One of the best prophylactic approaches
is early diagnosis. Also, the discovery of breast cancer
stem cells has helped us understand the development
of the cancer and the behavior of many genes involved
in its initiation and progression. Currently, many drugs
are available for the chemoprevention of breast cancer,
while natural products have recently been developed
to improve the quality of life of patients and improve
therapy [3]. A large proportion of current knowledge on
breast carcinomas are derived from in vivo and in vitro
studies performed using breast cancer cell lines, given
that they could provide an unlimited source of homog-
enous self-replicating materials using simple yet stand-
ard media and approaches. Birnbaum et al. grouped 27
breast cancer cell lines into luminal, basal and mesenchy-
mal subtypes [6]. Riaz et al. characterized 5 subtypes, i.
e., luminal, luminal-HER2 +, ER-negative-HER2 +, basal,
normal-like, among 51 breast cancer cell lines using a
panel of 496 genes identified [7]. MCF-7 is a commonly
used breast cancer cell line, it is ER-positive and proges-
terone receptor (PR)-positive and belongs to the luminal
A molecular subtype. MCF-7 is a poorly-aggressive and
non-invasive cell line, normally being considered to have
low metastatic potential [8].

Although hepatocellular carcinoma (HCC) is only
the seventh most common cancer in the world, it is the
fourth leading cause of cancer mortality in both sexes,
responsible for more than half a million deaths annually
[9]. The major risk factors for HCC are chronic infec-
tions by hepatitis B and C viruses, and cirrhosis [10].
The epidemiology of HCC significantly varies by demog-
raphy (age, gender, race/ethnicity) as well as geography.
Recently, some major breakthroughs in the treatment of
advanced HCC have been made [11].

The search for new therapeutics active against several
types of cancers has become one of the most interesting
challenges in the research on natural products. Plants
have contributed greatly to the development of sophisti-
cated traditional medicine systems, especially those with
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a long history in the treatment of cancer. Reports on the
use of herbs are as old as humanity itself, demonstrat-
ing the potent medicinal and antitumor effects of plant-
derived essential oils on different kinds of cancers [12].

Metformin is an oral, safe, biguanide antidiabetic drug
derived from the herb Galega officinalis [13]. It is con-
sidered the first-line therapy for patients with type II
diabetes mellitus and acts by reducing plasma glucose
and lipids. The anticancer effects of metformin are asso-
ciated with both direct and indirect actions of the drug.
The indirect, insulin-dependent effects of metformin
are mediated by the ability of adenosine monophos-
phate-activated protein kinase (AMPK) to inhibit the
transcription of key gluconeogenesis genes in the liver,
stimulating glucose uptake in muscles and reducing
fasting blood glucose and insulin [14]. Since insulin has
mitogenic and pro-survival properties, metformin may
exert anticancer activity by lowering insulin. Tumor cells
often express high levels of the insulin receptor, indicat-
ing a sensitivity to the growth-promoting effects of the
hormone [15]. The direct, insulin-independent effects of
metformin originate from liver kinase B1-mediated acti-
vation of AMPK and a reduction in mammalian target
of rapamycin (mTOR) signaling and protein synthesis in
cancer cells. AMPK impacts mTOR via phosphorylation
and activation of the tumor suppressor protein tuberin,
which negatively regulates mTOR activity. mTOR is a
key integrator of growth factor and nutrient signals and
a critical mediator of the phosphatidylinositol-3-kinase/
protein kinase B/Akt signaling pathway, one of the most
frequently dysregulated molecular networks in human
cancer [16].

D-limonene  (1-methyl-4-isopropyl-cyclohexene), a
monocyclic monoterpene with a lemon-like odor, is a
major ingredient in several citrus oils. It has low toxicity,
pharmacological effects, and good tolerance, with no car-
cinogenicity in mice and rats. Its antitumor effects against
numerous cancers, including HCC and breast cancer,
have been reported [17]. D-limonene induces phase I and
phase II carcinogen-metabolizing enzymes (cytochrome
p450), which convert carcinogens into lesser toxic forms
and prevent their interaction with DNA. It also inhibits
carcinogenesis by inhibiting cell proliferation, enhanc-
ing apoptosis, and blocking oncogene expression [18].
Besides, it exhibited antioxidant and radical scavenging
activities in several model systems and showed cytotoxic-
ity against HCC [19] and human breast adenocarcinoma
cells [20].

In this study, we investigated the effects of met-
formin in combination with D-limonene on the prolif-
eration and apoptosis of HCC and breast cancer cells.
We utilized the systems pharmacology approach to
reveal the therapeutic mechanism of metformin and
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D-limonene. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a comprehensive database of
known molecular interaction networks that are usu-
ally used to understand biological pathways and sys-
tems [21]. The database of drugs was screened out and
targets were identified. Within the targets, we built a
compound-—target interaction using bioinformatic and
pharmacological aspects. Subsequently, the targets
were exploited to search the corresponding pathways in
the KEGG database (http://www.genome.jp/kegg/) and
the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID, https://david.ncifcrf.gov/
summary.jsp). We established a monolithic pathway to
clarify the molecular pathogenesis at a systematic level.
These results can help us understand the mechanism of
the therapeutic combination against HCC and breast
cancer.

Materials and methods

Network construction and topological analysis

To explain the reaction mechanisms of metformin
and D-limonene as natural anticancer drugs, we con-
structed two types of networks: the compound—target
(C-T) network and the target—pathway (T-P) network.
The target name was entered in the Comparative Toxi-
cogenomic Database (http://ctdbase.org/) and the data
were input in Microsoft Excel. The Cytoscape soft-
ware ver. 3.7.2. was used to generate all the displayed
networks [22]. The quantitative properties of networks
were analyzed using two plugins: Network Analyzer
and CentiScaPe software, ver. 1.2 [23]. We used nodes
to represent the compounds and targets, and lines
between nodes represented interactions. The degree of
a node was the number of edges linked with the node;
it was used to determine the size of each node and to
evaluate the characterization of different drug treat-
ments from a network perspective, ensuring that the
graph would be obvious. Nodes with the highest con-
nectivity and global centrality, measured by degree
and betweenness, were considered the most influential
nodes in the whole network. In systems pharmacology
a network, which consists of nodes and edges (connec-
tions between nodes), is a mathematically expressed,
computationally measurable representation of the vari-
ous interactions that underlie the intricate biological
systems [24]. In order to explore comprehensively the
interrelationship among metformin and D-limonene
and potential targets which will help us to select out
those particular targets genes related to breast can-
cer. In the resultant networks, compound predicted
targets genes and enrichment functions diseases were
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illustrated via nodes; while edges indicated the interac-
tions between them [25].

Gene Ontology (GO) and KEGG pathway enrichment
analyses

Making a formula for the treatment of a specific dis-
ease is usually easier than figuring out how it works. To
further investigate the mechanisms of metformin and
D-limonene, GO and KEGG enrichment analyses were
performed in DAVID (https://david.ncifcrf.gov/). The
GO analysis detects the biological properties of target
genes [26].

Cell culture

The hepatocellular carcinoma and breast cancer cell lines,
HepG2 and MCEF-7, were used to evaluate the antitumor
activity of metformin and D-limonene, either alone or in
combination. The obtained half-maximal inhibitory con-
centration (IC,,) was tested on a normal cell line (W1I-38)
to confirm the cytotoxicity of the dose. HepG2, MCEF-7
and WI-38 cells were purchased from the Cell Culture
Department of the Holding Company for Biological
Products & Vaccines (VACSERA), Dokki—Giza, Egypt.
Informed consent was obtained by the provider from
all subjects and/or their legal guardian(s). HepG2 and
MCE-7 cells were cultured in (RPMI) with L-Glutamine
(Lonza, BioWhittaker), WI-38 cells were cultured in
Dulbecco’s modified Eagle medium culture medium glu-
cose with L- glutamine (DMEM, Lonza, USA) and sup-
plemented with 10% Fetal Bovine Serum (FBS), (100U)
20 pg/ml penicillin and 100 pg/ml streptomycin. Incu-
bation was carried out at 37 °C with an atmosphere of
5% CO2. The cellular viability was checked using trypan
blue. Metformin and D-limonene were dissolved in
Dimethyl Sulfoxide (DMSO) from Sigma-Aldrich, USA
with concentration 500 ug/ml for each compound.

All human cell lines used in this experiment have been
approved by the appropriate ethics committee and have
therefore been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki,
and its later amendments. The Research Ethical Commit-
tee (REC) and The Institutional Animal Care Committee
at Tanta University’s Faculty of Science’s Zoology Depart-
ment approved the experimental protocol under approval
No.: REC/IACUC/SCI/TU/0173. There were no humans
or animals involved in this investigation.

Cytotoxicity assay

The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) colorimetric assay (Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay, Promega, USA) was
used to determine cytotoxicity. Briefly, triplicates of 1x 10*
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cells/well of HepG2 and MCEF-7 were treated with 200 pL/
well of the metformin and D-limonene working solution
prepared in RPMI. Metformin was added to the media
at concentrations 200, 100, 50, 25, 12.5, and 0 pg/ml;
D-limonene was added at concentrations 100, 50, 25, 12.5,
6.25, and 0 pg/ml. All plates were incubated in a humidi-
fied 5% CO, incubator at 37 °C for 24 h or 48 h. MTT assay
was performed according to the method developed by
Mosmann with some modifications [27]. The cell growth
in each plate after 24 or 48 h was measured at 570 nm
using a microplate reader (LMR-9602, U.S.A) and the IC,,
concentrations were calculated.

Drug combination study analysis

According to the IC,, doses of metformin and
D-limonene obtained from the MTT assay on HepG2
and MCF-7 cells, a combined-treatment regimen was
designed in the ratios 1:1, 1:2, 2:1, 1:4, 4:1, 1:9, and 9:1
[28]. The constant ratio of 2:1 (metformin:D-limonene),
was deduced (data not shown) as the most effective dose,
which was finally applied to HepG2 and MCEF-7 cells. All
the plates were incubated in humidified 5% CO, at 37 °C
for 24 or 48 h.

The cytotoxicity of the combined treatment on HepG2
and MCF-7 cells was evaluated by the combination index
(CI) using the Chou and Martin method on the Com-
puSyn software for drug combinations for general dose—
effect analysis (ComboSyn, Inc. Paramus, NJ 2007, USA)
[www.combosyn.com]. The CI values indicate a synergis-
tic effect when <1, an antagonistic effect when>1, and an
additive effect when equal to 1 [29].

Apoptosis detection methods by flow cytometry
Annexin V-FITC/PI staining assay

After treating HepG2 and MCE-7 cells with the ICg,
doses of metformin, D-limonene, or their 2:1 combi-
nation, cellular apoptosis levels were measured quan-
titatively by determining the amount of cell surface
phosphatidylserine using the Annexin V-FITC/PI apop-
tosis detection kit (BD Pharmingen). The cells were ana-
lyzed using a fluorescence-activated cell sorting (FACS)
caliber flow cytometer (Becton Dickinson, Sunnyvale,
CA, USA), with emission filters of 488 nm [30].

Cell cycle analysis by flow cytometry

After treating HepG2 and MCEF-7 cells with the IC,,
doses of metformin, D-limonene, or their combina-
tion, cells were harvested and incubated with pro-
pidium iodide for 15 min before being analyzed on a
FACS caliber flow cytometer. Cell cycle distribution was
analyzed using the Modifit’s program (Becton Dickin-
son). The staining of mammalian DNA for flow cytom-
etry was performed according to Darzynkiewicz, who
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used stoichiometric dyes that bind in proportion to the
amount of DNA present in the cell. Since cells that are
in the S phase will have more DNA than cells in the G1
phase, the fluorescent dye appears more intense in the
S phase than in the G1 phase. The cells in G2 will be
approximately twice as bright as the cells in G1 [31].

Determination of antioxidative stress markers
DPPH radical scavenging assay
2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased
from Sigma Chemical Co. (USA). The free radical scav-
enging ability of metformin and D-limonene was tested
by the DPPH radical scavenging assay, as described previ-
ously [32]. The ability of the drugs to donate their hydro-
gen atom was determined by the decolorization of a
methanol solution of DPPH. DPPH produces a violet/pur-
ple color in methanol, which fades to shades of yellow in
the presence of antioxidants. A solution of 0.1 mM DPPH
in methanol was prepared, and 1 mL of this solution was
mixed with 3 mL of metformin and D-limonene solution
at different concentrations (1, 5, 10, 25, 50, and 100 pg/
mL). The reaction mixture was vortexed thoroughly and
left in the dark for 30 min. The absorbance of the mixture
was measured spectrophotometrically at 517 nm. Ascor-
bic acid was used as a reference drug. Percentage DPPH
radical scavenging activity was calculated by the following
equation:

% DPPH radical scavenging activity = [(Ag — A1)/Ap] x 100

Where A, is the absorbance of the control and A, is
the absorbance of the drugs/standard. The percentage of
inhibition was plotted against concentration, and from
the graph, the IC,, was calculated. The experiment was
repeated thrice at each concentration.

Determination of reduced glutathione concentration (GSH)
Reduced glutathione concentration was colorimetri-
cally determined according to the method described
previously [33]. The reduced glutathione determination
is based on the reduction of the disulfide chromogen
5,5’-dithiobis (2-nitrobenzoic acid) by GSH to produce
an intensely yellow compound. The absorbance of the
reduced chromogen was spectrophotometrically meas-
ured at 412 nm and is directly proportional to the GSH
concentration. Bax, Bcl2, P53, PTGS2 (COX-2), and iNOS
gene expression.

RNA extraction

Total RNA was isolated from MCF-7, HepG2, and WI-38
cells using the Gene JET RNA Purification Kit (Thermo
Scientific, USA), according to the manufacturer’s pro-
tocol. The purity and the concentration of the extracted
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RNA were measured on a Nanodrop spectrophotom-
eter. RNA (1 pg) was reverse transcribed using the Sensi-
FAST™ cDNA Synthesis Kit (Thermo Co, America). The
produced cDNA was used as a template to determine the
relative expression of Bax, Bcl2, P53, PTGS2 (COX-2),
and iNOS genes using a real-time PCR system (Rotorgene
5plex, Germany) and specific primers (Supplementary
Table 1). Glyceraldehyde 3-phosphate dehydrogenase
was used as an internal control. The thermal cycling,
melting curve analysis, and calculation of relative expres-
sion using 2722 were done as previously described [34].

Statistical analyses

All experiments were performed in triplicates; the data
are presented as means+standard deviation. The sta-
tistical analysis and plotting of data were done using
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GraphPad Prism software ver7 San Diego, CA 92108.
P<0.05 was considered statistically significant.

Results

Drug targets and analysis

In this study, we proposed an integrated platform of
systems pharmacology combining target fishing and
network pharmacology to dissect the molecular mecha-
nisms of metformin and D-limonene. We found 35 and
93 predicted targets for metformin and D-limonene,
respectively, using DAVID to systematically analyze
their biological processes (Fig. 1A). To investigate
whether metformin and D-limonene had pathologi-
cal effects, we evaluated their impact on physiological
processes through GO analysis. Figure 1B, C lists the
15 foremost GO terms; these vital targets have a very
strong correlation with physiological mechanisms, such

steroid metabolic process
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Fig. 1 a The compound-target network of metformin and D-limonene. The blue nodes represent target genes and the pink nodes represent
compounds, the edges are the interactions of targets and their related pathways. b The target—pathway network of metformin and D-limonene.
The blue nodes represent target genes and the pink nodes represent pathways, the edges are the interactions of targets and their related pathways.
c The Gene Ontology enrichment of therapy target genes. Y-axis represents significantly enriched biological process categories relative to target

genes and the X-axis shows the counts of targets
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as regulation of programmed cell death and cell prolif-
eration, and response to steroid hormones.

The T-P network

To elucidate the different disease-related pathways that
metformin and D-limonene might be influencing the
most, nine significantly overrepresented pathways were
extracted from the KEGG database (Supplementary
Table 2). The T-P network indicated that the targets of
these drugs were involved in different pathways, such
as neuroactive ligand-receptor interactions, calcium
signaling, steroid hormone biosynthesis, peroxisome
proliferator-activated receptor (PPAR) signaling, can-
cer, and vascular smooth muscle contraction. All the
potential protein targets were mapped onto the sign-
aling pathways, and a bipartite network of targets and
their pathways was constructed to explore the thera-
peutic effects of the drugs in various diseases (Supple-
mentary Table 3).

The antitumor effect of metformin and D-limonene

on HepG2 and MCF-7 cells

From Figs. 2A and 2B, the ICy, of metformin and
D-limonene in HepG2 cells was 144 and 67 pg/mL after
24 h, 38.4 and 17.7 pg/mL after 48 h, respectively; in
MCE-7 cells, the IC;, was 158.7 and 80.8 pg/mL after
24 h, 100.8 and 46.3 pg/mL after 48 h, respectively.

The cytotoxicity of metformin and D-limonene

toward WI-38 cells

Figure 2C shows that the two compounds had a minimal
cytotoxic effect on WI-38 (a normal cell line) when used
at doses corresponding to the 48 h-ICy, values calcu-
lated for HepG2 and MCEF-7 cells. The cell death did not
exceed 10% of the total cells.

The cell viability of HepG2 and MCF-7 cells after combined

treatment

In this study, we combined metformin with D-limonene,
for the first time as far as we know, in different vol-
umes of constant IC;, concentrations to discover that
a 2:1 ratio of metformin: D-limonene; 38.4%x2 pg/mL:
17.7 pg/mL (for HepG2 cells) and 100.8 X2 and 46.3 ug/
mL (for MCF-7 cells), was optimal. Combined treatment
in this ratio dramatically decreased cancer cell prolif-
eration compared with single treatments. The present
data show that metformin and D-limonene, alone or in
combination, exerted a high antitumor effect on HepG2
and MCE-7 cells (Supplementary Table 4). By applying
the CompuSyn software for CI, we demonstrated a very
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strong synergistic effect (CI< 1) upon combining the two
compounds, which induced stronger activation of apop-
tosis and stronger inhibition of tumor cell growth in
HepG2 and MCE-7 cells (Fig. 3). The CI for HepG2 cells
was 0.14, and for MCE-7 cells was 0.22.

DPPH radical scavenging activity of metformin

and D-limonene

Our analyses revealed that the scavenging ability of
metformin and D-limonene was higher than the model
antioxidant substance ascorbic acid The percentage scav-
enging of DPPH free radical was found to be concen-
tration-dependent — concentration of the compounds
between 1-100 pg/mL greatly increased their inhibi-
tory activity (Fig. 4A), with an ICy, value of 32.2+1.23
and 18.5+£0.978 pg/mL for metformin and D-limonene,
respectively, compared with 5.858+0.767 pg/mL for
ascorbic acid.

Effect on GSH concentration

Treatment of HepG2 and MCEF-7 cells with metformin,
D-limonene, and their combination, at doses correspond-
ing to their respective IC;, concentrations, induced a
significant increase in GSH concentration compared
with untreated cancerous cells (P<0.05). Among the
experimental groups, the highest GSH concentration was
observed in cells subjected to the combined treatment
(Fig. 4B).

Detection of apoptosis by flow cytometry

Flow cytometry was used to detect apoptosis and deter-
mine cell cycle stage in HepG2 and MCEF-7 cells, treated
with the respective IC;)-dose of the two compounds
alone or in combination, versus untreated control cells.
The percentage of apoptotic HepG2 cells (both early
and late stage) significantly increased in the treatment
groups, with ratios of 67.5%, 79.7%, and 83.5% for met-
formin-, D-limonene-, and combination-treated -cells,
respectively, compared with the control cells (11.3%)
(Fig. 5-2, 3, 4, 5). The combined treatment significantly
induced the highest percentage of apoptosis in HepG2
cells (Fig. 6-A). Similarly, for MCEF-7 cells, (Figs. 5-6, 7,
8), the combined treatment induced the highest percent-
age of apoptosis with a ratio of 86.9%, while metformin-
and D-limonene-treated cells showed ratios of 80.1% and
69.8%, respectively. Untreated MCEF-7 cells had an apop-
totic ratio of just 13.7% (Fig. 6B).

Cell cycle analysis by flow cytometry

In HepG2 cells, as shown in Fig. 7A, a significant G,/
G; phase arrest was observed which further increased
in all the treated groups compared with the control
group. The highest percentage of cells arrested in G,/
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G, was seen in the combination-treated group (70.2%),
followed by 60.2% and 50.2% in the metformin- and
D-limonene-treated groups, respectively. Concomitantly,
a significant decrease in the proportion of cells in the S

phase was observed, from 22.5% in the control group to
19.2%, 17.6%, and 9.6% in the metformin-, D-limonene-,
and combination-treated groups, respectively. Also,
there were significantly fewer cells in the G,/M phase in
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the combination-treated group (2.4%) than in the met-
formin- (6.2%) and D-limonene-treated groups (9.8%),
while the control group had 17.4% cells in this phase.
The mean number of apoptotic HepG2 cells, represented
by the sub-G,/G; phase, were significantly higher in the
treated groups compared with the control group. The
combination-treated group had 17.7% apoptotic cells, the
metformin-treated group had 13%, and the D-limonene-
treated group had 12.4% (Fig. 8, a-e). The percentage
of cells in all phases, except the G,/M, were higher in
untreated HepG2 cells than in untreated normal cells
(Fig. 7A).

The cell cycle analysis results for MCF-7 cells were
similar (Fig. 8, f-I). The combination-treated group
showed the highest percentage of cells arrested in G,/
G, (73.4%), followed by 58.5% and 54.2% in the met-
formin- and D-limonene-treated groups, respectively.
Concomitantly, the combination-treated group showed

the lowest percentage of cells in the S phase (11.3%),
followed by 19.6% and 15.2% in the metformin- and
D-limonene-treated groups, while 21.1% of cells in the
control group were in this phase. Also, 2.4% of the cells in
the combination-treated group were in the G,/M phase
compared with 7.1%, 8.3%, and 15.4% for the metformin-,
D-limonene-treated, and control groups, respectively.
The combination-treated group had 19.1% apoptotic
cells in contrast to 14.4% and 11.8% in metformin- and
D-limonene-treated groups, respectively. The percentage
of cells in all phases, except G,/M, was generally higher
for the untreated MCF-7 cells than the untreated normal
cells (Fig. 7B).

Expression of the Bax, Bcl2, P53, PTGS2 (COX2) and iNOS
genes

The quantitative PCR results for both HepG2 and MCF-7
cell lines revealed a significant downregulation (P <0.05)
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in the expression of Bcl2, PTGS2 and iNOS genes
whereas a significant upregulation in the expression of
Bax and P53 genes in the treated groups compared with
the control group. Again, the combined-treatment group
exhibited effects of the highest magnitude compared with
other treatment groups.

Discussion

The predicted targets are associated with a series of dis-
eases, including different types of cancers. The drug—
target network analysis revealed effective interaction
between metformin and D-limonene through the PTGS2
(COX-2) gene, which encodes a key enzyme that medi-
ates prostaglandin synthesis and is involved in tumor
invasiveness and angiogenesis [35]. Targeting this gene
will be efficient because it will likely impact multiple
nodes at the system level. COX-2 is widely upregulated
in many human cancers, including colorectal, prostate,
breast, gastric, hepatic, lung, and head and neck cancers,

as it is promoted by a variety of cytokines, growth fac-
tors, and tumor promoters [36]. More importantly, the
novel potential pharmacological effects of metformin
and D-limonene were illustrated. Also, among these
targets, the inducible nitric oxide synthase (iNOS) or
type II genes correlated with carcinogenic processes in
liver and breast cancers play a central role in inflamma-
tion and expresses protective effects against detrimental
damage [37].

Recent studies have shown the effect of metformin
and D-limonene on cancer cells through GO analysis.
All these physiological mechanisms such as regulation
of programmed cell death and cell proliferation, and
response to steroid hormones are interrelated to the
pathogenesis of HCC and breast cancer. Several recent
clinical studies demonstrated the antitumorigenic effect
of metformin and D-limonene, with high cytotoxic selec-
tivity, in different cancerous cells in vitro and in vivo
[38]. Our results for D-limonene were similar to those
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of Hajizadeh et al. [39], who showed that 400 uM of the
compound was cytotoxic to HepG2 and MCEF-7 can-
cer cells. Das et al. [40] reported the IC;, of metformin
in HepG2 cells to be 25 mM. Kuang et al. [41] reported
similar results when they compared senescence due to
oxidative stress in human periodontal ligament cells and
WI-38 cells. Mahmoud et al. [42] studied the antioxidant,
antibacterial, and antitumoral effects of Cymbopogon
citratus, Mentha longifolia, and Artemisia absinthium
essential oils on WI-38 cells. They reported very low
cytotoxic effects of the herb oils on WI-38 cells in con-
trast to considerable cytotoxicity in MCF-7 and the colon
cancer cell line HCT112.

Previous studies [43, 44] showed a synergistic anti-
cancer effect against HepG2 and MCF-7 cells when
metformin was combined with many natural extracts.
Similarly, recent research [45] reported a synergistic
effect against the same cell lines when D-limonene was
combined with many natural products.

The strongest safe antioxidants are essential to prevent
the free radical-mediated progression of disorders. They
can either scavenge reactive oxygen/nitrogen species
(ROS/RNS) to stop radical chain reactions (primary anti-
oxidants or free radical scavengers) or inhibit the reactive
oxidants from being converted into ROS/RNS (second-
ary or preventive antioxidants) [46]. This DPPH radical
scavenging activity might confirm the hydrogen donating
capacity of these compounds and explain their proposed
ability to protect consumers from various free radical-
related diseases. Here, we used the equation between
weight and molecular weight, to convert the values of uM
to ug/ ml by multiplying uM by molecular weight then
divided by 1000, quantifying the values with pg/ ml and
uUM. Previous studies have demonstrated the efficiency
of metformin and D-limonene in managing oxidative
stress [47]. On the other hand, previous studies have also
shown that metformin increased GSH levels in MCF-7
and HepG2 cells [48]. Furthermore, useful information
[49] were provided about the antioxidant, antidiabetic,
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anticancer, and anti-inflammatory effects of D-limonene.
Adhikary et al. [50] have previously studied the effect of
D-limonene on HepG2 cells and showed that limonene
expanded the rate of apoptotic cells up to 89.61%, by flow
cytometry, and 48.2% by fluorescence microscopy.

Previous studies [51] have shown that these two com-
pounds significantly enhanced cellular apoptosis in
MCE-7 cells. The regulation of cell proliferation depends
on a balance between cell division and death. In cancer
cells, this balance swings toward proliferation because
of a dysregulated cell cycle, making them immortal
Previous studies, including in vitro experiments, ani-
mal models, and epidemiological analyses, have shown
that metformin and D-limonene inhibit tumor cell
proliferation.

Previously, they were shown to inhibit HCC and breast
cancer growth by arresting the tumor cell cycle in the
G,/G; phase and promoting apoptosis via the AMPK-
dependent pathway [52]. Xiong et al. [53] showed that
metformin arrested the cell cycle and induced apopto-
sis in HCC cells through an AMPK-independent path-
way. In the present study, metformin arrested HCC and
MCE-7 cells at the G, phase of the cell cycle, and induced
apoptosis, compatible with previous findings [54, 52].
Therefore, metformin may be useful to control the pro-
liferation of HCC and MCF-7 cells. Several monoterpe-
nes, including D-limonene, were also reported to act as
antiproliferative agents against cancer cells by arresting
cell growth, both in Gy/G; or G,/M phases [55]. Pre-
vious studies have demonstrated the antitumorigenic
effects of D-limonene on cancer [18], and promoted the
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identification of proapoptotic, anti-inflammatory, anti-
proliferative, anti-invasive, and potential antiangiogenic
activities of limonene by employing a dual reverse virtual
screening protocol.

These data support our speculation that the treat-
ment regimens trigger apoptosis by activating p53 and
Bax. Our results agree well with those of Hafidh et al.
[56], who investigated the effect of natural drugs on
tumor cells and reported a reduction in growth, as well
as the synthesis of DNA, RNA, and gene expression in
these cells.

The present study revealed that administration of
the natural products metformin and D-limonene,
either alone or in combination, reduced cell viabil-
ity or induced apoptosis in HepG2 and MCEF-7 cells,
which was evident from the significant increase in
the expression of p53 and the proapoptotic Bax genes
with a concomitant decrease in the anti-apoptotic Bc/2
gene. Cells subjected to combined treatment showed
the highest Bax and lowest Bc/2 expression, indicating
a higher apoptotic rate and synergism. These in vitro
data confirmed our in silico iso bologram results and
CI analysis for drug interaction, and together they
indicate a strong synergistic effect between the two
tested compounds. Our results are aligned with pre-
vious studies, which showed that metformin could
induce apoptosis and inhibit the growth of hepatocel-
lular and breast cancer cells [57], by downregulating
Bcl2 expression and upregulating Bax and P53 expres-
sion. Limonene also displayed proapoptotic effects in
the T24 human bladder [58] and HepG2 cancer cells
by increasing Bax and decreasing Bcl2 expression
[59], indicating that the apoptosis-dependent antican-
cer effect of these natural products is not restricted
to a single cancer type. Bax and Bcl2 are known to be
activated by the tumor suppresser p53 during apop-
tosis [60]. The apoptosis induced by metformin and
D-limonene, in this study, was associated with the
downregulation of PTGS2 (COX2) and iNOS genes,
upregulation of p53, and an increased Bax/Bcl2 ratio.

Moreover, the present study shows that the percent-
age of detectable iINOS mRNA significantly decreased
in all the treated groups compared with the untreated
MCE-7 and HepG2 cells, while it was 7.7-fold and ten-
fold higher, respectively, in these cells compared with
the untreated controls. In agreement with these find-
ings, Previous studies have shown that the expression
of p53 downregulates iINOS by inhibiting its promoter
through a p53-dependent mechanism [61]. On the
other hand, the COX-2 gene is widely upregulated in
many human cancers, including breast [62] and liver
[63], indicating its role in promoting tumorigenesis.
COX-2 was found to promote cell proliferation and
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inhibit apoptosis by mediating the activation of down-
stream oncogenic pathways [64]. Our study showed
a significant downregulation of COX-2 in all treated
groups compared with the untreated group of normal
cells, thus proving the specific utility of metformin and
D-limonene together in the treatment of cancer.

Conclusion

In summary, the present work dissected the therapeu-
tic poly-pharmacology mechanisms of metformin and
D-limonene, which may provide a systematic strategy
to study their mechanisms of action, while promoting
novel drug discovery by their combination. Also, the
potency of metformin, D-limonene, and their combina-
tion to inhibit HepG2 and MCEF-7 cells in vitro is asso-
ciated with apoptosis, which is indicated by increasing
the expression of p53 and the proapoptotic gene Bax
and decreasing Bcl-2, PTGS2 and iNOS gene expression
(anti-apoptotic gene). Our study further reinforces the
potential benefit of combination of both drugs in can-
cer treatment and provides novel mechanistic insight
into their antiproliferative role.
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