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Abstract
Objective: Considering the bioactivities exhibited by microalgae, the effect of protein extract of Chlorella minutissimma (CP 
extract) was investigated on the expression of human matrix metalloproteinases-1 (MMP-1) in the breast cancer cell line 
MDA-MB231, and that of MMP-2 and -9 in hepatocellular cancer cell line HepG2 at different expression  levels. The study 
aimed identification and analysis of inhibitory activity of microalgal components extracted from Chlorella minutissima against 
human MMPs.      
Materials and Methods: In this experimental study, we analysed the effect of Chlorella extracts on MMP-1, -2, and -9 
expression at various levels. Gelatin zymography was performed to study the inhibitory effect of Chlorella exracts on human 
gelatinases at the activity level, followed by western blotting to analyse the expression of all three MMPs at the protein level. 
The similar effect at the mRNA level along with the probable mechanism underlying inhibition of MMPs was assessed using 
real-time polymerase chain reaction (PCR). 
Results: The results reveal that the treatment with CP extract decreased the mRNA expression of MMP-1, 
MMP-2, and MMP-9 by 0.26-, 0.29-, and 0.40-fold, respectively, at 20 μg/ml concentration as well as inhibited 
the activity of MMP-2 and MMP-9 by 37.56 and 42.64%, respectively, at 15 μg/ml concentration. Additionally, 
upregulated mRNA expression of tissue inhibitor of metalloproteinases-3 (TIMP-3) by 1.68-fold was seen in 
HepG2 cells at 20 μg/ml concentration treatment group. However, CP extract did not induce any change in the 
mRNA expression of the TIMP-1, -2 and -4 in HepG2 and TIMP-1, -2, -3 and -4 in MDA-MB231 cells. Activator 
protein-1 (AP-1)-dependent c-Jun-mediated transcriptional regulation of MMP-1, -2, and -9 was also studied to 
elucidate the appropriate mechanism involved in the inhibition of MMPs.                  
Conclusion: The CP extract successfully inhibited MMP-1, -2, and -9 at different expression levels through TIMP-3 
upregulation and c-Jun downregulation.            
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Introduction
Matrix metalloproteinases (MMPs) are the essential 

matrix proteases involved in migration and proliferation 
of cells by degradation of matrix components. The tightly 
regulated expression of MMPs is essential for organ 
development and tissue remodelling. Besides their positive 
roles in the normal physiology of cells, they have been 
identified as significant prognostic markers in diseases, 
such as cancer (1, 2). Hence, MMPs were identified as 
potential targets to control invasive and metastatic cancers 
(3, 4). Regulation of MMPs in pathogenic conditions 
using MMP inhibitors (MMPIs) derived from synthetic as 
well as a natural sources (5, 6) has been widely studied 
previously.

In the last decade, the focus of algal research has 

shifted from the use of algae a superfoods to that as fuel-
producing bio-resources. Besides their notable role in the 
bio-fuel production industry, their biological activities in 
medicine and pharmaceutics also have received increasing 
attention in recent years. Chlorella species were explored 
for various activities such as anti-inflammatory, anti-
angiogenic anti-proliferative, anti-ageing,  anti-oxidant, 
apoptosis inducing activities (7-13).

Chlorella extracts were studied previously for their 
inhibitory activity on MMP-1 expression induced by 
ultra violet β rays (UVB) exposure in skin fibroblasts 
(7). However, Chlorella extract has not been studied 
previously for its effect on MMPs from other classes. 
Hence, the current study aimed examination of inhibitory 
activity of protein extracts of Chlorella minutissima 
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(CP extracts) on human MMP-2 and MMP-9 at mRNA, 
protein, as well as activity level in HepG2 cells, and that 
of MMP-1 at protein and mRNA expression levels in 
MDA-MB231 cells.

Additionally, the inhibition of gelatinase activity 
was studied with respect to change in expression of 
endogenous MMPIs (TIMP-1, -2, -3, and -4) in HepG2 
cells. Additionally, the activator protein-1 (AP-1)-
dependent transcriptional regulation of MMP-1, -2, and 
-9 was investigated using real-time polymerase chain 
reaction (PCR) analysis.

Materials and Methods
Maintenance of microalgae

In this experimental study, C. minutissima strain 
was obtained from Indian Agricultural Research 
Institute (IARI), New Delhi, India. The strain was 
cultured in BG-11 medium at 28˚C in continuous light 
with 8 kLux intensity and maintained under similar 
conditions on BG-11 agar. The growing culture was 
harvested every alternate day to monitor its growth 
using parameters, such as wet cell biomass and protein 
content, for 15 days. 

Preparation of Chlorella protein extract
C. minutissima was cultured in BG-11 medium for 

15 days and then the wetbiomass was harvested and 
used for the further studies. The wet biomass obtained 
was soaked in MilliQ water and heated at a constant 
temperature of 60˚C for 30 minutes. Further, it was 
incubated in 0.1 N NaOH for 15 minutes under similar 
temperature conditions. After alkali treatment cell 
debris were removed by centrifugation at 5000 ×g at 
4˚C and the cell free extract of proteins was used for 
further studies. The protein extract was fractionated 
using ammonium sulphate precipitation and the 
proteins were isolated into different fractions, such as 
0-30%, 30-60%, and 60-90%. These precipitates were 
dialysed at 4˚C using phosphate buffered saline pH=8. 
These dialysed fractions were evaluated using gelatin 
zymography for their activity against MMP-2 and -9 
(data not shown). 

The results revealed that the activity was retained in 
the crude protein extract; however, the isolated fractions 
lost the activity. Therefore, the crude protein extract was 
selected for further experiments in the current study. The 
extract obtained was filtered through 0.22-µm membrane 
filter, freeze dried and stored at -20˚C until further use. 
The total protein concentration of the cell free extract (CP 
extract) was determined using Lowry’s method.

Maintenance and culturing of human cell lines

The MDA-MB 231 and HepG2 cells were obtained 
from (authenticated and maintained by) National 
Centre for Cell Science (NCCS), Pune, India and 
was cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Sigma-Aldrich, USA) supplemented with 
heat-inactivated fetal bovine serum (FBS, 10%, 
Genetix, India) and antibiotic solution of penicillin 
streptomycin (Sigma-Aldrich, USA). Trypsin-EDTA 
(Gibco, India) was used for trypsinisation of cells. All 
materials used were of cell culture grade.

Cytotoxicity assay
The cytotoxicity of CP extract was estimated using the 

methyl thiazoltetrazolium (MTT) assay. MDA-MB231 
cells (7×103/0.1 ml) and HepG2 cells (3×103/0.1 ml) were 
seeded in each well of a 96-well plate and exposed to 
different concentrations (5-40 µg/0.1 ml) of CP extract. 
The untreated cells were maintained as control. After 24 
hours of incubation at 37ºC, the cells were exposed to 20 
µl of MTT (2 mg/ml) for 3 hours. Supernatant from each 
well was discarded and dimethyl sulphoxide (DMSO, 100 
μl/well) was added to dissolve formazan crystals formed 
during the incubation step. The absorbance of all treated 
and untreated samples was measured using a microplate 
reader (Bio-Rad) at 570 nm. The data is represented as 
mean ± SD of three independent experiments in terms of 
percentage cellular viability of cells as compared to that 
of untreated controls.

Non reducing gelatin zymography
Gelatin zymography was performed to analyse the 

gelatinolytic activity of metalloproteinases (MMP-2 and 
-9) in HepG2 cells. The cells (1×106/well) seeded in 
6-well plates were exposed to different concentrations 
of CP extract (10, 15, 20, and 25 µg/ml) in serum free 
medium for 24 hours. The untreated cells were maintained 
as control. After incubation, cell-free supernatants were 
collected, aliquoted, and lyophilized, till further use. The 
samples were reconstituted in loading buffer and loaded 
on 10% sodium dodecyl sulfate (SDS)-polyacrylamide 
gel containing 1% gelatin. The MMPs resolved during 
electrophoresis were incubated in 25% Triton-X100 for 
1hour, followed by incubation in substrate buffer [50 
mM Tris-Cl (pH=7.6), 5 mM CaCl2] at 37˚C overnight 
followed by staining and destaining for visual observation 
of a clear band against the blue-colored background along 
with respective protein markers. The band intensities 
were quantified with Image J software 5.0.

Western blotting 

The expression of MMP-1 (in MDA-MB 231 cells), 
and MMP-2 and -9 (in HepG2 cells) at the protein level 
was determined by western blotting. MDA-MB231 and 
HepG2 cells (1×106/well) were cultured in 6 well plates 
and exposed to CP extract (10, 15, 20 and 25 µg/ml) in FBS 
free medium. The untreated cell control was maintained. 
The monolayer of cells was removed using mechanical 
scraping and incubated in lysis buffer, at 4˚C. Protein 
samples (20 µg) obtained were loaded on 10% reducing 
and denaturing polyacrylamide gel for separation. 
The proteins resolved on the gel were transferred to 
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nitrocellulose membrane (Amersham Biosciences, UK) 
by electroblotting at 18 mA for 16 hours at 4˚C. 

The membrane was blocked with 5% BSA to avoid 
nonspecific binding followed by probing with rabbit 
monoclonal MMP-1, -2 and -9 antibodies (1:1000, Abcam, 
UK) on respective blots. After subsequent washing the 
blots were later probed with (1:2000, Merck, India). 
Goat anti-rabbit HRP-conjugated polyclonal secondary 
antibody. The chemiluminescence immerged through 
enzyme conjugated antibodies was captured on X-ray 
films. The mouse monoclonal β-actin antibody (Sigma-
Aldrich, USA) was maintained as an internal and loading 
control. The band intensities were quantified with Image 
J software 5.0.

Real time polymerase chain reaction

The expressions of MMP-1 (inMDA-MB231 cells), 
and MMP-2 and -9 (in HepG2 cells) at the mRNA level 
were analysed using real-time PCR. MDA-MB231 and 
HepG2 cells (1×106/well) were cultured in a 6-well 
plates and exposed to different concentrations of CP 
extract (15 and 20 µg/ml) in FBS-free medium. The 
untreated cell control was maintained during the 
experiment. After incubation total RNA was extracted 
using TRI-reagent (Sigma-Aldrich) and followed 
with complementary DNA synthesis using TAKARA, 
India cDNA synthesis kit. The expression of MMP 
(MMP-1, -2, and -9), TIMPs (TIMP-1, -2, -3, and 
-4), and transcription factor AP-1 (c-Jun and c-Fos) 
at the mRNA level before and after the treatment was 
assessed using real time PCR on Applied Biosystems 
Step One Plus thermocycler.

The primer sequences used for amplification of genes were: 

MMP-1-
F: 5ˊGAGCAAACACACTGACCTACAGGA3ˊ
R: 5ˊTTGTCCCGATGATCTCCCCTGACA3ˊ
MMP-2-
F: 5ˊCAAGGACCGGTTTATTTGGC3ˊ
R: 5ˊATTCCCTGCGAAGAACACAGC3ˊ
MMP-9-
F: 5ˊTGGGCTACGTGACCTATGAC3ˊ
R: 5ˊCAAAGGTGAGAAGAGAGGGC3ˊ
TIMP-1-
F: 5ˊACTTCCACAGGTCCCACAAC3ˊ
R: 5ˊCACTGTGCATTCCTCACAGC3ˊ
TIMP-2-
F: 5ˊATGCACATCACCCTCTGTGA3ˊ
R: 5ˊCTCTGTGACCCAGTCCATCC3ˊ
TIMP-3-
F: 5ˊACCGAGGCTTCACCAAGATG3ˊ
R: 5ˊCATCATAGACGCGACCTGTCA3ˊ
TIMP-4-
F: 5ˊTACCAGGCTCAGCATTAT3ˊ
R: 5ˊCCACTTGGCACTTCTTATT3ˊ
c-Jun-

F: 5ˊGGATCAAGGCGGAGAGGAAG3ˊ
R: 5ˊGCGTTAGCATGAGTTGGAAC3ˊ
c-Fos-
F: 5ˊGGGGCAAGGTGGAACAGTTA3ˊ
R: 5ˊTTGGTCTGTCTCCGCTTGGA3ˊ 
The GAPDH with a primer sequence of 
F: 5ˊCTCTCTGCTCCTCCTGTTCG 3ˊ
R: 5ˊACGACCAAATCCGTTGACTC3ˊ 
was used as an endogenous internal control.  

The expression level of MMPs, TIMPs, c-Jun and c-Fos 
genes was normalised with GAPDH. An appropriate set of 
primers mentioned above were used to amplify respective 
genes using the following cycling conditions: 94˚C for 5 
minutes;  followed by 35 cycles at 94˚C for 30 seconds, 60˚C 
for 30 seconds (for MMP-1, -2, -9, TIMP-1, -2, and c-Jun and 
c-Fos) and 58˚C for 30 seconds (for TIMP-3, -4), and 72˚C 
for 30 seconds extension. Melting curve was determined for 
the samples to verify change in products as per its specific 
melting temperature (Tm). The data is represented in the 
form of fold change calculated using 2−∆∆Ct method in treated 
samples with respect to that in the untreated control. All sets 
of reactions were performed in triplicates.

Statistical analysis
All the experiments were performed in triplicates and results 

are expressed in terms of mean ± SD. The data were analysed 
statistically using one-way ANOVA and Dunnett’spost test on 
GraphPad Prism software, (GraphPad software, Inc), P<0.05 
was considered significant.

Results 

Extraction and identification of Chlorella protein 
extract

The hot water extraction method was used to extract 
and isolate proteins from the wet cell biomass of C. 
minutissima. The total protein content of the CP extract 
was determined to be 5.086 mg/g of wet cell biomass.

Effect of Chlorella protein extract on cancer cell 
viability

Cell viability was determined by MTT assay. The 
cytotoxic concentrations of the CP extract in HepG2 and 
MDA-MB231 cells were assessed by this assay, and the 
observed MMP inhibition was confirmed to not due to 
cellular toxicity. The results are represented in terms of 
percentage cell viability. Treatment with CP extract did 
not induce a significant change in the viability of HepG2 
or MDA-MB231 cells in the concentration range of 5-25 
μg/100 µl. At 35 μg/100 µl concentration, the viability of 
HepG2 cells was significantly reduced to 85% (P<0.001, 
Fig.1A), and at 30 μg/100 µl concentration, viability of 
MDA-MB231 cells decreased to 77% (P<0.001, Fig.1B). 
Therefore, the concentrations between 10-25 μg/100 
µl were selected for further study and precisely lower 
concentration was avoided to reduce technical errors.



Cell J, Vol 20, No 2, Jul-Sep (Summer) 2018 214

Kunte and Desai

Fig.1: Cytotoxicity induced by Chlorella protein (CP) extract in HepG2 and 
MDA-MB231 cells. The percentage of cell viability of A. HepG2 cells and B. 
MDA-MB231 cells after CP extract treatment at different concentrations. 
The results were analysed by one-way ANOVA and Dunnett’spost test. 
*; P<0.05, **; P<0.01, and ***; P<0.001. 

Chlorella protein extract treatment reduced MMP-9, 
-2, and -1 expression at the protein level

All treated samples were analysed and expressed as 
percentage inhibition of MMP expression at the protein 
level in respective cancer cells, based on the intensity of 
the protein band. The band intensity of MMP-1 and MMP-
9 were significantly (P<0.001) inhibited by 69.89 and 
51.82% at 20 µg/ml concentration of CP extract. At 15 µg 
concentration of CP extract, band intensities of MMP-2 
was inhibited by 45.98% (Fig.2A-E). No further change 
was observed in band intensities of all three MMPs at the 
protein level. The data obtained from three individual 
experiments indicates that the expression of MMP-1, -2, 
and -9 was successfully reduced at the protein level after 
CP extract treatment.

Fig.2: Effect of Chlorella protein (CP) extract treatment on the expression 
of MMP-9 and -2 in HepG2 cells and MMP-1 in MDA-MB 231 cells at the 
protein level. The effect of CP extract on A. MMP-9, MMP-2 in HepG2 cells 
and on B. MMP-1 in MDA-MB231 cells was observed by western blotting. 
The densitometric evaluation of C. MMP-9, D. MMP-2, and E. MMP-1 
in terms of percentage band intensities depicted as mean ± SD of three 
individual experiments. The results were analysed by one-way ANOVA and 
Dunnett’spost test. ***; P<0.001, UC; Untreated control, and AUC; Area 
under curve.
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Chlorella protein extract treatment inhibits enzymatic 
activity of MMP-9 and -2

CP extract treatment causes inhibition of enzymatic 
activity of MMP-2 and -9 in HepG2 cells. The inhibition 
of enzymatic activity is expressed in terms of percentage 
inhibition of band intensities for MMP-2 and -9. CP 
extract at a concentration of 15 μg/ml induced inhibition 
of MMP-2 (~64 kDa) by 37.52% (P<0.001) and MMP-9 
(~84 kDa) by 42.13% (P<0.001). CP extract at 20 μg/ml 
concentration inhibits MMP-2 activity by 45% (P<0.001) 
and MMP-9 activity by 52% (P<0.001). No further 
change was observed in the percentage of band intensities 
with respect to MMP-9 with increase in CP extract 
concentration. While, MMP-2 was further inhibited up to 
60% at CP extract concentration of 25 μg/ml (Fig.3A-C). 
The results obtained from three independent experiments 
have confirmed that CP extract successfully inhibits 
enzymatic activity of both the gelatinases in HepG2 cells 
without inducing cytotoxicity.

Fig.3: Effect of Chlorella protein (CP) extract on the gelatinolytic activity of 
MMP-9 and -2 in HepG2 cells. A. Band of clearance in gelatin zymogram. 
Densitometric analysis of the gelatinolytic activity of B. MMP-9, and C. 
MMP-2, respectively, with respect to untreated control (UC). The results 
were analysed by one-way ANOVA and Dunnett’spost test. **; P<0.01, 
***; P<0.001, and AUC; Area under curve.

Chlorella protein extract treatment downregulates 
mRNA expression of MMP-1, -2, and -9

The effect of CP extract on mRNA expression of MMP-1, 
MMP-2 and MMP-9 was studied using real time PCR. The 
analysis was done at 20 and 25 μg/ml concentrations of CP 
extract which gave promising results in gelatin zymography 
and western blotting. The CP extract significantly reduced, 
MMP-9 expression by 0.49- and 0.27-fold (Fig.4A)  MMP-
2 by 0.29- and 0.20-fold (Fig.4B) and MMP-1 by 0.26- 
and 0.24-fold (Fig.4C) at 20 and 25 μg/ml concentrations, 
respectively. The study has confirmed that CP extract inhibits 
all three MMPs at the mRNA level of expression.

Fig.4: Effect of Chlorella protein (CP) extract on mRNA expression of MMP-
1, -2 and -9. The change in mRNA expression of MMP-2 and -9 after CP 
extract treatment was studied using real-time polymerase chain reaction 
(PCR). Fold change in mRNA expression of A. MMP-9 in HepG2 cells, B. 
MMP-2 in HepG2 cells, and C. MMP-1 in MDA-MB231 cells with respect to 
untreated control (UC). The results were analysed by one-way ANOVA and 
Dunnett’spost test. ***; P<0.001.
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Chlorella protein extract treatment upregulates TIMP-3 
expression in HepG2 cells

The effect of CP extract on mRNA transcription from 
all the four TIMPs was studied using real-time PCR. 
Expression of TIMPs and that of MMPs is negatively 
correlated in cancer cells. Here, we investigated the 
change in transcription of TIMPs in HepG2 cells. CP 
extract treatment affected TIMP-3 expression, although 
the expression of TIMP-1, -2 and -4 remained unaffected. 
Similarly, no change in expression of TIMPs was seen in 
MDA-MB231 cells (Fig. 5A-D). TIMP-3 expression was 
upregulated by 1.68-fold and 2.44-fold at 20 and 25 μg/
ml concentration of CP extract respectively. This suggests 
that TIMP-3 upregulation may have a positive impact on 
downregulation of MMP-2 and -9 at the enzyme activity 
level in HepG2 cells.

Fig.5: Effect of Chlorella protein (CP) extract on mRNA expression of TIMP-
1, -2, -3, and -4. The change in mRNA expression of TIMPs after CP extract 
treatment was studied using real-time polymerase chain reaction (PCR). 
Fold change in mRNA expression of A. TIMP-1, B. TIMP-2, C. TIMP-3, 
and D. TIMP-4 with respect to untreated control (UC). The results were 
analysed by one-way ANOVA and Dunnett’s post test. ***; P<0.001.

Effect of Chlorella protein extract on c-Jun and c-Fos 
expression in HepG2 and MDA-MB231 cells

The inhibitory effect of CP extract on mRNA transcription 
of the homodimers of the AP-1 trasncription factor (c-Jun and 
c-Fos) was assessed by real-time PCR. Treatment with 20 μg/
ml of CP extract significantly (P<0.001) reduced the mRNA 
transcription of c-Jun by 0.43-fold in HepG2 cells and 0.3-
fold in MDA-MB231 cells, and the expression decreased 
further with increase in CP extract concentration (Fig.6A, B). 
However, the mRNA transcription of c-Fos was unchanged 
following a similar treatment (Fig.6C, D).

B

A

B

C

A

D



          Cell J, Vol 20, No 2, Jul-Sep (Summer) 2018 217

Microalgal Extract Inhibited Human MMP-1, -2 and -9

Fig.6: Effect of Chlorella protein (CP) extract on mRNA expression of c-Jun 
and c-Fos. The change in mRNA expression of c-Jun and c-Fos after CP 
extract treatment was studied using real-time polymerase chain reaction 
(PCR). Fold change in mRNA expression of c-Jun in A. HepG2 cells, B. MDA-
MB231 and c-Fos in, C. HepG2 cells, and D. MDA-MB231 with respect to 
untreated control (UC). The results were analysed by one-way ANOVA and 
Dunnett’spost test. ***; P<0.001.

Discussion
MMPs are present in several species ranging from 

viruses and bacteria to humans along with a conserved 
sequence at the active site motif. They are zinc binding 
proteases having structural similarities within the 
class. The MMPs discovered in humans until now are 
classified into sub-classes depending on their substrate 
specificity and structural arrangement. The class of 
gelatinases contains MMP-2 and MMP-9. MMP-1 falls 
into a group of collagenases possessing a capacity 
to cleave all types of fibrillar collagen proteins, 
such as type I, II, III, VII,VIII, and X. Structurally, 
collagenases have all the same subunits of gelatinases, 
except the fibronectin domain (4).

Several studies have revealed that the expression of 
MMP-1, -2, and -9 in cancers is regarded as a remarkable 
prognostic marker because activated MMP enzymes 
are almost undetectable under normal physiological 
conditions. MMP-2 and -9 are potential targets linked 
to migration and invasion of tumor cells (14-19).  
Similarly, over expression of MMP-1 in breast cancer 
(20, 21) is linked to their metastatic and invasive 
potential. These studies reported the unregulation of 

MMP-2 and MMP-9 in the HepG2 cell line and MMP-
1 in the MDA-MB231 cell lines. This makes these cell 
lines an important model to investigate the expression 
of MMP-2, -9 and -1 respectively.

MMP expression should be modulated to avoid 
uncontrolled degradation of matrix components and to 
minimize the severity of cancer. The regulation of MMPs 
has been studied before using various MMPIs (22). Several 
of them failed due to the lack of a “targeted approach” 
towards unregulated MMPs under pathogenic conditions. 
In the last few years, MMPI studies have improved with 
newer insights (23, 24). Considering this background, in 
the current study, we attempted to analyse the inhibitory 
potential of a natural component extract against human 
MMPs at different levels of regulation, and to analyse 
the specificity of the extracts towards MMPs from two 
distinct classes.

The enzymatic activity of MMPs is controlled by 
naturally expressed endogenous TIMPs. As compared 
to other compatible inhibitors found in other 
mammals, TIMPs found in the human genome are 
the most extensively studied class of proteins. TIMPs 
not only target MMPs, but also have a disintegrin 
and metalloproteinase with thrombospondin domains 
(ADAMs) as their non-MMP targets. Broadly, TIMPs 
are distributed as TIMP-1, -2, -3, and -4 according to 
their sequence simililarity, affinity for protein targets, 
and dynamic function in cell signaling cascades, 
excluding the inhibitory roles (25). Induction of TIMP 
expression in cancer cells to overcome MMP over 
expression has been widely studied in the past (26, 27). 

In the current study, we investigated MMP-2 and 
-9 inhibition in their active forms with respect to the 
induction of mRNA transcription of TIMPs due to 
CP extract treatment. TIMP expression is negatively 
correlated to MMP expression in cancer cells. Here, we 
investigated the change in transcriptional expression of 
TIMPs in HepG2 and MDA-MB231 cells. Due to CP 
extract treatment TIMP-3 expression was observed to be 
affected only in HepG2 cells, although the expression of 
TIMP-1, -2, and -4 was changed in both the cell lines. 
Interestingly, TIMP-3 expression in HepG2 cells was 
dramatically upregulated in accordance with the increase 
in CP extract concentration. This suggests that there may 
be a positive impact from TIMP-3 upregulation on and 
MMP-2 and -9 downregulation, at the enzyme activity 
level, in HepG2 cells. 

According to previous studies, TIMP-3 is a broad 
spectrum inhibitor of MMPs. Mino et al. have reported 
that inibition of mRNA expression of MMP-2 and -9 
is linked to upregulation of TIMP-3 expression (28). It 
has been reported that TIMP-3 suppresses angiogenesis 
in lung cancer by downregulating MMP-2 (29). A study 
conducted by Neill et al. (30) reported that induction of 
TIMP-3 due to decorin (proteoglycan) certainly inhibits 
pro-angiogenic proteases, MMP-2 and -9, in MDA-MB231 
breast cancer cell lines. Several sources of evidence 

D
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suggest that the induction of TIMP-3 may inhibit MMP-2 
and MMP-9 activity in cancer cells. Hence, collectively, 
we can conclude that the dramatic increase in TIMP-3 
expression in HepG2 cells might be one of the causes for 
inhibition of the activity of MMP-2 and MMP-9.

Activator protein-1 (AP-1) is a known positive regulator 
of MMPs. It has been indicated that, AP-1 regulates basal 
as well as transactivated (through external stimuli, such as 
phorbolmyristate acetate, cytolines, and growth factors) 
expression of MMPs (31). Several biological components 
have been studied previously for trascriptional regulation 
of MMPs through AP-1-activated pathways. 

Chrysin, a chemical extracted from a plant source 
inhibited MMP-9 expression through inhibition of 
the AP-1 trasncription factor in gastric cancer cells 
(32). Berberine, a Chinese medicinal herb, inhibited 
migration of human smooth muscle cells by reducing 
mRNA transcription of MMP-2 and -9 by interrupting 
AP-1 and NF-κB signalling pathways (33). Accordingly, 
in the current study, we have investigated the change 
in expression of the AP-1 transcription factor due to 
CP extract treatment. AP-1 is a heterodimer consisting 
of proteins from the c-Jun and c-Fos families. MMP 
transcription can be regulated through activation, 
phosphorylation, and translocation of c-Jun and 
c-Fos family members. Additionally, c-Jun activation 
is regulated by c-Jun N-terminal kinases (JNKs)-
mediated pathway  (34), and the extracellular signal-
regulated kinases (ERKs) phosphorylate and activate 
the c-Fos protein family (35). 

Based on this background information, we investigated 
the change in expression of the members belonging to the 
AP-1 family. The CP extract treatment down regulated 
mRNA transcription of the c-Jun homodimer. However, 
c-Fos expression was not affected in either of the cell lines. 
This may indicate that MMP-1, -2, and -9 were suppressed 
at the gene level by down regulation of c-Jun through a 
JNK-mediated pathway, although other members of this 
pathway should also be studied to understand the complete 
mechanism of action of CP extract.

Conclusion 

Collectively, the results of this study confirmed that CP 
extract successfully inhibits MMP-1, -2, and -9 expression 
at the mRNA as well as the protein level and inhibits 
MMP-2 and -9 in their active forms. This indicates that 
CP extract is not selective for gelatinases or MMP-1 in 
terms of its inhibitory activity, although further studies are 
required to conclude its inhibitory activity towards MMPs 
from a distinct class. CP extract triggered MMP inhibition 
without inducing any cytotoxic effect. The current 
study also states that the activity of MMP-2 and MMP-
9 may have been inhibited due to TIMP-3 upregulation. 
Additionally, CP extract treatment also suppressed mRNA 
transcription of c-Jun, in turn suppressing MMP-1, -2, 
and -9 at the gene level, although the complete underlying 

mechanism is still to be investigated in the future. The 
current research would form a basis for conducting further 
studies on the identification and isolation of specific 
MMPIs from a natural source, which will help researchers 
achieve milestones in this field.

Acknowledgements
This study was conducted at Sunandan Divatia School 

of Science, NMIMS University, Mumbai. No separate 
funding bodies supported this work. The authors declare 
that they have no conflicts of interest.

Author’s Contributions
M.K., K.D.; Contributed to conception and design, were 

responsible for overall supervision. M.K.; Contributed to 
all experimental work, data and statistical analysis, and 
interpretation of data, drafted the manuscript, which was 
revised by K.D. All authors have read and approved the 
final version of the manuscript.

References
1.	 Mohammed MA, Seleim MF, Abdalla MS, Sharada HM, Abdel Wa-

hab AH. Urinary high molecular weight matrix metalloproteinases 
as non-invasive biomarker for detection of bladder cancer. BMC 
Urol. 2013; 13: 25. 

2.	 Ren F, Tang R, Zhang X, Madushi WM, Luo D, Dang Y, et al. Over-
expression of MMP family members functions as prognostic bio-
marker for breast cancer patients: a systematic review and meta-
analysis. PLoS One. 2015; 10(8): e0135544. 

3.	 Vihinen P, Ala-aho R, Kähäri VM. Matrix metalloproteinases as 
therapeutic targets in cancer. Curr Cancer Drug Targets. 2005; 
5(3): 203-220. 

4.	 Cathcart J, PulkoskiGross A, Cao J. Targeting matrix metallopro-
teinases in cancer: Bringing new life to old ideas. Genes Dis. 2015; 
2(1): 26-34. 

5.	 Nuti E, Tuccinardi T, Rossello A. Matrix metalloproteinase inhibi-
tors: new challenges in the era of post broad-spectrum inhibitors. 
Curr Pharm Des. 2007; 13(20): 2087-2100. 

6.	 Mannello F. Natural bio-drugs as matrix metalloproteinase inhibi-
tors: new perspectives on the horizon? Recent Pat Anticancer Drug 
Discov. 2006; 1(1): 91-103. 

7.	 Chen CL, Liou SF, Chen SJ, Shih MF. Protective effects of Chlo-
rella-derived peptide on UVB-induced production of MMP-1 and 
degradation of procollagen genes in human skin fibroblasts. Regul 
Toxicol Pharmacol. 2011; 60(1): 112-119. 

8.	 Sibi G, Rabina S. Inhibition of Pro-inflammatory mediators and 
cytokines by CXhlorella vulgaris extracts. Pharmacognosy Res. 
2016; 8(2): 118-122. 

9.	 Kyadari M, Fatma T, Azad R, Velpandian T. Evaluation of antiangio-
genic and antiproliferative potential of the organic extract of green 
algae Chlorella pyrenoidosa. Indian J Pharmacol. 2013; 45(6): 
569-574. 

10.	 Yusof YA, Saad SM, Makpol S, Shamaan NA, Ngah WZ. Hot water 
extract of Chlorella vulgaris induced DNA damage and apoptosis. 
Clinics (Sao Paulo). 2010; 65(12): 1371-1377. 

11.	 Renju GL, Muraleedhara Kurup G, Saritha Kumari CH. Anti-inflam-
matory activity of lycopene isolated from Chlorella marina on Type 
II Collagen induced arthritis in Sprague Dawley rats. Immunophar-
macol Immunotoxicol. 2013; 35(2): 282-891. 

12.	 Makpol S, Yaacob N, Zainuddin A, Yusof YA, Ngah WZ. Chlorella 
vulgaris modulates hydrogen peroxide-induced DNA damage and 
telomere shortening of human fibroblasts derived from different 
aged individuals. Afr J Tradit Complement Altern Med. 2009; 6(4): 
560-572. 

13.	 Nakashima Y, Ohsawa I, Nishimaki K, Kumamoto S, Maruyama I, 
Suzuki Y, et al. Preventive effects of Chlorella on skeletal muscle 
atrophy in muscle-specific mitochondrial aldehyde dehydrogenase 
2 activity-deficient mice. BMC Complement Altern Med. 2014; 14: 
390. 

14.	 Jang M, Lee ST, Kim JW, Yang JH, Yoon JK, Park JC, et al. A 



          Cell J, Vol 20, No 2, Jul-Sep (Summer) 2018 219

Microalgal Extract Inhibited Human MMP-1, -2 and -9

feeder-free, defined three-dimensional polyethylene glycol-based 
extracellular matrix niche for culture of human embryonic stem 
cells. Biomaterials. 2013; 34(14): 3571-3580. 

15.	 Lee H, Baek SH, Lee JH, Kim C, Ko JH, Lee SG, et al. Isorhyncho-
phylline, a potent plant alkaloid, induces apoptotic and anti-meta-
static effects in human hepatocellular carcinoma cells through the 
modulation of diverse cell signaling cascades. Int J Mol Sci. 2017; 
18(5): Pii: E 1095. 

16.	 Kunte M, Desai K. The Inhibitory effect of c-phycocyanin containing 
protein extract (C-PC Extract) on human matrix metalloproteinases 
(MMP-2 and MMP-9) in hepatocellular cancer cell line (HepG2). 
Protein J. 2017;  36(3): 186-195.

17.	 Liang J, Wu S, Lo H, Hsiang C, Ho T. Vanillin inhibits matrix metal-
loproteinase-9 expression through down-regulation of nuclear fac-
tor-kappaB signaling pathway in human hepatocellular carcinoma 
cells. Mol Pharmacol. 2009; 75(1): 151-157. 

18.	 Dou CY, Cao CJ, Wang Z, Zhang RH, Huang L, Lian JY, et al. 
EFEMP1 inhibits migration of hepatocellular carcinoma by regulat-
ing MMP2 and MMP9 via ERK1/2 activity. Oncol Rep. 2016; 35(6): 
3489-3495. 

19.	 Zhao X, Yang W, Pei F, Ma W, Wang Y. Downregulation of matrix 
metalloproteinases contributes to the inhibition of cell migration 
and invasion in HepG2 cells by sodium valproate. Oncol Lett. 2015; 
10(1): 531-535. 

20.	 NgoMatip M, Pieme CA, AzabjiKenfack M, Moukette BM, Korosky 
E, Stefanini P, et al. Impact of daily supplementation of Spirulina 
platensis on the immune system of naïve HIV-1 patients in Camer-
oon: a 12-months single blind, randomized, multicenter trial. Nutr 
J. 2015; 14: 70. 

21.	 Singh LP, Mishra A, Saha D, Swarnakar S. Doxycycline blocks 
gastric ulcer by regulating matrix metalloproteinase-2 activity and 
oxidative stress. World J Gastroenterol. 2011; 17(28): 3310-3321.

22.	 Zucker S, Cao J, Chen WT. Critical appraisal of the use of matrix 
metalloproteinase inhibitors in cancer treatment. Oncogene. 2000; 
19(56): 6642-6650. 

23.	 Zhang C, Kim SK. Matrix metalloproteinase inhibitors (MMPIs) 
from marine natural products: the current situation and future pros-
pects. Mar Drugs. 2009; 7(2): 71-84. 

24.	 Overall CM, López-Otín C. Strategies for MMP inhibition in cancer: 
innovations for the post-trial era. Nat Rev Cancer. 2002; 2(9): 657-672. 

25.	 Brew K, Nagase H. The tissue inhibitors of metalloproteinases 
(TIMPs): an ancient family with structural and functional diversity. 
Biochim Biophys Acta; 2010; 1803(1): 55-71. 

26.	 Halder SK, Osteen KG, AlHendy A. Vitamin D3 inhibits expression 
and activities of matrix metalloproteinase-2 and -9 in human uter-
ine fibroid cells. Hum Reprod. 2013; 28(9): 2407-2416. 

27.	 Hassan ZK, Daghestani MH. Curcumin effect on MMPs and TIMPs 
genes in a breast cancer cell line. Asian Pacific J Cancer Prev. 
2012; 13(7): 3259-3264. 

28.	 Mino N, Takenaka K, Sonobe M, Miyahara R, Yanagihara K, Otake 
Y, et al. Expression of tissue inhibitor of metalloproteinase-3 (TIMP-
3) and its prognostic significance in resected non-small cell lung 
cancer. J Surg Oncol. 2007; 9(3): 250-257. 

29.	 Miranda MS, Cintra RG, Barros SB, Mancini Filho J. Antioxidant 
activity of the microalga Spirulina maxima. Braz J Med Biol Res. 
1998; 31(8): 1075-1079. 

30.	 Neill T, Painter H, Buraschi S, Owens RT, Lisanti MP, Schaefer L, 
et al. Decorin antagonizes the angiogenic network: concurrent in-
hibition of Met, hypoxia inducible factor 1α, vascular endothelial 
growth factor A, and induction of thrombospondin-1 and TIMP3. J 
Biol Chem. 2012; 287(8): 5492-5506. 

31.	 Benbow U, Brinckerhoff CE. The AP-1 site and MMP gene regula-
tion: what is all the fuss about? Matrix Biol. 1997; 15(8-9): 519-526. 

32.	 Xia Y, Lian S, Khoi PN, Yoon HJ, Joo YE, Chay KO, et al. Chrysin 
inhibits tumor promoter-induced MMP-9 expression by blocking 
AP-1 via suppression of ERK and JNK pathways in gastric cancer 
cells. PLoS One. 2015; 10(4): e0124007. 

33.	 Liu SJ, Yin CX, Ding MC, Xia SY, Shen QM, Wu JD. Berberine 
suppresses in vitro migration of human aortic smooth muscle cells 
through the inhibitions of MMP-2/9, u-PA, AP-1, and NF-κB. BMB 
Rep. 2014; 47(7): 388-392.

34.	 Davies C, Tournier C. Exploring the function of the JNK (c-Jun N-
terminal kinase) signalling pathway in physiological and pathologi-
cal processes to design novel therapeutic strategies. Biochem Soc 
Trans. 2012; 40(1): 85-89. 

35.	 Shaul YD, Seger R. The MEK/ERK cascade: From signaling speci-
ficity to diverse functions. Biochim Biophys Acta. 2007; 1773(8): 
1213-1226. 


	OLE_LINK39
	OLE_LINK40
	OLE_LINK56
	OLE_LINK57
	OLE_LINK50
	OLE_LINK53
	OLE_LINK1
	OLE_LINK2
	OLE_LINK7
	OLE_LINK8
	OLE_LINK5
	OLE_LINK6
	OLE_LINK9
	OLE_LINK10
	OLE_LINK11
	OLE_LINK12
	OLE_LINK42
	OLE_LINK49
	OLE_LINK45
	OLE_LINK46
	OLE_LINK47
	OLE_LINK48
	OLE_LINK37
	OLE_LINK38
	OLE_LINK54
	OLE_LINK55
	OLE_LINK21
	OLE_LINK22
	OLE_LINK58
	OLE_LINK59
	OLE_LINK60
	OLE_LINK61
	OLE_LINK64
	OLE_LINK65
	OLE_LINK62
	OLE_LINK63
	OLE_LINK36
	OLE_LINK41
	OLE_LINK17
	OLE_LINK16
	OLE_LINK43
	OLE_LINK44
	OLE_LINK23
	OLE_LINK28
	OLE_LINK27
	OLE_LINK14
	OLE_LINK13
	OLE_LINK15
	_GoBack
	OLE_LINK13
	OLE_LINK14
	OLE_LINK15
	OLE_LINK16
	Display
	_GoBack
	_GoBack
	_GoBack
	OLE_LINK33
	OLE_LINK35
	OLE_LINK36
	OLE_LINK37
	OLE_LINK38
	OLE_LINK40
	OLE_LINK9
	OLE_LINK10
	OLE_LINK1
	OLE_LINK34
	OLE_LINK39
	OLE_LINK12
	OLE_LINK17
	OLE_LINK4
	OLE_LINK5
	OLE_LINK2
	OLE_LINK6
	OLE_LINK7
	OLE_LINK8
	OLE_LINK11
	OLE_LINK13
	_GoBack
	OLE_LINK1
	_GoBack
	OLE_LINK83
	OLE_LINK82
	_GoBack
	_ENREF_9
	_ENREF_20
	_ENREF_28
	_GoBack

