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1. Introduction
Identifying drug targets for the treatment of diseases and 
developing new compounds that can induce the desired 
effect through drug-target interaction is a very long and 
expensive process for researchers. In recent years, apart 
from the indications for the approved drug molecules, the 
approach of using these drugs in different indications by 
identifying different and new target molecules has gained 
importance. Thus recently, in silico pattern-matching, 
software are widely used to identify new targets for small 
molecules.

The connectivity map (CMAP) program is a web-
based library that is produced by the Broad Institute 
(Cambridge, MA, USA). CMAP includes 1.5 million gene 
expression profiles from various cell lines (A375, A549, 
HCC515, HEPG2, HT29, MCF7, PC3, HA1E, VCAP) 
that were treated with ~ 5000 small molecule compounds 
(Lamb et al., 2006). The software is a catalog comparing 
the similarities of changes at the gene expression level 
induced by small molecules, and scoring the similarity.

In 1996, Rho kinase (ROCK) was identified as the 
downstream effector of Rho A, which mediates many 
intracellular signaling mechanisms (Kimura et al., 
1996; Nakagawa et al., 1996; Ark et al., 2010; Özdemir 

et al., 2016). ROCK has two different isoforms: ROCK I 
(p160ROCK, ROKβ) and ROCK II (ROKα) (Kimura et 
al., 1996; Nakagawa et al., 1996). Inhibition of Rho kinases 
affects the function of many downstream substrates, such 
as the myosin binding subunit of myosin light chain 
phosphatase (MLCP), myosin light chain (MLC), LIMK 
kinases (LIM kinases 1 and 2), myristoylated alanine-
rich C-kinase (MARCKS), collapsing response mediator 
protein-2 (CRMP2), adducin, sodium/hydrogen exchanger 
1 (NHE1) and ezrin-radixin-moesin (ERM) (Riento and 
Ridley, 2003). Rho kinase inhibitors have a potential 
therapeutic efficacy in a wide range of pathological 
conditions, such as asthma (Schaafsma et al., 2008), cancer 
(Rath and Olson, 2012), erectile dysfunction (Albersen et 
al., 2010), glaucoma (Olson, 2008), insulin resistance (Lee 
et al., 2009), kidney failure (Komers et al., 2011), neuronal 
degeneration (Mueller et al., 2005) and osteoporosis 
(Olson, 2008). However, only two ROCK inhibitors have 
been approved for the treatment of diseases. Fasudil, the 
Rho kinase inhibitor, was first approved in 1995 for the 
treatment of cerebral vasospasm in Japan and China (Bito 
et al., 2000). Ripasudil, another Rho kinase inhibitor, was 
approved for use in glaucoma treatment in Japan in 2014 
(Garnock-Jones, 2014).
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Several studies showed that oral antidiabetic drugs 
might have a clinical use on various diseases other than 
the use of type II diabetes. For instance, metformin, one 
of the oral antidiabetic drugs, has been reported in the 
treatment of polycystic ovary syndrome (PCOS) in which 
hyperinsulinaemia is accompanied (Diamanti et al., 2010). 
Additionally, metformin inhibited the proliferation of 
cancer cells in different cancers, such as ovarian, melanoma, 
prostate, and breast cancers (Saraei et al., 2019). Another 
group of drugs used in the treatment of diabetes are 
sodium glucose cotransporter 2 (SGLT2) inhibitors. These 
drugs also show cardiovascular and renal protective effects 
through the reduction of preload by diuretic effect and the 
reduction of afterload by lowering blood pressure (Lytvyn 
et al., 2017). These pleiotropic on-target effects pointed out 
that the potential off-target effect of oral antidiabetic drugs 
might be effective in different pathological conditions.

The aim of this study was to identify an off-target of 
FDA-approved oral antidiabetic drugs that might be 
potential candidates as ROCK inhibitor using connectivity 
map.

2. Materials and methods
2.1. In silico study
Connectivity map database (Lamb et al., 2006; Jun et 
al., 2017) was used to search the correlation between 
oral antidiabetic drugs and Rho kinase inhibitors. In 
connectivity map we used the touchstone tool which 
contains expression profiles of a variety of cell lines-treated 
with thousands of chemicals. We researched metformin 
and tolbutamide separately in the touchstone tool. When 
we detailed the list about correlation score, we chose Rho 
kinase inhibitors against metformin and tolbutamide. 
A positive connectivity score indicated that there is a 
similarity among the expression levels of genes induced 
by small molecules. In general, in order to have a strong 
hypothesis, the score should be 90 and above. From the list 
obtained, the high scores obtained in eight cell lines of Rho 
kinase inhibitor fasudil and ripasudil were selected. All the 
data obtained from CMAP were found at Broad Institute1. 
2.2. Cell culture
Human breast cancer MCF-7 obtained from ATCC and 
human cervical cancer HeLa obtained from Şap Institute 
(Ankara, Turkey) cell lines were used in this study. The 
cells were grown in DMEM (Dulbecco’s modified eagle 
medium) (Sigma-Aldrich Corp., St. Louis, MO, USA; cat 
no: D6429), containing 10 % fetal bovine serum (Sigma-
Aldrich Corp.; cat no: F9664), 100 U/mL penicillin and 
100 µg/mL streptomycin (Capricorn Scientific GmbH, 
Ebsdorfergrund, Germany; cat no: PS-B) at 37 °C. When 
1Broad Institute (2020). Connectivity Map 02 [online]. Website 
http://www.broad.mit.edu/cmap/ [accessed 00 Month Year].

the cells reached 70%–80 % confluency, they were counted 
and the specified number of cells were seeded in petri 
dishes.
2.3. xCelligence assay
The xCELLigence system real-time cell analyzer was 
used for the determination of nontoxic concentrations of 
metformin and tolbutamide (Özdemir and Ark, 2013). 
Briefly, this system measures electronic impedance 
through microelectrodes placed on the surface of special 
16-well plate called e-plate. After the cells are seeded on 
these special plates, as the attached cell number increases, 
the electronic impedance increases.

10,000 cells were plated on e-plates and monitored 
every 15 min for 24 h. After 24 h attachment, the media 
was replaced with fresh media. Then cells were exposed 
to metformin and tolbutamide at indicated concentrations 
for another 24 h. Since there was a solubility problem 
at concentrations above 300 µmol, we tested drugs with 
concentrations starting at 300 µmol and decreasing 
logarithmically. The slopes of the curves were calculated 
using the software of the xCELLigence RTCA DP system 
as an indicator of cell proliferation.
2.4. Holographic 3D cell analysis
HeLa and MCF-7 cells were cultured in 35-mm dish (Ibidi 
GmbH, Gräfelfing, Germany; cat no: 81156) and exposed 
to 100 µM and 300 µM tolbutamide (Sigma-Aldrich Corp.; 
cat no: T0891) and metformin (as a gift from Bilim İlaç 
San. ve Tic. A.Ş., Kocaeli, Turkey) for 24 h. The images 
holographic of the cells were captured randomly by 
HoloMonitor M4 instrument (Phase Holographic Imaging 
PHI AB, Lund, Sweden) at 1 h and 24 h. Alteration of the 
cell morphology was analyzed by HoloStudio 2.4 software 
(Phase Holographic Imaging PHI AB). 
2.5. Activation determination of cofilin (phospho-Ser3)
Phosphorylation of cofilin was performed using 
phospho-cofilin (Ser3) colorimetric cell-based ELISA 
kit (Aviva Systems Biology Corp., San Diego, CA, USA; 
cat no: OKAG01911) according to the manufacturer’s 
instructions (Şimay et al., 2018). Ten thousand HeLa and 
MCF-7 cells were seeded to each well of the kit. Then, the 
next day, the cells were incubated with metformin and 
tolbutamide for 1 h. The cells were then fixed for 20 min 
at room temperature. After washing the plate with wash 
buffer three times, blocking buffer was added to each well 
and the plate was incubated for 1 h at room temperature. 
The plate was washed three times. Then antibodies for the 
target antigen (cofilin, phospho-cofilin, GAPDH) were 
added to each well and cells were incubated for 16 h at 4 °C. 
After each well was washed, the cells were incubated with 
HRP-conjugated secondary antibodies for 2 h at room 
temperature with gentle shaking. Following washing the 
plate three times, TMB substrate was added and the plate 

https://www.sciencedirect.com/topics/medicine-and-dentistry/sodium-glucose-cotransporter-2
https://www.sciencedirect.com/topics/medicine-and-dentistry/heart-preload
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was incubated for 30 min at room temperature. Then the 
stop solution was added to each well. The absorbance of 
each well was read at 450 nm immediately.
2.6. Statistical analysis
All the values were assessed using one way ANOVA test 
followed by Tukey’s post hoc test to analyze multiple group 
comparison using GraphPad Prism version 6.0 (GraphPad 
Software Inc., La Jolla, CA, USA). Statistical significance 
was set at P ≤ 0.05.

3. Results
3.1. Analysis of ROCK inhibitor candidates using con-
nectivity map
To explore whether metformin and tolbutamide have a 
possible inhibitor effect on Rho kinase, we utilized the 
CMAP by comparing the changes in gene expression 
between metformin and tolbutamide, and various Rho 
kinase enzyme inhibitors. The scores in individual cell lines 
are given in Table. Our analysis showed that metformin 
was similar to fasudil with a score of 99.79 in MCF-7 cells 
and tolbutamide was similar to GSK-429286A with a score 
of 96.54 in HCC515. This analysis suggests that metformin 
and tolbutamide might be a potential Rho kinase inhibitor.
3.2. Effect of tolbutamide and metformin on cell prolif-
eration
To evaluate the effect of metformin and tolbutamide 
on cell proliferation, we treated cells with different 
concentrations of drugs and cells were monitored for 24 h.  
Our results showed that none of the tested concentrations 
of metformin and tolbutamide had no effect on cell 
proliferation (Figure 1). Thus we used nontoxic high 
concentrations of metformin and tolbutamide for their 
possible inhibitor effect on Rho kinase.
3.3. Effect of tolbutamide and metformin on morphol-
ogy of cells
The possible effect of tolbutamide and metformin on cell 
morphology was assessed by a holographic microscope in 
HeLa and MCF-7 cells. Four morphological parameters, 
including cell area, cell volume, average thickness, and 
cell shape irregularities were calculated from the images 
obtained by a holographic microscope. One day after the 
cells were seeded, the cells were maintained with serum 
free DMEM for 24 h. Then the cells were exposed to 

tolbutamide and metformin, and the images were captured 
at 1 h and 24 h.

The measurements demonstrated that while 300 µM 
tolbutamide, 100 µM and 300 µM metformin decreased 
the cell area compared to the control group at 1 h (Figure 
2), only incubation of 300 µM metformin for 24 h resulted 
in the decrease of the cell area in HeLa cells (Figure 3). 
In other morphological changes, only cell irregularity 
after the treatment of tolbutamide at 1h was increased 
significantly (Figure 2).

In MCF-7 cells, tolbutamide and metformin at all the 
concentrations at 1 h reduced the cell area significantly 
compared to the control (Figure 4). Additionally 300 µM 
tolbutamide and metformin decreased the cell area with 
24-hour incubation (Figure 5). Interestingly, treatment of 
300 µM tolbutamide, 100 µM and 300 µM metformin 300 
for 24 h resulted in a significant reduction in cell volume 
in MCF-7 cells (Figure 5).
3.4. Effect of tolbutamide and metformin on the activa-
tion of ROCK
ROCK has many downstream effectors that are involved in 
cytoskeleton dynamics, such as MLC phosphatase, MLC, 
ERM and LIM kinase (Riento and Ridley, 2003).  LIM 
kinase-described one of the substrates is cofilin family of 
actin-binding proteins, an actin-depolymerizing factor.   
Once ROCK is activated, it phosphorylates concomitantly 
activates LIM kinase. Then LIM kinase phosphorylates 
cofilin at serine 3 and inactivates the protein. 

To determine whether tolbutamide and metformin 
inhibit the activation of ROCK, we used phospho-cofilin 
(Ser3) colorimetric cell-based ELISA kit. HeLa and MCF-
7 cells were seeded in 96-well plates. The next day, medium 
of the cells was replaced with serum free DMEM. After 24 h, 
the cells were incubated with an appropriate concentration 
of tolbutamide and metformin for 1 h. Then, according to 
the manufacturer’s instructions, ELISA kit was performed. 
We showed that 100 µM metformin increased the cofilin 
phosphorylation in HeLa cells (Figure 6A). However, 
while 100 µM tolbutamide increased the phosphorylation 
of cofilin, both concentrations of metformin decreased 
the phosphorylation of cofilin significantly in MCF-7 cells 
(Figure 6B) suggesting that metformin suppresses the 
activation of ROCK.

Table. Comparison of metformin with fasudil and tolbutamide with GSK-429286A in the level of gene expression in cell 
lines using connectivity map. 

Summary MCF-7 A375 A549 HCC515 HT29 PC3 HA1E VCAP
Metformin vs. fasudil score 87.39 99.79 52.55 50.29 78.64 88.82 88.43 66.65 84.98
Tolbutamide vs. GSK-429286A score 53.62 11.41 80.54 44.22 96.54 85.40 -23.63 73.72 25.55
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Figure 1. Monitoring of cell proliferation after the treatment of tolbutamide and metformin using the xCELLigence system. A. An 
original trace of tolbutamide- and metformin-treated HeLa cells recorded by RTCA DP instrument (In tolbutamide-treated trace, 
cyan curve: control, pink curve: 10 µM tolbutamide, blue curve: 30 µM tolbutamide, green curve: 100 µM tolbutamide, red curve: 300 
µM tolbutamide) (In metformin-treated trace, red curve: control, cyan curve: 10 µM metformin, pink curve: 30 µM metformin, blue 
curve: 100 µM metformin, green curve: 300 µM metformin). B. An original trace of tolbutamide- and metformin-treated MCF-7 cells 
recorded by RTCA DP instrument (In tolbutamide-treated trace, red curve: control, pink curve: 10 µM tolbutamide, cyan curve: 30 
µM tolbutamide, green curve: 100 µM tolbutamide, blue curve: 300 µM tolbutamide) (In metformin-treated trace, green curve: control, 
cyan curve: 10 µM metformin, pink curve: 30 µM metformin, blue curve: 100 µM metformin, red curve: 300 µM metformin).  C. Slope 
of the curves in (A) as an index of the cell attachment rate. D. Slope of the curves in (B) as an index of the cell attachment rate. Data are 
means ± sem from 3 determinations. 
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Figure 2. Investigation of HeLa cells morphology with Holomonitor M4 after 1 h drug incubation. A. Representative 3D pictures 
of HeLa cells treated with tolbutamide and metformin for 1 h. a: control, b: 100 μM tolbutamide, c: 100 μM metformin, d: 300 μM 
tolbutamide, e: 300 μM metformin. B. Statistical analysis of cell area, cell volume, average thickness, and irregular parameters in the form 
of cells. Cont: Control, 100 µM Tol: 100 µM Tolbutamide, 300 µM Tol: 300 µM Tolbutamide, 100 µM Met: 100 µM Metformin, 300 µM 
Met: 300 µM Metformin. * shows significant difference from the control group (one-way ANOVA, Tukey, P ≤ 0.05, n = 3).
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Figure 3. Investigation of HeLa cells morphology with HoloMonitor M4 after 24 h drug incubation. A. Representative 3D pictures 
of HeLa cells treated with tolbutamide and metformin for 24 h. a: control, b: 100 μM tolbutamide, c: 100 μM metformin, d: 300 μM 
tolbutamide, e: 300 μM metformin. B. Statistical analysis of cell area, cell volume, average thickness, and irregular parameters in the form 
of cells. Cont: Control, 100 µM Tol: 100 µM Tolbutamide, 300 µM Tol: 300 µM Tolbutamide, 100 µM Met: 100 µM Metformin, 300 µM 
Met: 300 µM Metformin. * shows significant difference from the control group (one-way ANOVA, Tukey, P ≤ 0.05, n = 3).
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Figure 4. Investigation of MCF-7 cells morphology with HoloMonitor M4 after 1 h drug incubation. A. Representative 3D pictures 
of MCF-7 cells treated with tolbutamide and metformin for 1 h. a: control, b: 100 μM tolbutamide, c: 100 μM metformin, d: 300 μM 
tolbutamide, e: 300 μM metformin. B. Statistical analysis of cell area, cell volume, average thickness, and irregular parameters in the 
form of cells. Cont: Control, 100 µM Tol: 100 µM Tolbutamide, 300 µM Tol: 300 µM Tolbutamide, 100 µM Met: 100 µM Metformin, 300 
µM Met: 300 µM Metformin. * shows significant difference from the control group (one-way ANOVA, Tukey, P ≤ 0.05, n = 3).
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Figure 5. Investigation of MCF-7 cells morphology with HoloMonitor M4 after 24 h drug incubation. A. Representative 3D pictures 
of MCF-7 cells treated with tolbutamide and metformin for 24 h. a: control, b: 100 μM tolbutamide, c: 100 μM metformin, d: 300 μM 
tolbutamide, e: 300 μM metformin. B. Statistical analysis of cell area, cell volume, average thickness, and irregular parameters in the form 
of cells. Cont: Control, 100 µM Tol: 100 µM Tolbutamide, 300 µM Tol: 300 µM Tolbutamide, 100 µM Met: 100 µM Metformin, 300 µM 
Met: 300 µM Metformin. * shows significant difference from the control group (one-way ANOVA, Tukey, P ≤ 0.05, n = 3).



ÖZDEMİR and ARK / Turk J Biol

43

4. Discussion
Many drug molecules show their therapeutic effects 
through their specific targets. In addition to their primary 
targets, these drugs may also show an affinity for other 
unexpected off-target molecules (Tang et al., 2018). With 
the interaction of drugs and off-targets, the toxic effects 
of drugs can occur. Apart from the toxic effect, this 
undesirable interaction turns into an advantage in some 
cases. Defining off-target potencies of approved drugs 
enables the use of these drugs in various pathological 
conditions.

Apart from the effects of metformin in diabetes 
treatment, it also has beneficial effects in different 
physiopathologies. There are several data supporting that 
metformin is thought to be a promising agent for single 
use or chemotherapy combinations in cancer treatment. 
Metformin directly contributes to cancer treatment 
through upregulating miR-26 resulting in the inhibition 
of cell migration and invasion, and through the induction 

of apoptosis in some cancer cell lines (Li et al., 2012; Bao 
et al., 2012). These findings suggest that oral antidiabetics, 
especially metformin, may also be effective in different 
pathological conditions.

In this study, it was determined that metformin and 
tolbutamide, which are used in the treatment of type 
II diabetes, may cause inhibition of Rho kinase using 
connectivity map program. In order to confirm this data, 
MCF-7 and HeLa cells were exposed to these two small 
molecules, and the effects of these compounds on the 
morphological changes occurring as a result of Rho kinase 
activation and phosphorylation of cofilin were assessed.

ROCK has many substrates that are involved in the 
control of rearrangements of actin and microtubule 
cytoskeletons resulting in changes in cell morphology. 
Many studies indicated that inhibition of Rho kinase 
induced drastic alterations in cell shape. Previously we 
showed that pretreatment of Rock inhibitor, Y-27632, 
significantly reduced the increased cell area induced by 

Figure 6. Determination of activation of Rho Kinase through the cofilin phosphorylation. 
A. Determination of cofilin phosphorylation in HeLa cells after 24-h drug incubation. B. 
Determination of cofilin phosphorylation in MCF-7 cells after 24-h drug incubation. * shows 
significant difference from the control group (one-way ANOVA, Tukey, P ≤ 0.05, n = 3).
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cardiac glycosides in HeLa cells (Şimay et al., 2018). Zhang 
et al. (2011) demonstrated that treatment of both Y-27632 
and HA-1077 resulted in changes in cell morphology 
inducing the formation of large numbers of protrusions 
in HOB and Saos-2 (Zhang et al., 2011). Therefore, 
metformin and tolbutamide were applied to the cells to 
examine the possible morphological change that drugs 
could induce through the inhibition of Rho kinase. We 
found that while metformin and tolbutamide reduced the 
cell area at 1h in HeLa and MCF-7 cells, only treatment of 
metformin resulted in a reduction of cell area at 24 h. This 
reduction in cell morphology pointed out that especially 
metformin may cause Rho kinase inhibition.

Activation of LIM kinase, one of the Rho kinase 
substrates, occurs as a result of Rho kinase activation. 
LIM kinases control cytoskeleton dynamics through the 
phosphorylation of the cofilin family proteins. When 
cofilin is phosphorylated by LIMK, it is inactive. To 
examine whether tolbutamide and metformin would 
cause inhibition of Rho kinase and whether the reduction 
in cell area would be accompanied by Rho kinase, the 
phosphorylation of cofilin was evaluated. In MCF-7 
cell, metformin treatment significantly reduced cofilin 
phosphorylation compared to the control group indicating 
that metformin inhibits ROCK activation. These results 
suggested that metformin can inhibit Rho kinase in a cell 
type-dependent manner.

Although our findings suggest that metformin might 
be a ROCK inhibitor, whether this inhibition occurs 

directly from the interaction of ROCK and metformin 
directly has not been shown.

There are major signaling pathways that regulate 
cytoskeletal properties thereby cell morphology such as 
PI3 kinase‒Akt and Rho‒ROCK pathway (Amano et al., 
2010; Jo et al., 2014; Moujaber and Stochaj, 2020). The 
reduction in cell area after the treatment of MCF-7 cells 
with tolbutamide for 24 h gave the clue that tolbutamide 
might inhibit ROCK. However, when we evaluated the 
activation of Rho kinase after tolbutamide treatment, we 
showed that tolbutamide had no effect on ROCK activation 
suggesting that the decrease in cell area occurs in a Rho 
kinase-independent manner. These data suggest that 
tolbutamide might affect cell morphology through another 
pathway involved in actin cytoskeleton organization such 
as the PI3 kinase‒Akt pathway. 

In conclusion, our results enabled metformin to be 
identified as a new and approved inhibitor of ROCK. It 
also suggested that especially metformin that is approved 
by FDA might be used for the treatment in various 
pathological conditions in where Rho kinase is involved 
such as asthma, cancer, erectile dysfunction, glaucoma.

Conflicts of interest 
The authors declare that they have no conflicts of interest. 

Acknowledgment
This work was supported by the Scientific Project Unit of 
Gazi University (grant no: 02/2018-15). 

References

Albersen M, Shindel AW, Mwamukonda KB, Lue TF (2010). The 
future is today: emerging drugs for the treatment of erectile 
dysfunction. Expert Opinion on Emerging Drugs 15 (3): 467-
480. doi: 10.1517/14728214.2010.480973.

Amano M, Nakayama M, Kaibuchi K (2010). Rho-kinase/ROCK: a 
key regulator of the cytoskeleton and cell polarity. Cytoskeleton 
2010 67 (9): 545-554. doi: 10.1002/cm.20472.

Ark M, Ozdemir A, Polat B (2010). Ouabain-induced apoptosis and 
Rho kinase: a novel caspase-2 cleavage site and fragment of 
Rock-2. Apoptosis 15 (12): 1494-1506. doi: 10.1007/s10495-
010-0529-1.

Bao B, Wang Z, Ali S, Ahmad A, Azmi AS et al. (2012). Metformin 
inhibits cell proliferation, migration and invasion by 
attenuating CSC function mediated by deregulating miRNAs 
in pancreatic cancer cells. Cancer Prevention Research 5 (3): 
355-364. doi: 10.1158/1940-6207.CAPR-11-0299.

Bito H, Furuyashiki T, Ishihara H, Shibasaki Y, Ohashi K et al. 
(2000). A critical role for a Rho-associated kinase, p160ROCK, 
in determining axon outgrowth in mammalian CNS neurons. 
Neuron 26 (2): 431-341. doi: 10.1016/s0896-6273(00)81175-7.

Diamanti‐Kandarakis E, Economou F, Palimeri S, Christakou C 
(2010). Metformin in polycystic ovary syndrome. Annals of 
the New York Academy of Sciences 1205 (1): 192-198. doi: 
10.1111/j.1749-6632.2010.05679.x.

Garnock-Jones KP (2014). Ripasudil: first global approval. Drugs 74 
(18): 2211-2215. doi: 10.1007/s40265-014-0333-2.

Jo H, Loison F, Luo HR (2014). Microtubule dynamics regulates Akt 
signaling via dynactin p150. Cell Signal 26 (8): 1707-1716. doi: 
10.1016/j.cellsig.2014.04.007.

Jun HY, Kim TH, Choi JW, Lee YH, Lee KK et al. (2017). Evaluation 
of connectivity map-discovered celastrol as a radiosensitizing 
agent in a murine lung carcinoma model: feasibility study of 
diffusion-weighted magnetic resonance imaging. PLoS One 23 
(5): e0178204. doi: 10.1371/journal.pone.0178204.

Kimura K, Ito M, Amano M, Chihara K, Fukata Y et al. (1996). 
Regulation of myosin phosphatase by Rho and Rho-associated 
kinase (Rho-kinase). Science 273: 245-248. doi: 10.1126/
science.273.5272.245.



ÖZDEMİR and ARK / Turk J Biol

45

Komers R, Oyama TT, Beard DR, Tikellis C, Xu B et al. (2011). Rho 
kinase inhibition protects kidneys from diabetic nephropathy 
without reducing blood pressure. Kidney International 79 (4): 
432-442. doi: 10.1038/ki.2010.428. 

Lamb J, Crawford ED, Peck D, Modell JW, Blat IC et al. (2006). The 
connectivity map: using gene-expression signatures to connect 
small molecules, genes, and disease. Science 313 (5795): 1929-
1935. doi: 10.1126/science.1132939.

Lee DH, Shi J, Jeoung NH, Kim MS, Zabolotny JM et al. (2009). 
Targeted disruption of ROCK1 causes insulin resistance in 
vivo. Journal of Biological Chemistry 284 (18): 11776-11780. 
doi: 10.1074/jbc.C900014200.

Li W, Yuan Y, Huang L, Qiao M, Zhang Y (2012). Metformin alters 
the expression profiles of microRNAs in human pancreatic 
cancer cells. Diabetes Research and Clinical Practice 96 (2): 
187-195. doi: 10.1016/j.diabres.2011.12.028. 

Lytvyn Y, Bjornstad P, Udell JA, Lovshin JA, Cherney DZI (2017). 
Sodium glucose cotransporter-2 inhibition in heart failure: 
potential mechanisms, clinical applications, and summary of 
clinical trials. Circulation 136 (17): 1643-1658. doi: 10.1161/
CIRCULATIONAHA.117.030012.

Moujaber O, Stochaj U (2020). The cytoskeleton as regulator of cell 
signaling pathways. Trends in Biochemical Sciences 45 (2): 96-
107. doi: 10.1016/j.tibs.2019.11.003.

Mueller BK, Mack H, Teusch N (2005). Rho kinase, a promising 
drug target for neurological disorders. Nature Reviews Drug 
Discovery 4 (5): 387-398. doi: 10.1038/nrd1719.

Nakagawa O, Fujisawa K, Ishizaki T, Saito Y, Nakao K et al. (1996). 
ROCK-I and ROCK-II, two isoforms of Rho-associated coiled-
coil forming protein serine/threonine kinase in mice. FEBS 
Letters 392: 189-193. doi: 10.1016/0014-5793(96)00811-3.

Olson MF (2008). Applications for ROCK kinase inhibition. Current 
Opinion in Cell Biology 20 (2): 242-248. doi: 10.1016/j.
ceb.2008.01.002.

Özdemir A, Ark M (2013). xCELLigence real time cell analysis 
system: a new method for cell proliferation and cytotoxicity. 
Niche 2: 15-17. doi: 10.5152/niche.2014.153.

Özdemir A, Şimay YD, İbişoğlu B, Yaren B, Bülbül D et al. (2016). 
Cardiac glycoside-induced cell death and Rho/Rho kinase 
pathway: Implication of different regulation in cancer cell lines. 
Steroids 109: 29-43. doi: 10.1016/j.steroids.2016.03.015.

Rath N, Olson MF (2012). Rho-associated kinases in tumorigenesis: 
re-considering ROCK inhibition for cancer therapy. EMBO 
Reports 13 (10): 900-908. doi: 10.1038/embor.2012.127.

Riento K, Ridley AJ (2003). Rocks: multifunctional kinases in cell 
baheviour. Nature Reviews Molecular Cell Biology 4 (6): 446-
56. doi: 10.1038/nrm1128.

Saraei P, Asadi I, Kakar MA, Moradi-Kor N (2019). The beneficial 
effects of metformin on cancer prevention and therapy: a 
comprehensive review of recent advances. Cancer Management 
and Reseach 11: 3295-3313. doi: 10.2147/CMAR.S200059. 

Schaafsma D, Gosens R, Zaagsma J, Halayko AJ, Meurs H (2008). 
Rho kinase inhibitors: a novel therapeutical intervention in 
asthma? European Journal of Pharmacology 585: 398-406.  doi: 
10.1016/j.ejphar.2008.01.056.

Şimay YD, Özdemir A, İbişoğlu B, Ark M (2018). The connection 
between the cardiac glycoside-induced senescent cell 
morphology and Rho/Rho kinase pathway. Cytoskeleton 75 
(11): 461-471. doi: 10.1002/cm.21502.

Tang J, Tanoli ZUR, Ravikumar B, Alam Z, Rebane A et al. (2018). 
Drug target commons: a community effort to build a consensus 
knowledge base for drug-target interactions. Cell Chemical 
Biology 25 (2): 224-229. doi: 10.1016/j.chembiol.2017.11.009.

Zhang X, Li C, Gao H, Nabeka H, Shimokawa T et al. (2011). Rho 
kinase inhibitors stimulate the migration of human cultured 
osteoblastic cells by regulating actomyosin activity. Cellular 
and Molecular Biology Letters 16 (2): 279-95. doi: 10.2478/
s11658-011-0006-z.


