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Abstract: The development of novel antitumor drugs for the treatment of non-small cell lung carcinoma NSCLC is im-
perative in order to improve the efficacy of lung cancer therapy and prognosis. In the current study, we demonstrated 
the antitumor activity of isorhamnetin and its combinations with cisplatin and carboplatin against A-549 lung cancer 
cells. In order to assess the anticancer enhancing effect of isorhamnetin on cisplatin and carboplatin, A-549 cells 
were treated with isorhamnetin, cisplatin, carboplatin and their combinations and cell viability, cell apoptosis, cell 
cycle arrest as well as loss of mitochondrial membrane potential were evaluated by MTT assay, flow cytometry, con-
focal microscopy and fluorescence microscopy. The effect of the drugs on cancer cell migration, microtubule depo-
lymerization as well activation of caspases was also studied. The results revealed that, as compared to single drug 
treatment, the combination of isorhamnetin with cisplatin and carboplatin resulted in greater effect in inhibiting 
cancer cell growth and inducing apoptosis. Combination of isorhamnetin with cisplatin and carboplatin resulted in 
more potent apoptosis induction as revealed by fluorescence microscopy using AO/PI double staining. Isorhamnetin 
and its combinations also triggered microtubule distortion and depolymerization. The combination of isorhamnetin 
with cisplatin and carboplatin increased the number of cells in G2/M phase dramatically as compared to single 
drug treatment. Moreover, isorhamnetin and its combinations with known anticancer drugs induced disruption of 
the mitochondrial membrane potential as well as activation of caspases 3, 9 and poly-(ADP-ribose) polymerase in 
A-549 cells. Isorhamnetin as well as its combinations with cisplatin and carboplatin resulted in inhibition of cancer 
cell migration significantly. Results of the current study suggest that isorhamnetin combinations with cisplatin and 
carboplatin might be a potential clinical chemotherapeutic approach for NSCLC.

Keywords: Non-small cell lung carcinoma, isorhamnetin, apoptosis, cell migration, tubulin, chemotherapy

Introduction

Lung cancer, also known as pulmonary carci-
noma, is a malignant lung tumor characterized 
by uncontrolled cell growth in tissues of the 
lung. Lung cancer is initiated by activation of 
oncogenes or inactivation of tumor suppressor 
genes. Carcinogens cause mutations in these 
genes which induce the development of cancer. 
Mutations in the K-ras proto-oncogene are 
responsible for 10-30% of lung adenocarcino-
mas. About 4% of non-small-cell lung carcino-
mas involve an EML4-ALK tyrosine kinase 
fusion gene. Epigenetic changes such as altera-
tion of DNA methylation, histone tail modifica-
tion, or microRNA regulation may lead to inacti-

vation of tumor suppressor genes. The epider-
mal growth factor receptor (EGFR) regulates cell 
proliferation, apoptosis, angiogenesis, and 
tumor invasion. Mutations and amplification of 
EGFR are common in non-small-cell lung carci-
noma and provide the basis for treatment with 
EGFR-inhibitors [1-5].

Lung cancer is the most frequently diagnosed 
cancer responsible for almost 1.38 million 
deaths every year worldwide [6, 7]. In China, 
lung cancer has replaced liver cancer as the 
leading cause of death among people with 
malignant tumors in 2008. According to the sta-
tistics from the National office on tumor cure 
and prevention, about 600000 people die of 
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lung cancer each year in China. For therapeutic 
purposes, clinically two broad classes of lung 
cancer have been distinguished, non-small-cell 
lung carcinoma (NSCLC) and small-cell lung 
carcinoma (SCLC). NSCLC is more prevalent, 
accounting for almost 80% of lung cancers. 
Non-small cell lung cancer is composed of sev-
eral subtypes, including lung adenocarcinoma, 
which is the most common lung cancer in the 
western world. NSCLC also includes squamous-
cell carcinoma and large-cell carcinoma. 
Squamous-cell carcinoma accounts for about 
30% of lung cancers. About 9% of lung cancers 
are large-cell carcinoma [8-11]. 

5-year survival rates of about 40%, nearly 40% 
belong to stage ΙΙΙA and a few to stage ΙΙΙB with 
a 5-year survival rate of about 20%. About 50% 
of the NSCLS patients receive chemotherapy 
with paclitaxel and carboplatin. However, these 
chemotherapeutic drugs produce serious side-
effects such as leukopenia, hepatic dysfunc-
tion, disorder in renal function, nausea and 
vomiting. These side-effects are most com-
monly attributed to tissue necrosis, apoptosis 
and inflammation caused by the chemotherapy 
treatment [19-22]. The toxic side-effects of 
these anticancer drugs can be minimized by 
using non-toxic potentiating agent or synergis-

Figure 1. Effect of isorhamnetin on A-549 cancer cell proliferation. These cells 
were treated with DMSO as vehicle control and with isorhamnetin at different 
concentrations from (0, 2.5, 5, 25, 50 and 100 μM) for 24 h and cell viability 
was determined by MTT assay. *P = 0.05, **P = 0.01 vs. vehicle control.

Figure 2. Effect of isorhamnetin, cisplatin, carboplatin and their combinations 
on A-549 cancer cell proliferation. The cells were treated with DMSO as vehicle 
control and with isorhamnetin (IR, 25 µM), cisplatin (CP, 0.5 µM), carboplatin 
(CB, 0.5 µM) and their combinations (IR+CP and IR+CB) for 24 h and cell vi-
ability was determined by MTT assay. *P = 0.05, **P = 0.01 vs. vehicle control.

Among the conventional 
anticancer drugs, platinum 
complexes such as cisplatin 
(cis-diamminedichloroplati-
num II) and carboplatin (cis-
diammine [1,1-cyclobutane-
dicarboxylato] platinum) 
have been investigated com-
prehensively [12-15]. The 
chemotherapy regimen for 
lung cancer depends on the 
tumor type. Small-cell lung 
carcinoma (SCLC) is treated 
primarily with chemotherapy 
and radiotherapy [16]. In 
SCLC, cisplatin and etopo-
side are most commonly 
used. Combinations with 
carboplatin, gemcitabine, 
paclitaxel, vinorelbine, topo-
tecan, and irinotecan are 
also used [17, 18]. In 
advanced non-small cell 
lung carcinoma (NSCLC), 
chemotherapy improves sur-
vival and is used as first-line 
treatment. The most fre-
quently used therapies for 
NSCLC are chemotherapy, 
radiotherapy and surgical 
treatments. Generally NSC- 
LC is treated by surgical 
operation followed by che-
motherapy to avoid recur-
rence. Unfortunately, 2/3 of 
the patients are inoperable 
when diagnosed. Among the 
patients who undergo surgi-
cal operation with overall 
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tic compound in combination with anticancer 
drugs which may possibly potentiate their 

effectiveness while minimizing their toxicity by 
reducing the dose. Such non-toxic potentiating 

Figure 3. Effect of Isorhamnetin, cisplatin, carboplatin and their combinations on cell apoptosis in A-549 cancer 
cells. Control (Untreated) A-549 cells after 48 h showed normal structure without noticeable apoptosis. (B-D) Isor-
hamnetin, cisplatin and carboplatin-treated cells respectively showed early apoptosis features including blebbing 
and chromatin condensation after 48 h treatment. (E and F) isorhamnetin+cisplatin and isorhamnetin+carboplatin-
treated cells respectively showed late apoptosis in addition to early apoptotic features. (magnification: 200×). 

Figure 4. The effects of Isorhamnetin, cisplatin, carboplatin and their combinations on microtubules in A-549 cells. 
A549 cells were treated with 0.025% DMSO (A), 25 μM isorhamnetin (B), 0.5 μM cisplatin (C) and carboplatin (D) 
each or their combination (IR+CP) (E) and (IR+CB) (F) for 48 h. The images were visualized under a fluorescence 
microscope. The representative from three independent experiments is shown. 
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agents which can possibly solve many prob-
lems of the clinical cancer treatment include 
flavonoids from plants [23, 24].

Therefore, a main attention of pre-clinical and 
clinical research in recent years has been to 
design innovative treatment strategies capable 
of selectively inhibiting crucial pathways that 
control cancer cell proliferation and apoptosis 
[18-20 Silibinin]. Combination therapy/preven-
tion, in this regard, is gaining increased atten-
tion as an effective alternative to increase effi-
cacy and minimize systemic toxicity of chemo-
therapeutic agents [25, 26]. The present study 
is an effort to analyze the effects of a combina-
tion of isorhamnetin and platinum compounds 
(cisplatin and carboplatin) on growth inhibition, 
cell cycle regulation and apoptosis in non-small 
cell lung carcinoma cells, and to define molecu-
lar mechanisms involved in the observed 
increased efficacy. This study constitutes first 
such report on isorhamnetin combination treat-
ment of NSCLC with cisplatin and carboplatin. 

Materials and methods

Cell lines and chemicals

A-549 non-small-cell lung cancer cell lines 
were purchased from China Center for Type 

Culture Collection (Wuhan, China). Cells were 
cultured in RPMI 1640 with 10% fetal bovine 
serum (Hyclone Laboratories, Logan, UK) and 
100 units/ml penicillin -100 µg/ml streptomy-
cin, and were grown at 37°C in a humidified 
95% air and 5% CO2 atmosphere. RPMI 1640 
and other culture materials were from GIBCO/
BRL Life Technologies (Grand Island, NY).
Isorhamnetin flavonoid (> 95% purity by HPLC), 
cisplatin and carboplatin were from Sigma 
Chemical Co. (St. Louis, MO.), and for all the 
studies, isorhamnetin and cisplatin were dis-
solved in dimethyl sulfoxide (DMSO) and carbo-
platinin distilled water as stock solutions and 
diluted as per requirement. Unless specified 
otherwise, the final concentration of DMSO in 
the culture medium during different treatments 
did not exceed 0.2% (v/v), and therefore the 
same concentration of DMSO was present in 
control dishes.

MTT assay for evaluating the cytotoxic effect

The cytotoxic effect of isorhamnetin, cisplatin 
and carboplatin and their combination on the 
proliferation of A-549 cells was measured by 
MTT assay. Briefly, A-549 cells were plated at a 
density of 1×105 cells per well in 96 well plates 
overnight and then treated with 0, 2.5, 5, 25, 
50, 75 and 100 μM isorhamnetin; 0.5 μM cis-

Figure 5. Isorhamnetin, cis-platin, carboplatin-induced apoptosis of A-549 cells analyzed by FACS, stained with 
annexin V-FITC/PI. Cells were treated with either 25 µM isorhamnetin (IR, B), 0.5 µM cisplatin (CP, C), 0.5 µM car-
boplatin (CB, D) or their combinations (IR+CP, E) and (IR+CB, F) for 48 h, while DMSO-PBS served as control (A). 
Data summary and analysis of the proportion of A-549 cells in different periods was according to the results of flow 
cytometric analysis. 
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platin and carboplatin each or their combina-
tion (25 μM isorhamnetin plus 0.5 μM cisplatin 
or 0.5 μM carboplatin) for 24 h. Ten microliters 
of MTT solution (1 mg/ml in PBS) were added to 
each well and the cells were cultured for anoth-
er 4 h at 37°C. The medium was completely 
removed and 200 μl DMSO was added to solu-
bilize MTT formazan crystals. The plates were 
then agitated and the optical density was deter-
mined at 570 nm (OD570) using an ELISA plate 
reader (Model 550; Bio-Rad, Hercules, CA, 
USA). At least three independent experiments 
were performed.

Immunofluorescence assay of microtubule

The A-549 cells were cultured on the coverslips 
and treated with 0.030% DMSO, 25 μM isorh-
amnetin, 0.5 µM cisplatin and carboplatin each 
(or their combination viz., isorhamnetin+cisplatin 
and isorhamnetin+carboplatin) for 48 h. The 
cells were fixed with 2.5% formaldehyde for 20 
min and were then permeabilized with 0.5% 
Triton ×-100 in PBS for 10 min. After blocking 
with 5% BSA for 20 min, the cells were incu-

bated with anti-β-tubulin monoclonal antibody 
(1:50 in the blocking solution) for 3 h at 37°C 
followed by incubation with FITC-conjugated 
goat anti-mouse IgG (1:1000) for 1 h at 37°C. 
Images of the microtubules were obtained 
using a confocal fluorescence microscope. 
Mitotic index was calcu lated by the ratio of the 
number of cells in mitosis (including the cell 
with condensed chromosomes, aligned chro-
mosomes and segregated chromosomes) to 
the total number of cells. The experiment was 
repeated thrice.

Acridine orange/propidium iodide staining for 
the detection of apoptosis

For the detection of apoptosis in the treated 
cells, a propidium iodide (PI) and acridine 
orange (AO) double staining assay were done 
using a fluorescent microscope (Leica attached 
with Q-Floro software) according to a standard 
procedure. A-549 cells (1×106 cells/mL in a 50 
mL culture flask) were plated, treated with isor-
hamnetin (IR, 50 µM), cisplatin (CP, 0.5 µM), 
carboplatin (CB, 0.5 µM) and their combina-

Figure 6. Effect of isorhamnetin, cis-platin, carboplatin and their combinations on cell cycle phase distribution in 
A-549 cells using FACS analyzer. A-549 cells (lung cancer) cells were stained with propidium iodide after 48 h expo-
sure to control (A), 25 µM Isorhamnetin (IR, B), 0.5 µM cisplatin (CP, C), 0.5 µM carboplatin (CB, D), IR+CP (E) and 
IR+CB (F). Data is representative of three independent experiments. 
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tions (IR+CP) and (IR+CB), and incubated for 48 
h. After harvesting the cells, they were stained 
with fluorescent dyes and observed under a 
UV-fluorescent microscope (Olympus B ×51).

Immunoblotting assay for evaluating activation 
of caspases and PARP induced by isorhamne-
tin, cisplatin, carboplatin and their combina-
tions

After treatment of A-549 cells with isorhamne-
tin (25 μM), cisplatin (25 μM), carboplatin (25 
μM) and their combinations (IR+CP) and (IR+CB)
or DMSO for 48 h, the cells were collected by 
trypsinization, washed twice with cold PBS, and 
then lysed with ice-cold lysis buffer consisting 
of 30 mMTris-HCl (pH 7.4), 0.2% SDS, 100 mM 
NaCl, 1 mMEDTA (Merck), 1% Triton X-100 and 
a protease inhibitor cocktail (Tianjin Resent 
Chemicals CO., Ltd.) of 0.002% (w/v) aprotinin, 
0.002% (w/v) leupeptin, 0.00025% (w/v) pep-
stain A, and 0.085% (w/v) PMSF. Cell lysates 
were kept on ice for 30 min after gentle vortex-
ing, and then centrifuged at 15,000 g for 10 
min at 4°C. The supernatants were immediate-
ly analyzed by western blotting or stored at 
-80°C until use. The protein concentration was 

measured by a Bio-Rad assay. For western blot 
analysis, equal amounts of proteins (30~60 μg) 
from each treatment were loaded on 12% SDS-
PAGE gels. SDS-PAGE and electrophoretic 
transfer of proteins onto PVDF membranes 
(Millipore, Billerica, MA, USA) were performed 
with Hoefer and Bio-Rad apparati, respectively. 
Then, PVDF membranes were incubated with 
antibodies against caspase 8 (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA), cas-
pase 9, caspase 3, PARP (Cell Signaling), and 
β-actin for 1 h or overnight. Membranes were 
then incubated with the appropriate secondary 
antibody conjugated to horseradish peroxidase 
for 1 h. After the membranes were exposed to 
reagents for ECL immunodetection, the labeled 
proteins were detected by autoradiographic 
film.

Cell cycle evaluation by flow cytometry

The cell cycle analysis was performed by flow 
cytometry with DNA propidium iodide (PI) stain-
ing. The A549 cells were treated with isorham-
netin (25 μM), cisplatin (0.5 μM), carboplatin 
(0.5 μM) and their combinations (IR 25 µM+CP 
0.5 µM) and (IR 25 µM+CB 0.5 µM) or 0.020% 

Figure 7. Evaluation of mitochondrial membrane potential of A-549 cells analyzed by laser confocal microscopy and 
flow cytometry after treatment with 25 µM Isorhamnetin (IR, B), 0.5 µM cisplatin (CP, C), 0.5 µM carboplatin (CB, 
D), IR+CP (E) and IR+CB (F). The ratio of red and green mean fluorescence intensity obtained under FACS shows 
mitochondrial membrane potential loss induced by isorhamnetin, cis-platin, carboplatin and their combinations. 
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DMSO for 48 hand then harvested by trypsin-
ization. The cells were fixed with 2 ml of 75% 
cold ethanol overnight and then stained with 
staining buffer containing 0.02% PI, 0.2% sodi-
um citrate, 0.5% Triton ×-100 and 0.02% RNase 
A for 1 h in the dark. The DNA content and cell 
cycle phase distribution were examined using a 
BD FACS Calibur flow cytometer and Cell Quest 
software 3.0 (Becton-Dickinson). The experi-
ment was repeated three times.

Cell apoptosis evaluation and its quantification

Apoptosis detection was performed using the 
Annexin V-FITC and PI apoptosis kit (Bestbio, 
Shanghai, China). A-549 cells were plated at a 
density of 2×106 cells/well into 12-well plates 
and incubated overnight. Apoptosis was trig-
gered by exposing cells with isorhamnetin (25 
µM), cisplatin (0.5 µM), carboplatin (0.5 µM) or 
their combinations (IR 25 µM+CP 0.5 µM) and 
(IR 25 µM+CB 0.5 µM) for 48 h. Cells grown in 
media containing an equivalent amount of 
DMSO without any drug served as control. After 
48 h of incubation, the cells with different treat-
ments were harvested and the final samples 
were measured on a BD FACS Calibur flow 
cytometer and Cell Quest software 3.0 (Becton-
Dickinson). The experiment was repeated three 
times.

Mitochondrial membrane potential (mmp) as-
say

The mitochondrial membrane potential in 
A-549 cells was assessed by using the JC-1 
mitochondria staining kit for flow cytometry as 
per the recommendations of the manufacturer. 
Briefly, cells were treated with isorhamnetin (25 
µM), cisplatin (0.5 µM), carboplatin (0.5 µM) or 
their combinations (IR 25 µM+CP 0.5 µM) and 
(IR 25 µM+CB 0.5 µM)for the indicated time 
then incubated in medium containing JC-1 
probe (3-5 μGu/mL) for 20 min at 37°C The 
cells were then incubated with 5 mM of JC-1 for 
30 min at 350°C. After washing with ice-cold 
JC-1 binding buffer twice, mitochondrial mem-
brane potential (MMP) was measured immedi-
ately using flow cytometry. Two excitation wave-
lengths, 527 nm (green) and 590 nm (red) were 
used to detect the JC-1 monomer form and the 
JC-1 aggregate form, respectively. The red fluo-
rescence was primarily detected in healthy via-
ble cells with high MMP, while red fluorescence 
was decreased in damaged mitochondria. The 
cells incubated with JC-1 were also detected 
under laser scanning confocal microscope.

Cell migration assay

Cell monolayer (90% confluent) was allowed to 
become quiescent in medium with 0.1% dia-
lyzed fetal bovine serum for 24 h. Then cells 

Figure 8. Apoptosis of A-549 cells is mediated through the activation of caspases. The effect of isorhamnetin (IR), 
cisplatin (CP), carboplatin (CB) and their combinations on the activation of caspases and PARP was analyzed by 
immunoblotting. Equivalent amounts of each sample were loaded on SDS-PAGE gels. The expression of caspases 
3, 8 and 9, PARP, and β-actin were detected using specific antibodies. The results are symbolic of at least three 
independent experiments. 



Isorhamnetin enhances anticancer activity

32 Int J Clin Exp Pathol 2015;8(1):25-37

were scraped to make a straight line wound 
and treated with isorhamnetin (25 µM), cisplat-
in (0.5 µM), carboplatin (0.5 µM) or their combi-
nations (IR 25 µM+CP 0.5 µM) and (IR 25 
µM+CB 0.5 µM) for 48 h. Photographs were 
taken at 48 h and lengths of wound were deter-
mined by Image J (version 1.46) software.

Statistical analyses

Data analysis. All results are presented as 
means ± SD of n observations, unless other-

wise noted. Statistical significance was deter-
mined at the 95% confidence level using one-
way ANOVA with Scheffe’s test.

Results

Antiproliferative activity of isorhamnetin, cis-
platin, carboplatin and their combinations 
against A-549 cancer cells

The antiproliferative activity of isorhamnetin 
(IR), cisplatin (CP), carboplatin (CB) and their 

Figure 9. Effect of Isorhamnetin, cisplatin, carboplatin and their combinations on cell migration of A-549 monolayers. 
Cells were exposed to 25 µM isorhamnetin (B), 0.5 µM cisplatin (C), 0.5 µM carboplatin (D), Isorhamnetin+cisplatin 
(E) and Isorhamnetin+carboplatin (F) for 48 h. (A) untreated control cells.
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combinations are shown in Figures 1 and 2. 
Cells were initially treated with varying concen-
trations of isorhamnetin (2.5, 5, 25, 50, 75 and 
100 µM) for 24 h. Isorhamnetin showed a dose-
dependent growth inhibition of A-549 cells. For 
combination treatment, 25 µM of isorhamnetin 
was used with 0.5 µM each of cisplatin and car-
boplatin. The results of the combination treat-
ment showed much more potent growth inhibi-
tion of the cell growth. As compared to the isor-
hamnetin, cisplatin or carboplatin growth inhib-
itory effects, their combination was much more 
effective in curbing the growth of the A-549 
cancer cells. These results indicate that these 
potential combinations are encouraging for 
cancer chemotherapy, since single drug thera-
py is less effective now because of multidrug 
resistance exhibited by cancer cells. DMSO 
served as vehicle control. 

Quantification of apoptosis using ao/pi double 
staining and phase-contrast microscopy

Morphological changes in A-549 cells treated 
with isorhamnetin, cisplatin, carboplatin or 
their combinations were observed under a fluo-
rescent microscope for 48 h. The cells were 
counted under a fluorescent microscope to 
analyze viable cells, early apoptosis, and late 
apoptosis. Early apoptosis, demarcated as 
intervening AO within the damaged DNA, was 
detected under bright green fluorescence. 
Simultaneously, control cells (no drug treat-
ment) were visualized with a green intact nucle-
ar structure (Figure 3). Control (A, untreated) 
A-549 cells after 48 h showed normal structure 

We also investigated the effect of isorhamne-
tin, cisplatin, carboplatin and their combina-
tions on microtubules in A-549 cancer cells. 
Microtubules play a key role in the process of 
mitosis. The immunofluorescence staining of 
microtubules with anti-β-tubulin monoclonal 
antibody followed by FITC-conjugated goat anti-
mouse IgG was performed. No aber rant micro-
tubule disruption was detected in the control 
cells; however, aberrant microtubule disruption 
was seen in the cells treated with isorhamne-
tin, cisplatin, carboplatin and their combina-
tions (Figure 4). The effect of the combination 
of isorhamnetin with cisplatin and carboplatin 
was much more pronounced as compared to 
single agents.

Evaluation and quantification of cell apoptosis 
in A-549 cells after isorhamnetin, cisplatin, 
carboplatin and their combination treatment

An early indicator of apoptosis is the rapid 
translocation and buildup of the membrane 
phospholipid phosphatidylserine from the cyto-
plasmic interface to the extracellular surface. 
This membrane asymmetry loss could be iden-
tified by utilizing the binding properties of 
Annexin V. To substantiate the synergistic 
effects of isorhamnetin with cis-platin and car-
boplatin on A-59 cells, the apoptotic effects of 
IR, CP, CB, IR+CP and IR+CB were tested using 
Annexin V-FITC and PI apoptosis kit. Annexin V 
staining can detect phosphatidyl serine and as 
such can be used for its analysis. The typical 
dot-plots illustrating apoptotic status are shown 
in Figure 5. The percentage of early apoptotic 

Figure 10. Inhibition of cell migration by isorhamnetin, cisplatin, carboplatin 
and their combinations in A-549 cells. The areas of migrated cells were quanti-
fied and represented as bar graph. *P = 0.05, **P = 0.01 vs. vehicle control.

without noticeable apopto-
sis. (B-D) Isorhamnetin, cis-
platin and carboplatin-treat-
ed cells respectively showed 
early apoptosis features 
including blebbing and chro-
matin condensation after 48 
h treatment. (E and F) 
isorhamnetin+cisplatin and 
isorhamnetin+carboplatin-
treated cells respectively 
showed late apoptosis in 
addition to early apoptotic 
features.

Effect of isorhamnetin, cis-
platin, carboplatin and their 
combinations on microtu-
bules in A549 cells 
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as well as late apoptotic cells increases dra-
matically after combination treatment. Cells 
were treated with either 25 µM isorhamnetin 
(IR, B), 0.5 µM cis-platin (CP, C), 0.5 µM carbo-
platin (CB, D) or their combinations (IR+CP, E) 
and (IR+CB, F) for 48 h, while DMSO-PBS 
served as control (A). The apoptotic cell per-
centage was 5.2±0.5% (control, A), 21.1±1.5% 
(isorhamnetin, B) (P < 0.05 vs. control), 
54.0±2.1% (cisplatin, C) (P < 0.05 vs. control), 
58.1±3.4% (carboplatin, D) (P < 0.01 vs. con-
trol), 78.1±8.6% (IR+CP, E) and 84.2±3.2% 
(IR+CB, F) (P < 0.01 vs. control). 

Effect of isorhamnetin, cis-platin, carboplatin 
and their combinations on cell cycle phase 
distribution in A-549 cells

The effect of the isorhamnetin (25 µM), cis-pla-
tin (0.5 µM), carboplatin (0.5 µM) and their 
combinations is shown in Figure 6. Both the 
single drug treatment as well as the combina-
tion treatment of isorhamnetin with cis-platin 
and carboplatin induced disturbances in the 
cell cycle phase distribution in A-549 cancer 
cells. Untreated cells showed that 58.1% cells 
were in the cell growth (G1) phase, 27.6% in 
DNA synthesis (S) phase and 9.1% in division 
(G2/M) phase. Treatment with isorhamnetin at 
a concentration of 25 µM increased the amount 
of cells in G2/M to 32.5% (Figure 6B). Treatment 
with cis-platin at 0.5 µM increased the percent-
age further to 36.7% (Figure 6C) and increased 
significantly on treatment with carboplatin at 
0.5 µM to 49.2% (Figure 6D), reaching a maxi-
mum of 78.9% (Figure 6E), and 84.1% (Figure 
6F), respectively for isorhamnetin+cisplatin 
and isorhamnetin+carboplatin combinations. 
Therefore, the ability of these drugs to induce 
mitotic block was shown to increase in the 
order control < isorhamnetin < cisplatin < car-
boplatin < isorhamnetin+cisplatin < isorha- 
mnetin+carboplatin.

Effect of isorhamnetin, cis-platin, carbopla-
tin and their combinations on Mitochondrial 
Membrane Potential in A-549 cells

The effect of the compounds and their combi-
nations is shown in Figure 7. Mitochondrial 
membrane potential (MMP, ΔΨm) is an indica-
tor of mitochondrial function which is intimately 
related with mitochondrial membrane permea-
bility. In this study, we determined whether the 
apoptosis induced in A-549 cells by isorhamne-

tin, cis-platin, carboplatin and their combina-
tions was accompanied with loss of mitochon-
drial membrane potential and hence the mito-
chondrial dysfunction. The MMP of the A-549 
cells treated with isorhamnetin, cis-platin, car-
boplatin and their combinations was measured 
by flow cytometry using JC-1 probe. The results 
revealed that the mean fluorescence intensity 
ratio of red fluorescence and green fluores-
cence (FL2-H/FL1-H) which pointed towards 
the fact that MMP levels declined considerably 
after isorhamnetin, cis-platin, carboplatin and 
their combinations (Figure 7). Thus, this assay 
gave some evidence that the apoptosis in 
A-549 cells occurred via mitochondrial 
pathway.

Isorhamnetin, cis-platin, carboplatin and their 
combinations induce activation of caspases 
and PARP in A-549 cancer cells 

Since caspase family members (caspase 3, 8 
and 9) as well as Poly (ADP-ribose) polymerase 
(PARP), are the key mediators of the apoptotic 
process, we evaluated in this study whether 
induction of apoptosis in A-549 cells by isorh-
amnetin, cis-platin, carboplatin and their com-
binations was accompanied with the activation 
of caspases and PARP. The results are present-
ed in Figure 8, which shows that after A-549 
cells were treated with isorhamnetin, cis-platin, 
carboplatin and their combinations, these trig-
gered the activation of caspase 9 in the apop-
totic intrinsic pathway leading to slight altera-
tion of cleaved caspase 8 in the apoptotic 
extrinsic pathway compared with that in the 
control. Further, the results also showed that 
PARP had undergone cleavage while as the 
expression of procaspase 3 got diminished. 
The expression of these proteins after combi-
nation treatment decreased remarkably. These 
results point out to the fact that isorhamnetin, 
cis-platin, carboplatin and their combination-
induced apoptosis in A-549 cells is connected 
with caspase 3 and 9.

Effect of isorhamnetin, cis-platin, carboplatin 
and their combinations on cell migration of 
A-549 monolayers: Inhibition of cell migration

Enhanced migratory capacity is one of the hall 
marks of highly invasive tumor cells. Inhibition 
of cancer cell migration could be an effective 
means of preventing cancer metastasis, there-
by enabling confinement of primary tumors in 
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manageable form, making surgical options 
more viable [27]. Wound closure experiments 
were executed to confirm the inhibitory effect 
of isorhamnetin and its combinations with cis-
platin and carboplatin in A-549 cell migration. 
As shown in Figure 9, the wound got almost 
healed in untreated and slightly so by is orham-
netin. However, after combination treatment, 
invasiveness of A-549 cells showed potent inhi-
bition in cell migration. Thus combination treat-
ment results in significant inhibition of A-549 
cell invasion compared to negative control (0 
µM). Figure 10 shows percentage of migrated 
cells which were quantified by migration 
protocol. 

Discussion

The biological mechanisms of antitumor drugs 
include the inhibition of proliferation, growth 
arrest in the cell cycle, enhanced apoptosis and 
the modulation of signal transduc tion path-
ways. In the introductory investigation, we 
found that isorhamnetin along with its combi-
nations with cis-platin and carboplatin treat-
ment markedly reduced the proliferation and 
viability of A-549 cells (Figures 1 and 2), thus 
raising the possibility that capsaicin might be a 
potential chemopreventive or therapeutic 
agent. Numerous natural phytochemicals have 
been reported to inhibit the growth of cancer 
cells through disruption of cell cycle progres-
sion [28, 29]. Escaping cell cycle arrest is the 
most commonly observed phenomenon in 
tumor development. The cell cycle comprises of 
a number of checkpoints that act as surveil-
lance mechanisms. Upon cellular stress or DNA 
damage, these mechanisms induce cells to 
undergo either cell cycle arrest, activation of 
repair systems, or apoptotic induction. 
Checkpoints at G1/S and G2/M transitions are 
essential regulatory gates during cell cycle pro-
gression [30, 31]. In this study, the treatment 
with isorhamnetin or its combinations with cis-
platin and carboplatin increased the population 
of G2/M cells. Thus these compounds induced 
mitotic block in A-549 cells thus triggering 
G2/M cell cycle phase arrest (Figure 6).

Apoptosis induction in cancer cells is also seen 
as a potent mechanism through which a wide 
variety of natural phytochemicals suppress 
cancer growth. Our results revealed that isorh-
amnetin along with its combinations with cis-
platin and carboplatin induced significant 
apoptosis in A-549 cells (Figures 3 and 5). 

Control (untreated) A-549 cells after 48 h 
showed normal structure without noticeable 
apoptosis. However (B-D) Isorhamnetin, cis-
platin and carboplatin-treated cells respective-
ly showed early apoptosis features including 
blebbing and chromatin condensation after 48 
h treatment. (E and F) isorhamnetin+cisplatin 
and isorhamnetin+carboplatin-treated cells 
respectively showed late apoptosis in addition 
to early apoptotic features.

Highly invasive tumors are characterized by an 
enhanced migratory capacity to normal tissues. 
Invasion of cancer cells into neighboring tissue 
and the vasculature is a preliminary step in 
tumor metastasis. This involves chemotactic 
migration of cancer cells, directed by bulging 
activity of the cell membrane and its attach-
ment to the extracellular matrix. Inhibition of 
cancer cell migration could be an effective 
means of preventing cancer metastasis, there-
by enabling confinement of primary tumors in 
manageable form, making surgical options 
more viable. During inaugural phase of the met-
astatic process, cancer cells penetrate into sur-
rounding tissues and blood vessels and it has 
been shown to be the rate limiting step [32, 
33]. Therefore, inhibition of the cell migration 
represents a prospective therapeutic approach 
for the treatment of tumor metastasis. In this 
study, we evaluated the inhibitory effects of 
isorhamnetin, cis-platin, carboplatin and their 
combinations in A-549 cell migration. 
Percentage of wound closure was determined 
by the difference in area covered by migrated 
cells in control versus treated with isorhamne-
tin, cis-platin, carboplatin and their combina-
tions for 24 h. The results show that the combi-
nations of isorhamnetin with cis-platin and car-
boplatin were much more effective in inhibiting 
A-549 cell migration as compared to isorham-
netin, cis-platin or carboplatin alone. 

In conclusion, our study indicates that expo-
sure of human A-549 cancer cells to isorham-
netin and its combinations with cis-platin and 
carboplatin reduces cell viability significantly, 
induces cell cycle arrest at G2/M phase, inhib-
its cancer cell migration and induces apoptosis 
that involves mitochondria and caspase mem-
bers. Isorhamnetin and its combinations 
induced early and late apoptosis respectively. 

The apoptosis of A-549 cells treated with isorh-
amnetin, cis-platin, carboplatin and their com-
binations is associated with the induction of 
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caspase 3 and 9, as well as loss of the mito-
chondrial membrane potential. In summary, 
these findings suggest that isorhamnetin and 
its combination with cis-platin and carboplatin 
possesses significant anti-cancer activity and 
may be potential candidates in cancer 
chemotherapy. 
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