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ABSTRACT

Biliverdin reductase, biliverdin and bilirubin are known as important components of cellular
signaling pathways that play major roles in cell proliferation and apoptosis, although their phys-
iological relevance is still under evaluation. This study was designed to investigate the expres-
sion and activity of BVR-A and its apoptotic effect in the breast cancer cell lines, MCF-7 and
MDA-MB-468. The expression of BVR-A was examined by real-time PCR and western blot
analysis. Bilirubin concentration was measured by HPLC and molecular docking was per-
formed to identify an appropriate inhibitor for BVR-A. To detect cell apoptosis, annexin V-PI
staining, caspase-3, -8, and -9 activities were evaluated. Cell viability was reduced by biliver-
din, in a dose-dependent manner, and an intrinsic apoptotic response occurred which was evi-
denced by caspase-3 and -9 activities. The intra- and extracellular concentrations of bilirubin
were higher in MCF-7 cells than those of MDA-MB-468 cells. The expression of BVR-A, at
MRNA and protein levels, in MCF-7 was also higher than that of MDA-MB-468 cells. Treat-
ment of both cell lines with biliverdin plus DTNB, a BVR-A inhibitor, increased the cell death
significantly when compared with biliverdin alone. Using annexin V-PI staining and assess-
ment of caspase-3 activity, it was confirmed that biliverdin together with DTNB increases apop-
tosis in breast cancer cells. In conclusion, biliverdin has an important role in cell apoptosis and
inhibition of biliverdin reductase increases the apoptotic effect of biliverdin.

Keywords: Biliverdin reductase-A, breast cancer cell lines, caspase activity, molecular dock-
ing, high-performance liquid chromatography
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INTRODUCTION

In the metabolic pathway of heme, bili-
verdin is converted to bilirubin by biliverdin
reductase (BVR) (Gazzinetal., 2016). Recent
data indicates that BVR, biliverdin, and bili-
rubin are important in the cellular signaling
pathways such as mitogen-activated protein
kinase (MAPK) pathway (Brito et al., 2008;
Florczyk et al., 2008). BVR-A, the major iso-
form of BVR, is a multifunctional enzyme
that possesses biological functions such as
cell growth and apoptosis and, therefore, it
might be involved in the pathogenesis of can-
cers (Kim et al., 2011; Zhang et al., 2018).
Concerning BVR-A expression in malignant
cells, little is known, although its expression
has been reported in lung and breast cancer
cells (Zhang et al., 2018). It has been shown
that the expression of BVR-A is cell-specific
and is important in cell growth and apoptosis
(Wada and Penninger, 2004; Barone et al.,
2011) since its over-expression has been
found in the arrested cells in G1/GO phase
(Gibbs and Maines 2007). However, there is
evidence that BVR-A could prevent cell
apoptosis by suppression of death receptor-5,
cytochrome c, and caspase-3 activity (Pachori
et al., 2007).

Recent studies have shown that biliverdin
modulates cellular growth in hyper-prolifera-
tive diseases such as cancers (Ollinger et al.,
2007a; Zheng et al., 2014). It regulates the ac-
tivity of several enzymes such as mitogen-ac-
tivated protein kinase (MAPK) that is in-
volved in signal transduction pathways in
both normal and malignant cells (Gibbs et al.,
2012; Loboda et al., 2015). The anti-prolifer-
ative effects of biliverdin have also been
shown by inhibition of MAPK phosphoryla-
tion and arresting the cell cycle at GO/G1
phase (Zheng et al., 2014). Furthermore, bili-
verdin suppresses the expression of cyclin A,
D1, and E and also reduces phosphorylation
of retinoblastoma (Rb), a tumor suppressor
protein (Ollinger et al., 2005). Interestingly, it
has been demonstrated that biliverdin has
anti-apoptotic effects in some tumor cells
(Busserolles et al., 2006; Parfenova et al.,
2006; Bulmer et al., 2008). In serum-deprived

Caco-2 cells, biliverdin significantly inhibited
cell apoptosis (Busserolles et al. 2006,) and
pretreatment of renal cell by biliverdin in-
creased cell resistance to the induction of
apoptosis by cisplatin through inhibition of
oxidative stress (Lv et al., 2016).

Biliverdin was shown to possess highly
potent antioxidant properties (Zheng et al.,
2014). Most effects of biliverdin are mim-
icked by bilirubin, although the signaling
pathways such as the effects on BVR-A are
mostly different (Wegiel and Otterbein,
2012). Interestingly, biliverdin is an endoge-
nous activator of aryl hydrocarbon receptor
(AhR) which contributes to its anticancer ef-
fects (Gazzin et al., 2016). AhR has a poten-
tial role in the regulation of cell proliferation,
cell-cycle distribution, and cell apoptosis
(Puga et al., 2009) and may mediate mecha-
nisms that contribute to anticancer effects of
biliverdin as reported in recent studies
(Phelan et al., 1998; Yin et al., 2016)

The purpose of this investigation is to ex-
amine the effects of BVR-A inhibition and
biliverdin on cell growth or apoptosis in hu-
man breast cancer cell lines: MCF-7 and
MDA-MB-468. Since an appropriate BVR-A
inhibitor is not commercially available
(Jansen et al., 2010), therefore, molecular
docking was applied to identify an appropri-
ate inhibitor for BVR-A.

MATERIALS AND METHODS

Molecular docking

In the present study, the crystal structure
of human BVR-A, in complex with NADPH
(PDB code: 2H63), was downloaded. The
BVR-A, as a receptor molecule, was prepared
for the molecular docking process by remov-
ing water, adding polar hydrogen bonds, and
charge distribution. The binding site of BVR-
A was detected by Autodock software.
Twenty compounds reported in previous stud-
ies were selected (Zheng et al., 2014; Van
Dijk et al., 2017) and their structures were ob-
tained from the ZINC  database
(http://zinc.docking.org/) and  PubChem
(https://pubchem.ncbi.nlm.nih.gov). In order
to rank the best ligand, in terms of orientation
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and binding to the active site of BVR-A, all
compounds were sorted according to the phar-
macophore model, using the Molecular Oper-
ating Environment software package (MOE).
The docking process was performed with
a flexible ligand and a rigid receptor. The best
protein-ligand complex with lower binding
energy was selected and subsequently used in
Molecular dynamics (MD) simulation. MD
simulation was used to inhibit BVR-A with
the final inhibitor, DTNB, obtained from the
docking process. It was performed with
Gromacs 2019 software and Gromos54a7
force field. Receptor preparation for MD sim-
ulation was performed by removing water and
NADH, the addition of polar hydrogen bonds,
and charge distribution. Ligand preparation
was also performed using the ATB site
(https://atb.ug.edu.au).

MATERIALS

Dulbecco’s modified Eagle’s medium
(DMEM) and supplements (Trypsin/EDTA,
fetal bovine serum (FBS), phosphate-buffered
saline (PBS), and penicillin-streptomycin)
were purchased from Gibco (Grand Island,
NY, USA). Unconjugated bilirubin (purity
> 98), biliverdin hydrochloride, bovine serum
albumin (BSA), tetrazolium salts (methylthi-
azole tetrazolium, MTT), dimethyl sulfoxide
(DMSO), chloroform, and methanol (HPLC
grade) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Mouse anti-actin was ob-
tained from Santa Cruz (CA, USA), rabbit
anti-BVR-A from Proteintech (Manchester,
UK), and horseradish peroxidase (HRP)-con-
jugated anti-rabbit from Bio-Rad (Hercules,
CA, USA). Polyvinylidene fluoride transfer
membrane (PVDF) and Enhanced chemilu-
minescence (ECL) reagents were purchased
from Bio-Rad (Hercules, CA, USA).
Caspase-3 and -8, -9 Colorimetric Assay Kits
were bought from Sigma-Aldrich. MCF-7
and MDA-MB-468 breast cancer cell lines
were provided by the National Cell Bank of
Iran (NCBI).

Cell culture procedure

The cells were cultured in DMEM me-
dium supplemented with 10 % FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin. They
were incubated at 37 °C in a humidified incu-
bator with 5 % CO2 and were harvested upon
70% confluence using trypsin-EDTA
(0.25 %).

Cell proliferation assay

Cell viability was evaluated using MTT
(3-(4, 5-Dimethyl-2-yI)-2, 5 diphenyltetrazo-
lium bromide) assay. They were seeded at a
density of 5-6x10° cells/well in 96-well
plates. The next day, they were incubated
with biliverdin for 24 or 48 hrs. Cells incu-
bated with DMSO were used as a control. Af-
ter incubation, the culture media was removed
and 20 pl of MTT was added to each well and
incubated at 37 °C for 3 hrs. Then, MTT me-
dia was removed, and to dissolve MTT form-
azan crystals, DMSO (0.2 mL) was added.
The plates were incubated, in the dark, for 10
min, and the absorbance was measured at 570
nm using a microplate reader (Tecan, Aus-
tria). 1Cso values were calculated using
GraphPad statistical software 6 (CA, USA).
In order to evaluate the cytotoxic effect of
DTNB, cells were incubated with this com-
pound for 12 hrs, and the MTT assay was then
applied.

Assessment of cell death

Annexin V/propidium iodide (PI) staining
assay was applied to quantify the cell death
modality. 2x10° cells were plated and treated
with biliverdin, biliverdin plus BVR-A inhib-
itor, and BVR-A inhibitor. Following treat-
ment, cells were washed twice with PBS,
mixed with 500 pl of binding buffer, stained
with 5 pl of annexin V and 5 pl of PI (PI 50
pg/ml) for 10 min at room temperature in the
dark and then were analyzed by a FACS Cal-
ibur flow cytometer (BD Biosciences, San
Jose, CA, USA). This assay distinguishes liv-
ing cells from early and late apoptotic cells.
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Determination of caspase-3, -8, and
-9 activities

Caspase activities were determined using
colorimetric assay Kits, according to the man-
ufacturer’s instructions (Sigma-Aldrich). Fol-
lowing treatment of the cells, they were
washed with PBS and centrifuged at 600 g for
5 min. Cells were lysed in 50 pl lysis buffer
on ice for 20 min, and then centrifuged at
20,000 x g for 15 min at 4 °C. Supernatants
were collected and were incubated with Ac-
DEVD-pNA (substrate for caspase-3), Ac-
IETD-pNA (substrate for caspase-8), and Ac-
LEHD-pNA (substrate for caspase-9) in a re-
action buffer at 37 °C for 2 hrs. Absorbance
was read at 405 nm using a microplate reader
(Tecan, Austria). Protein concentration was
measured using the Bradford method.

Quantification of intra- and extracellular
bilirubin

Bilirubin, 1 mg, was dissolved in 1 mL of
DMSO to achieve a stock standard solution
with a concentration of 1 mg/ml. The stock
standard solution of bilirubin was diluted with
mobile phase to prepare working standard so-
lutions at concentrations of 0.002, 0.005,
0.01, 0.015, 0.02, and 0.025 mg/ml. The
standard calibration curve was prepared using
working standards.

MCF-7 and MDA-MB-468 cells at 80 %
confluence were treated with biliverdin or
DMSO for 24 hrs. The cells were washed with
0.9 % NaCl and centrifuged at 250 g, 4 °C for
5 min. NaCl was removed after which the
cells were quenched by 200 pl methanol fol-
lowed by adding 200 pl H20 on ice and sub-
sequently mixed with chloroform at -20 °C.
To disrupt the cells, the pellet was frozen, al-
lowed to thaw, and was centrifuged at
16,100xg, 4 °C for 5 min. The lower phase
was then transferred to another tube (Sapcariu
et al., 2014). Bilirubin concentration was
measured using HPLC (high-performance
liquid chromatography), equipped with a di-
ode array detector. 10 pl of the extract was run
on Symmetry C18 HPLC column (3.5 pum,

4.6 mm x 75mm, Waters, Milford, MA,
USA). The mobile phase consists of two sol-
vent mixtures, including (a) 40 % MeOH/
60 % ammonium acetate (pH 4.5), and (b)
100 % MeOH, in a run time of 20 minutes.
The gradient program was 100 % solvent A
for 15 min, 100 % solvent B for 2 min, and
100 % solvent A for 3 min, with a flow rate of
1.0 mL/min. Detection of bilirubin was per-
formed at 450 nm. For quantification of bili-
rubin, a calibration curve was used (Van Dijk
etal., 2017).

BVR-A assay

The activity of BVR-A was determined by
measuring the rate of bilirubin formation, fol-
lowing the manufacturer’s protocol (Sigma,
St. Louis, USA). An equal amount of protein
(150 pg) was incubated with assay buffer at
37 °C for 5 min. Then, working solutions
were added and the plate was read by Cy-
tation™3 Cell Imaging Multi-Mode Reader
(BioTek Instruments Inc, Winooski, VT,
USA). The linear portion of the curve was se-
lected for the calculation of BVR-A activity.

RNA Extraction and cDNA synthesis

Total RNA was extracted from MCF-7
and MDA-MB-468 cell lines by RiboEX rea-
gent (Gene All, South Korea). RNA quality
and purity were determined by the nanodrop
spectrophotometer (NanoDrop Technologies
Inc., Wilmington, DE). Total RNA (1 ug) was
reverse transcribed to cDNA by Prime-
Script™ RT reagent Kit (Takara, Japan).
Real-time PCR was conducted by a Step-
OnePlus Real-Time PCR system (Applied Bi-
osystems) using SYBR Green Master Mix
(Takara, Japan). All assays were conducted in
duplicate at 95 °C for 5 min, followed by 35
cycles at 95 °C for 30 sec, and 61 °C for 30
sec and 72 °C for 35 sec. To normalize the ex-
pression of RNAs, B-actin was used and the
relative changes in mRNAs were calculated
by the method of 272, The sequences of all
primers are listed in Table 1.
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Tablel: Primer sequences for gRT-PCR analysis

Gene Forward Primer 5-3°

BVR-A AAGGAAGAGACCAAGATGAATGC
AhR TTATTGTGCCGAGTCCCATATCC
B-actin CACCCACACTGTGCCCATCTACG

Western Blot analysis

The treated cells were washed and resus-
pended in RIPA buffer (25 mM Tris—HCI (pH
7.4), 150 mM NaCl, 2 mM EDTA, 1.0 % Tri-
ton X-100, 1.0 % sodium deoxycholate, and
0.1 % SDS) containing protease and phospha-
tase inhibitors, on ice for 30 min. The lysates
were then centrifuged at 14,000xg, 4 °C for
15 min. The supernatants were collected and
the protein concentration was measured using
the Bradford method. An equal amount (50
pg) of protein in each sample was boiled in a
loading buffer for 5 min and loaded into each
lane of 10 % SDS-PAGE gel and the polypep-
tides were electrotransferred to a PVDF. The
membrane was blocked with 5 % skim milk
in TBST (150 mM NaCl, 10 mM Tris (pH
8.0), and 0.05 % Tween-20) at 4 °C for 2 hrs
and were then incubated with BVR-A and f-
actin primary antibodies at a dilution of 1:600
and 1:1000 at 4 °C overnight. Following
washing with TBST solution, three times, it
was incubated with anti-rabbit or anti-mouse
HRP conjugated secondary antibody at a dilu-
tion of 1:3000 for 2 hrs at room temperature
and washed in TBST again. To detect the an-
tigen-antibody complexes, ECL chemilumi-
nescence reagents were used, and to measure
western blot bands, Image Lab 4.1 software
(National Institutes of Health, USA) was
used.

Statistical analysis

Data analysis was performed using
GraphPad Prism 6.0 software. One-way anal-
ysis of variance (ANOVA) followed by Dun-
nett’s post hoc test was used. Mean + standard

Table 2: Grid box coordinates for BVR-A

Protein xD yD zD
2H63 96 64 106

Spacing (A)
1.00

Reverse Primer 5-3°

ACTCCATCAATGCTCCCGAG
CCTTCCTCATCTGTTAGTGGTCTC
CAGCGGAACCGCTCATTG CCAATG

deviation (SD) of at least three independent
experiments was presented. P <0.05 was con-
sidered statistically significant.

RESULTS

Molecular docking

To determine the active site of BVR-A, it
was first docked with its substrate, biliverdin.
The coordinates of the grid box utilized for
docking are illustrated in Table 2. Also, the
interacting amino acid residues of BVR-A
with biliverdin are shown in Figure 1. Com-
pounds used as ligands in the pharmacophore
model are presented in Table 3. Four com-
pounds (Disulfiram, Fluphenazine dihydro-
chloride, Montelukast, and DTNB) were se-
lected for further molecular docking. The re-
sults obtained from the molecular docking of
these compounds with BVR-A are shown in
Table 4. The binding of free energy (AGbind)
is calculated by the determination of binding
strength between these ligands and BVR-A
(Table 4). These results indicate that the bind-
ing energy among tested compounds is differ-
ent and the lowest binding energy is related to
the DTNB. The binding energy between
DTNB and BVR-A is -2.84 Kcal/mol which
shows a greater affinity for BVR-A than the
other ligands (Table 4). Ligplot™ software, as
a two-dimensional schematic, represents the
interactions between ligands and residues
within the binding site of BVR-A (Figure 2).
The result of MD showed that DTNB induces
a conformational change in BVR-A structure
which inhibits binding of BVR-A to biliver-
din.

z center
-17.331

X center
-5.888

y center
2.046
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Figure 1: Three-dimensional conformation and close-up view of the BVR-A binding site with biliverdin

(A), and DTNB (B).

Table 3: Compounds were used as ligands in the
pharmacophore model.

Compound
Alpha-Naphthoflavone
Anthralin

Benserazide hydrochlo-

ride

Chicago sky blue 6b
Closantel

Disulfiram

DTNB

Ebselen

Enalaprilat dehydrate
Fluphenazine hydro-
chloride

Haloprogin
Hexachlorophene
Merbromin

Mitoxantrone hydro-
chloride
Montelukast

Pranlukast
Pregabalin
Thimerosalthimerosal
Thioguanosine
Zardaverine

ID
ZINC38933
ZINC1322
ZINC3830273

PubChem 17460
ZINC4212651
ZINC1529266
ZINC2041301
ZINC478097
ZINC3812851
ZINC19203912

ZINC1530649
ZINC1530968
PubChem 8505
ZINC3794794

ZINC3831151
ZINC1542146
ZINC5152
PubChem 16684434
ZINC13514886
ZINC9230249

Biliverdin decreases cell viability

As shown in Figure 3A and B, biliverdin
inhibited the viability of MCF-7 and MDA-
MB-468 in a time- and dose-dependent man-
ner. The cell death of MDA-MB-468 for 250
uM of biliverdin was more than MCF-7 cells
(P<0.0001). The effective dose of biliverdin
for the inhibition of 50 % of cell growth
(I1Cs0), after 24 hrs of treatment, was 247.4
pUM for MCF-7 and 168.9 uM for MDA-MB-
468. In the subsequent experiments, 250 uM
and 170 uM of biliverdin have been used as
optimum concentrations for MCF-7 and
MDA-MB-468 respectively.

Biliverdin induces cell apoptosis

To elucidate whether the effects of bili-
verdin on the MCF-7 and MDA-MB-468 cells
were associated with the induction of apopto-
sis, annexin V- PI staining was used. The per-
centages of early, late apoptotic, and necrotic
cells after incubation of both cells with bili-
verdin are shown in Figure 4A and B. Biliver-
din treated MCF-7 cells showed a significant
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Table 4: The binding energy of selected ligands against the BVR-A

Selected ligands Disulfiram  Fluphenazine  Montelukast DTNB Biliverdin
dihydrochloride
Binding Energy (Kcal/mol) -1.28 -2.24 -1.47 -2.84 -0.06
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Figure 2: Two-dimensional scheme of interactions of BVR-A with the docked molecule: A) Disulfiram,
B) Fluphenazine dihydrochloride, C) DTNB, and D) Montelukast, obtained by Ligplot+ software. Recep-
tor residues involved in hydrophobic interactions are represented by black semicircular arcs, and hydro-
gen bonding shows in green dotted lines. Carbon, oxygen, nitrogen, and fluorine atoms are displayed
in filled black, red, blue, and green circles, respectively.
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Figure 3: Induction of cell death by exogenous biliverdin in breast cancer cell lines. MCF-7 (A) and
MDA-MB-468 (B) cells were treated with different concentrations of biliverdin (from 25 to 250 uM) for
24 and 48 hrs. The cell viability was evaluated by MTT assay. The data are presented as mean + SD
(three separate experiments). **P<0.01, ***P<0.001, and ****P<0.0001, denote means significantly dif-
ferent from control cells.
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Figure 4: Induction of different modes of cell death by biliverdin, biliverdin plus DTNB, and DTNB in
MCF-7 and MDA-MB-468 cell lines. (A) MCF-7 and MDA-MB-468 cell line treated with biliverdin for 24
hrs. DTNB was pretreated for 12hrs prior to biliverdin treatment. After 24 hrs of incubation with biliverdin,
the percentage of cell death (early and late apoptosis) was significantly increased in both cell lines.
Necrosis was also increased in these cell lines, although not significantly in MDA-MB-468 cells. Pre-
treatment with DTNB has significantly decreased cell death after biliverdin treatment. (B) Quantification
of Figure A. Data is represented as mean = SD (three separate experiments). *P<0.05,
**P <0.01, ***P <0.001, ***P <0.0001 denotes a mean significantly different from control cells, ns not
significantly different from control cells (BV= biliverdin)
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increase in the early (4.80%) and late
(18.32 %) apoptosis compared to controls
(Figure 4A and B) (P<0.0001). As shown in
Figure 4A and B, MDA-MB-468 treated cells
with biliverdin showed significant cell apop-
tosis (33.54 % early and 8.04 % late apopto-
sis) (P<0.0001). However, there were no sig-
nificant differences in the necrosis (P =0.96).
Taken together, these findings indicate that
biliverdin induces apoptosis in breast cancer
cells.

The effect of DTNB, as a BVR-A inhibi-
tor, on the biliverdin-induced cell apoptosis
was examined. As shown in Figure 4A and B,
MCF-7 treated cells with biliverdin plus
DTNB exhibited a significant apoptotic effect
when compared to those treated with biliver-
din alone (9.83 % early and 40.93 % late
apoptosis) (P <0.01, P<0.0001). Also, treat-
ment of MDA-MB-468 cells with biliverdin
plus DTNB increased cell apoptosis when
compared to those treated with biliverdin
alone (30.85 % late apoptosis) (P<0.0001).
DTNB did not affect cell viability (Figure 4A
and B).
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Biliverdin induces intrinsic apoptotic
pathways

As presented in Figure 5A and B, the ac-
tivity of caspase-3 was significantly increased
after treatment of MCF-7 and MDA-MB-468
cells with biliverdin (1.46 and 1.54 times
more than control, respectively) (P <0.0001).
Furthermore, caspase-3 activity was signifi-
cantly increased after treatment of MCF-7 and
MDA-MB-468 cells with biliverdin plus
DTNB (1.98 and 2.22 times more than con-
trol, respectively) (P <0.0001).

To distinguish whether biliverdin initiates
apoptosis via the intrinsic or extrinsic path-
way, the activities of caspase-8 and -9 were
determined. Following treatment of MCF-7
and MDA-MB-468 cells with biliverdin, the
activity of caspase-9 has been increased sig-
nificantly (1.36 and 1.22 times more than con-
trol) (P<0.01, P<0.01) (Figure 5A and B).
In contrast, biliverdin had no significant ef-
fect on the activity of caspase-8 (Figure 5A,
and B).

Figure 5: Specific activities
of caspases in the cell ly-
sate of breast cancer cell
3.0+ lines, MCF-7 and MDA-MB-
468 cells, treated with bili-
209 verdin for 24 hrs. DTNB
ol was pretreated for 12 hrs
' prior to biliverdin treatment
after incubation of MCF-7
& & (A) and MDA-MB-468 (B)
cells with Biliverdin, the ac-
tivity of caspase-3, -9, and
-8 were increased signifi-
cantly, using an enzymatic
assay. In contrast, biliver-
din did not affect the activa-
tion of caspase-8. Pretreat-
ment with DTNB signifi-
cantly increased the activity
of caspase-3 after biliverdin
treatment. The results were
presented as the mean val-
ues = SD. *P < 0.01, ***P
<0.001 denotes a mean
significantly different from
control cells.
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Biliverdin induces BVR-A and AhR
expression

BVR-A gene expression and protein lev-
els were assessed in both breast cancer cell
lines after treatment with biliverdin for 24 hrs.
As shown in Figure 6A, the expression level
of the BVR-A gene was up-regulated in
MCF-7 and MDA-MB-468 following treat-
ment with biliverdin (P<0.01, P<0.001). A
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significant increase was observed in the BVR-
A protein level after the treatment of both cell
lines with biliverdin (P<0.0001) (Figure 6B).
The gene expression and protein levels of
BVR-A were higher in MCF-7 than those of
MDA-MB-468 cells. The expression level of
AhR gene was also up-regulated in the bili-
verdin treated MCF-7 and MDA-MB-468
cells (P<0.01, P<0.0001) (Figure 6A).
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Figure 6: mRNA level of BVR-A and AhR (A) and protein level of BVR-A (B) in the biliverdin-treated
breast cancer cell lines. B-actin was used for normalization in real-time-PCR analysis and western blot.
*P<0.05, **P <0.01, **P <0.001, and ****P <0.0001 denotes a mean significantly different from control

cells.
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Determination of intra- and extracellular
bilirubin

It has been demonstrated that intra- and
extracellular concentrations of bilirubin in
MCEF-7 cells were higher than those of MDA-

levels were 2.60 and 2.10 times higher than
those of untreated cells (P <0.01, P<0.05)
(Figure 7B and C). In the treated MDA-MB-
468 cells with biliverdin, the bilirubin con-
centration was significantly increased in both

MB-468 cells (Figure 7A and C). Treatment intra- and extracellular fluids (2.96 and 3.27

of MCF-7 cells with biliverdin for 24 hrs times higher than control) (P<0.01,
showed that intra- and extracellular bilirubin P <0.01).
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Figure 7: HPLC chromatograms of bilirubin in intra- and extracellular of in control cells (A) and treated
cells (B). Detection wavelength of 453 nm. (C) Quantification of intra- and extracellular levels of bilirubin.
The data are expressed as the mean = SD, *P<0.05, **P <0.01, ***P <0.001, and ****P <0.0001 de-
notes a mean significantly different from control cells.
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Measurement of BVR-A activity

Before and after the treatment of the cells
with DTNB, the BVR-A activity was evalu-
ated. MCF-7 and MDA-MB-468 were incu-
bated with different concentrations of DTNB
for 12 hrs. IC50 was 59.06 for MCF-7 and
40.25 uM for MDA-MB-468 at 12 hrs. The
results showed that BVR-A activity was sig-
nificantly reduced, which suggests DTNB is a
potent inhibitor (Figure 8).
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Figure 8: Inhibition of BVR-A by DTNB in breast
cancer cell lines. MCF-7 and MDA-MB-468 cells
were treated with different concentrations of
DTNB (from 125 to 1000 uM) for 12 hrs. The data
are presented as mean * SD (three separate ex-
periments). **P<0.01, ***P<(0.001 and
****P<(0.0001, denote means significantly different
from control cells.

DISCUSSION

In the present study, it has been found that
biliverdin, in a dose-dependent manner, re-
duces the cell viability and induces cell apop-
tosis in both breast cancer cell lines, MCF-7
and MDA-MB-468. In agreement, other in-
vestigations have shown that biliverdin inhib-
ited the growth of various cell lines. It has
been reported that treatment of head and neck
cells with biliverdin directed the cells to apop-
tosis (Zheng et al., 2014). In rat and mouse
VSMCs, it has been demonstrated that bili-
verdin did not persuade apoptosis although it
suppressed the cell-cycle progression at the
GO/G1 phase (Ollinger et al., 2007b). How-
ever, pretreatment of renal cells by biliverdin
increased the cell resistance to apoptosis that

was induced by cisplatin via inhibition of ox-
idative stress (Lv et al., 2016). Different ef-
fects of biliverdin on apoptosis have been re-
ported, which might be dependent on the var-
ious concentrations of biliverdin that were
used in various experiments. It has been re-
ported that biliverdin, at millimolar concen-
trations, induced cell apoptosis (Ollinger et
al., 2007a), whereas at micromolar levels it
inhibited apoptotic response (Busserolles et
al., 2006).

In this study, it has been demonstrated that
biliverdin induced caspase-3 dependent apop-
tosis in breast cancer cell lines. Induction of
caspase-dependent apoptosis by biliverdin
has also been reported in other malignant cells
(Rodrigues et al., 2002; Keshavan et al.,
2004). Caspase-3 is the most important exec-
utor in both intrinsic and extrinsic pathways
(Jiang et al., 2020). It is activated by caspase-
8 (in the extrinsic pathway of apoptosis) and
caspase-9 (in the intrinsic pathway of apopto-
sis) (Jiang et al., 2020). In the present study,
it has been further shown that apoptosis in-
duced with biliverdin is mediated by an intrin-
sic pathway, as evidenced by activation of
caspase-9. However, Keshavan et al. failed to
demonstrate the effects of biliverdin on caspa-
ses (Keshavan et al., 2004).

Regarding the relationship between bili-
verdin and BVR, and to exhibit that these ef-
fects are induced by either biliverdin or bili-
rubin, the conversion of biliverdin to bilirubin
was blocked using DTNB, a BVR-A inhibi-
tor. Considering the BVR-A inhibition, it has
been demonstrated that DTNB, with a lower
binding energy score (-2.84 Kcal/mol), pos-
sesses the highest binding affinity for BVR-A
than the other studied ligands (Table 4). The
results demonstrated that cell death induced
by biliverdin plus BVR-A inhibitor was
higher than that induced by biliverdin alone.
Using several complementary procedures in-
cluding annexin V-PI staining and assessment
of caspase-3 activity, it has been confirmed
that in the presence of DTNB, induction of
apoptosis was higher than that of biliverdin
alone. There are three possible mechanisms to
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describe these effects on the cells. Firstly, re-
duction in the basal level of endogenous bili-
rubin which is a potent antioxidant (Bianco et
al., 2020), and secondly elevation in the level
of biliverdin which has a negative feedback
inhibition on the activity of heme oxygenasel
(HO-1) (Salim et al., 2001). The third mecha-
nism is the inhibitory effect of biliverdin on
NF«B activation, which has been associated
with apoptotic response (Gibbs and Maines,
2007). It has also been reported that the inhib-
itory effect of biliverdin on cell proliferation
and angiogenesis relies on its antioxidant ac-
tivity and is independent of its conversion to
BR by BVR-A (Zheng et al., 2014).

The expression of BVR-A is tissue-spe-
cific since it is expressed in the lung (Liu et
al., 2017) and liver cancers, but not in ovarian
cancer, and its expression was up-regulated in
skin cancer cells (Arena et al., 2015; Zhang et
al., 2016). In the current study, the results re-
vealed that mMRNA and protein levels of BVR-
A were higher in MCF-7 than those of MDA-
MB-468. Since the measurement of intra- and
extracellular levels of bilirubin could provide
a deep understanding of the mechanisms, bil-
irubin was measured using the HPLC method.
The present results revealed that intra- and ex-
tracellular concentrations of bilirubin were
higher in MCF-7 than those of MDA-MB-468
cells because the expression of BVR-A was
also higher in MCF-7. The intracellular con-
centration of bilirubin could be influenced by
cellular uptake, mitochondrial oxidative en-
zymes, as well as a different pattern of BVR-
A expression in the cells and tissues (Bianco
etal., 2020). The results showed that bilirubin
was significantly higher in the biliverdin
treated cells, suggesting that biliverdin, in
part, is converted to bilirubin in breast cancer
cells.

Interestingly, an increase in AhR gene ex-
pression was observed in biliverdin-treated
breast cancer cells. AhR is the only binding
site for biliverdin (Gazzin et al., 2016). It has
a potential role in the regulation of cell prolif-
eration, cell-cycle distribution, and cell apop-
tosis (Puga et al., 2009). It has been shown

that activation of AhR resulted in cell prolif-
eration, while its stimulation by endogenous
substrates may induce cell cycle arrest, as
shown in LoVo human colon cancer cells
(Yin et al., 2016). These results suggest that
activation of AhR by biliverdin may contrib-
ute to the direction of the cells to the apoptosis
(Phelan et al., 1998).

CONCLUSION

In the present study, it has been found that
in breast cancer cells, biliverdin induces cell
apoptosis through intrinsic pathways, as evi-
denced by caspase-3 and -9 activities. In ad-
dition, treatment of the cells with biliverdin
plus DTNB elevated cell apoptosis. Incuba-
tion of both cell lines with biliverdin in-
creased the intra- and extracellular level of
bilirubin, i.e., biliverdin is converted to biliru-
bin. Since BVR-A was highly expressed in
MCF-7, compared to that of MDA-MB-468,
bilirubin was also higher in this cell line.
Taken together, it has been shown that the ef-
fect of biliverdin is complex and needs further
investigation.
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