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    Chapter 10   

 Evaluating the Effects of CDK Inhibitors in Ischemia–
Reperfusion Injury Models 

           Tatiana     Guevara    

    Abstract 

   CDK inhibitors have been used to induce protection in various experimental models. Kidney ischemia–
reperfusion (I/R) is a form of acute kidney injury resulting in a cascade of cellular events prompting rapid 
cellular damage and suppression of kidney function. I/R injury, an inevitable impairment during renal 
transplant surgery, remains one of the major causes of acute kidney injury and represents the most promi-
nent factor leading to delayed graft function after transplantation. Understanding the molecular events 
responsible for tubule damage and recovery would help to develop new strategies for organ preservation. 
This chapter describes procedures to study the effect of CDK inhibitors in the cellular I/R model devel-
oped from an epithelial cell line deriving from pig kidney proximal tubule cells (LLC–PK1). We briefl y 
describe methods for determining the protective effect of CDK inhibitors such as activation of caspase 
3/7, western blot analysis, gene silencing, and immunoprecipitation.  
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1      Introduction 

   Alterations in the activity of the CDKs are related to the prolifera-
tion of tumor cells and it is well established that their inhibition 
contributes to loss of proliferation and induction of apoptosis [ 1 ]. 
However, under certain physiological conditions, the cell cycle 
arrest during the use of CDK inhibitors can permit the initiation of 
cell repair mechanisms. In this sense, new research into inhibitors 
of CDK as potential therapeutic agents in the treatment of neuro-
logical damage has been developed. The administration of inhibi-
tors of CDK that induce the inhibition of apoptosis with 
neuroprotective, anti-excitotoxicity and anti-infl ammatory effects 
in models of cerebral and renal ischemia, and also neurodegenera-
tive diseases, has been already described [ 2 – 5 ]. 

 Chronic kidney disease (CKD) is an infl ammatory disease that 
causes a progressive and irreversible loss of the kidney function 
characterized by a lower glomerular fi ltration rate below 50 % [ 6 ]. 

1.1  Pharmacological 
Inhibitors of CDK/
Cyclin Complexes
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There are two types of treatment available for patients with CKD: 
dialysis (hemodialysis or peritoneal dialysis) and renal transplantation. 
When transplantation is possible, the patients’ half-life and quality 
of life is increased [ 6 ]. However, 25 % of all available kidneys are 
discarded as they are not suitable for transplantation. It is known 
that short periods of ischemia are suffi cient to induce pathophysi-
ological events in renal tubules that could compromise transplant 
viability. A kidney for transplantation will be subjected to a depri-
vation of oxygen, resulting in cellular hypoxia. The reperfusion 
process is also critical for the organ, mainly due to two processes. 
Firstly, there is oxidative damage caused from the increase in 
reactive oxygen species (ROS) during the reintroduction of oxy-
gen to previously ischemic tissue. Secondly, there is an infl amma-
tory response that initiates the infi ltration of polymorphonuclear 
(PMN) cells that amplify cell damage. The reintroduction of oxy-
gen reestablishes normal metabolic activity. This coincides with a 
peak in cell death caused by necrosis or apoptosis [ 7 ]. There are 
evidences showing that damage produced by PMN can be reduced 
by the use of immunosuppressants, for example cyclosporine [ 8 ], 
or fi ngolimod [ 9 ]. Similarly, compounds that inhibit CDK, for 
example fl avopiridol or roscovitine [ 10 ] have been used as immu-
nosuppressants and have shown to be protective against damages 
caused by the processes of I/R [ 11 ]. 

 We have reported that the CDK inhibitors (roscovitine and 
TAT–NBI1) [ 5 ,  12 ] provide protection against cell death in a well 
established ischemia/reperfusion (I/R) model in porcine renal 
tubular cells (LLC–PK1) [ 13 ]. 

 In this section, we describe the materials and methods used to 
evaluate the use of the CDK inhibitors for the prevention and 
treatment of damage produced in kidneys as a result of renal I/R 
injury.   

2    Materials 

       1.    LLC-PK-1 Proximal tubular porcine LLC-PK-1 cells were 
obtained from ATCC (Rockville, MD). Cells were grown in 
M199 supplemented with 3 % FBS and were maintained at 
37 °C in a 5 % carbon dioxide atmosphere in 20-cm tissue cul-
ture plates or T150 culture fl asks. Cells were transferred two 
times per week.   

   2.    M199 supplemented with 3 % (w/v) FBS.   
   3.    0.25 % trypsin–1 mM EDTA.   
   4.    20-cm tissue culture plates or T150 culture fl asks.   
   5.    6-well tissue culture plates.   
   6.    40-μm cell strainers.   

2.1  Model for Renal 
Ischemia–Reperfusion 
(I/R) Injury in LLC-PK1
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   7.    37 °C tissue culture incubator, 5 % CO 2 .   
   8.    37 °C tissue culture incubator, 18 % CO, 1.5 % O 2    
   9.    Additional equipment and reagents for culturing cells, deter-

mining cell concentration with a hemacytometer.      

       1.    5 mM EDTA in PBS.   
   2.    Extraction Buffer: 50 mM PIPES, 50 mM KCl, 5 mM EDTA, 

2 mM MgCl 2 , 2 mM DTT, supplemented with protease 
inhibitors.   

   3.    Caspase assay buffer: PBS, 10 %, glycerol, 0.1 mM EDTA, 2 mM 
DTT, and 20 μM of Ac-DEVD-AFC (caspase-3 substrate).   

   4.    96-well microplates: Tissue culture microplate with black wall 
is recommended.   

   5.    Liquid nitrogen.   
   6.    A fl uorescence microplate reader: Capable of monitoring fl uo-

rescence intensity at Ex/Em = 390/510 nm.   
   7.    Kit for quantifi cation of protein: Pierce BCA Protein Assay Kit 

(Pierce) is recommended.      

       1.    Equipment for SDS-PAGE and Immunoblotting (Vertical 
acrylamide electrophoresis unit and Electroblotting unit-fully 
submerged, Bio-Rad Mini-PROTEAN series recommended).   

   2.    Kit for quantifi cation of protein: Pierce BCA Protein Assay Kit 
(Pierce) is recommended.   

   3.    Nitrocellulose and chromatography paper.   
   4.    Buffer lysis: 25 mM Tris–HCl pH 7.4, 1 mM EDTA, 1 mM 

EGTA, 1 % SDS, plus protease and phosphatase inhibitors.   
   5.    TBS solution: 10 mM Tris–HCl, pH 8.0, 150 mM NaCl.   
   6.    Buffer transfer: 25 mM Tris–HCl pH 7.5, 192 mM glycine, 

and 20 % methanol.   
   7.    Nonfat milk powder.   
   8.    Primary antibody.   
   9.    Antibody-HRP.   
   10.    Substrate for detection (ECL system).      

       1.    siRNA of interest. The siRNA for CDK5 mRNA (#6216) and 
the negative control siRNA (#6568) are from Cell Signaling. 
The siRNAs for p35 and Cyclin I are from Santa Cruz 
Biotechnology (sc-36153 and sc-35141, respectively).   

   2.    Lipofectamine 2000 (store at +4 °C until use).   
   3.    Opti-MEM I Reduced Serum Medium (prewarmed).   
   4.    6-well tissue culture plates.   

2.2  Caspase 3/7 
Activity Assays

2.3  Western Blot 
Analysis

2.4  Gene Silencing 
with Small Interfering 
RNA
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   5.    Equipment for culturing cells.   
   6.    Solution A: Dilute 50–100 nM of siRNA transfection into 

100 μl of Opti-MEM ®  I Reduced Serum Medium without 
serum.   

   7.    Solution B: Mix Lipofectamine™ 2000 gently before use, then 
dilute the appropriate amount (50 pmol) in 100 μl of Opti- 
MEM  ®  I Medium without serum.   

   8.    SDS-PAGE and Immunoblotting equipment and reagents.      

       1.    The Co-IP kit Pierce Direct IP Kit #26148 is recommended 
and is used with the following solutions:
 –    Coupling Buffer: 0.01 M sodium phosphate, 0.15 M 

sodium chloride; pH 7.2  
 –   IP Lysis/Wash Buffer: 0.025 M Tris–HCl, 0.15 M NaCl, 

0.001 M EDTA, 1 % NP-40, 5 % glycerol, pH 7.4  
 –   100× Conditioning Buffer: neutral pH buffer and Elution 

Buffer: pH 2.8, containing primary amine.  
 –   Lane Marker Sample Buffer 5×, 0.3 M Tris–HCl, 5 % SDS, 

50 % glycerol, 100 mM DTT, pH 6.8.      
   2.    Kit for quantifi cation of protein: Pierce BCA Protein Assay Kit 

(Pierce) is recommended.   
   3.    The antibodies Cyclin I (sc-5547) and p35/p35 (sc-820) are 

obtained from Santa Cruz Biotechnology and Tubulin (T8203) 
are from Sigma Aldrich.   

   4.    Rocking platform or rotator.   
   5.    SDS-PAGE and Immunoblotting equipment and reagents.       

3    Methods 

 These methods describe some techniques which allow the study 
of the effect of CDKI in the cellular I/R model developed from 
an epithelial cell line deriving from pig kidney proximal tubule 
cells (LLC–PK1). LLC–PK1 cells are subjected to Hx–Hp/
Nx conditions in the presence and absence of the CDK/cyclin 
inhibitors ( see  Subheading  3.1 ). In the vehicle control-treated 
cells, Hx–Hp/Nx conditions induce cell death, which is charac-
terized by increased  caspase-3/-7 activity ( see  Subheading  3.2 ). 
Also, comparison between the expression levels of different 
proteins under normoxic and Hx–Hp/Nx conditions are char-
acterized by Western blot analysis ( see  Subheading  3.3 ). The 
molecular mechanism of cell death protection provided by treat-
ment with CDK/cyclin inhibitors is obtained from gene silenc-
ing ( see  Subheading  3.4 ) and immunoprecipitation studies ( see  
Subheading  3.5 ). 

2.5  Immuno-
precipitation Assay
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        1.    Culture the cells until they are 60–80 % confl uent ( see   Note 1 ).   
   2.    Aspirate the cell culture medium and wash the cells twice with 

PBS, then add 5 ml of 0.05 % Trypsin–EDTA.   
   3.    Incubate at 37 °C for 8–10 min.   
   4.    Add 10 ml of cell culture medium containing FBS per fl ask.   
   5.    Using a 1000 μl tip, pipette the medium across the wells to 

detach the colonies. Pipette up and down fi ve times to break 
up cell colonies into a single cell suspension.   

   6.    Transfer the cell suspension to a 15 or 50 ml conical tube and 
centrifuge at 300 ×  g  for 5 min at room temperature.   

   7.    Aspirate the supernatant and loosen the cell pellet by tapping 
the bottom of the tube.   

   8.    Resuspend with 2–5 ml of cell culture medium.   
   9.    Place a 40 μm cell strainer into a 50 ml conical tube and add 

the cell suspension to the cell strainer (Clumps of cells will be 
retained while single cells and medium will pass into the coni-
cal tube). When all of the suspension has passed through, 
remove the cell strainer and discard.   

   10.    Remove a sample of the single cell suspension to perform a cell 
count, determine the cell number and calculate the amount of 
the medium needed to achieve the desired cell density. Grow 
the cells to form a confl uent monolayer in a 6-well plate format 
at a cellular density of 4 × 10 5  cells/well. Prepare two identical 
experiments (Nx group and Hx-Hp/Hx group).   

   11.    Incubate both groups at 37 °C, 21 % O 2 ; 5 % CO 2  overnight.   
   12.    The next day, change the Hx-Hp/Hx group to hypoxia- 

hypercapnia conditions (Hx-Hp). Incubate the cells at 37 °C 
and 1.5 % O 2 ; 18 % CO 2  overnight ( see   Note 2 ).   

   13.    Maintain the Nx group at 37 °C, 21 % O 2 ; 5 % CO 2  overnight.   
   14.    Treat the cells with the CDK inhibitors and incubate both 

groups at 37 °C, 21 % O 2 ; 5 % CO 2  for an additional 24-h 
period ( see   Note 3 ).   

   15.    Evaluate the hypoxic induction through caspase 3/7 activity.      

    Subjecting the cells to hypoxia and hypercapnia and afterwards 
reoxygenating will cause cellular damage and cell loss attributable 
to apoptosis ( see   Note 4 ). The method to measure the induction of 
Hx-Hp/Nx is through the activation of caspase 3/7 ( see   Note 5 ).

    1.    Carefully remove the culture medium and cells in suspension 
into a labeled 15 ml conical centrifuge tube for the appropri-
ate condition. Keep on ice throughout the remainder of the 
protocol.   

   2.    Wash the well two times in cold PBS for 5 min at room tem-
perature and keep the washings.   

3.1  Model Renal 
Ischemia–Reperfusion 
(I/R) Injury in LLC-PK1

3.2  Evaluation 
of Hypoxia: Caspase 
3/7 Activity 
Measurements
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   3.    Harvest cells by adding a solution of 5 mM EDTA in PBS and 
incubate at 37 °C for 10–15 min (This procedure may take 
longer than normal trypsinization).   

   4.    Collect the cells and centrifuge the cell suspension at 300 ×  g  
for 5 min to pellet the cells. Discard the supernatant.   

   5.    Add cold extraction buffer to the cell pellet, use 30 μl of extrac-
tion buffer per 2 wells of a 6-well plate and incubate the cells 
on ice for 5 min. This hypotonic buffer allows the liberation of 
the cell contents without completely breaking the cells.   

   6.    Transfer the cell lysate into new microcentrifuge tube. Make 
sure the tubes are closed. Drop the tube into liquid nitrogen to 
freeze. Thaw sample on cold water (thawing takes a few min-
utes). Vortex briefl y.   

   7.    Repeat freeze-thaw cycle two more times.   
   8.    Thaw the cell lysate. Collect the supernatant by centrifugation 

at 16000 ×  g  for 7 min at 4 °C.   
   9.    Measure the protein concentration.   
   10.    For 50 μg of cellular lysate ( see   Note 6 ), add 200 μl of caspase 

assay buffer.   
   11.    The DVDase activity is continuously monitored following the 

release of fl uorescent AFC at 37 °C with a spectrofl uorometer 
such as Wallac 1420 Workstation (λexc 390 nm; λem 510 nm).   

   12.    The DEVDase activity is expressed with an increase in  caspase-3 
activity compared to a positive control (cells under Hx–Hp/
Nx conditions without treatment) and measured by the rela-
tive fl uorescence or as percentage of the initial fl uorescence 
signal value.    

      We studied the molecular mechanism and found that the CDK5 
was responsible for the protective effect in the I/R model [ 14 – 16 ]. 
In order to analyze the role of CDK5 in cell survival it is necessary 
to evaluate the protein expression levels of CDK5, the regulatory 
proteins and their substrates in LLC–PK1 renal tubular cells under 
normoxic and Hx–Hp/Nx conditions. This is measured in the 
absence or presence of CDK/cyclin inhibitors using western blot 
analysis ( see   Note 7 ).

    1.    Obtain whole cell extracts by lysing the cells in a buffer lysis. 
Determine the protein concentration by the BCA protein assay.   

   2.    Load the cell extracts and separate in 10–12 % SDS-PAGE and 
then transfer to a nitrocellulose membrane.   

   3.    Block the membrane with 5 % nonfat dried milk in TBS con-
taining 0.1 % Tween 20 at room temperature with shaking 
for 1 h.   

   4.    Incubate the membrane with primary antibody in the blocking 
solution at 4 °C overnight by shaking.   

3.3  Western Blot 
Analysis
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   5.    Wash the membranes in TBS containing 0.1 % Tween 20 four 
times for at least 10 min each time with extensive agitation.   

   6.    Incubate with appropriate horseradish peroxidase secondary 
antibodies with 5 % nonfat dried milk in TBS containing 0.1 % 
Tween 20 at room temperature for 90 min with shaking. 
Visualize the proteins using enhanced chemiluminescence 
technology.    

      CDK5 plays a key regulatory role in cell death and survival in the 
cellular pathways related to I/R-induced damage. Silencing of 
CDK5 and their regulatory proteins is needed to demonstrate the 
involvement of these proteins in the recovery process ( see   Note 8 ).

    1.    Grow the LLC-PK1 cells to form a confl uent monolayer in a 
6-well plate format at a cellular density of 3 × 10 5  cells/well. 
Prepare two identical experiments (Random group and siRNA 
group). Incubate both groups at 37 °C, 21 % O 2 ; 5 % CO 2  
overnight.   

   2.    The next day, the cells will be 30–50 % confl uent at the time of 
transfection ( see   Note 9 ). Transfect the siRNA oligonucle-
otides in Opti-MEM at the recommended concentrations 
using Lipofectamine 2000 according to the manufacturer’s 
instructions ( see   Note 10 ).   

   3.    Remove the growth medium by aspiration and wash the cells 
with PBS. Add 800 μl of Opti-MEM to the plate and incubate 
at 37 °C in a CO 2  incubator whilst preparing the solutions.   

   4.    Prepare the solutions A and B ( see   Note 11 ), mix gently and 
incubate for 5 min at room temperature.   

   5.    After the 5 min incubation period at room temperature, com-
bine solution A with solution B. Mix gently and incubate for 
20 min at room temperature.   

   6.    Add 200 μl of the solution to each well containing cells and 
medium. Mix gently by rocking the plate back and forth.   

   7.    Incubate the transfected cells for 4 h at 37 °C in a CO 2  incuba-
tor ( see   Note 12 )   

   8.    Remove the transfection mixture and replace with normal 
growth medium and incubate the cells for an additional 24 h 
at 37 °C, 21 % O 2 ; 5 % CO 2 .   

   9.    At 24 h post-transfection, incubate the cells under Hx–Hp 
conditions (37 °C and 1.5 % O 2 ; 18 % CO 2 ) for 24 h. Treat 
with the CDK inhibitors and maintain under Nx conditions for 
a further 24 h.   

   10.    Check the effi cacy of the silencing by Western blot.    

      Evaluation of the infl uence of CDK inhibitors on the regulation of 
CDK5 and its regulatory subunits by co-immunoprecipitation 
experiments is described ( see   Note 13 ).

3.4  Gene Silencing 
with Small Interfering 
RNA

3.5  Immuno-
precipitation Studies

CDK Inhibitors in Ischemia Reperfusion
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    1.    Prepare cellular extracts from the LLC–PK1 control cells or 
from those cells subjected to Hx–Hp/Nx conditions in the 
presence or absence of the CDK/cyclin inhibitor.   

   2.    Use the Co-IP kit for the immunoprecipitation studies accord-
ing to the manufacturer’s instructions ( see   Note 14 ).   

   3.    Obtain 1 mg of protein, seed and treat 2 plates for the treat-
ment (100 × 100 mm).   

   4.    Aspirate media and rinse cells once with Coupling Buffer.   
   5.    Remove PBS and add 1 ml of ice-cold IP Lysis/Wash Buffer to 

each plate and incubate the plates on ice for 5 min with peri-
odic mixing.   

   6.    Transfer the lysate to a microcentrifuge tube and centrifuge at 
~13,000 ×  g  for 10 min to pellet the cell debris.   

   7.    Transfer supernatant to a new tube for protein concentration 
determination. Measure the protein concentration in the 
cell lysates using a BCA protein assay, according to the man-
ufacturer’s protocol. Use bovine serum albumin (BSA) as a 
standard.   

   8.    Dilute the cell extract in 400 μl of IP Lysis/Wash Buffer.   
   9.    Add the sample to the 10 μg of antibody-coupled resin in the 

spin column and incubate the column with gentle end-over- end 
mixing or shaking for 1 h to overnight at 4 °C ( see   Note 15 ).   

   10.    Remove the bottom plug, loosen the screw cap and place the 
column in a collection tube. Centrifuge the column and save 
the fl ow-through. Do not discard the fl ow-through until con-
fi rming that the IP was successful.   

   11.    Place the column into a new collection tube, add 200 μl of IP 
Lysis/Wash Buffer and centrifuge. Wash the sample three times.   

   12.    Wash the sample once with 100 μl of 1× Conditioning Buffer.   
   13.    Place the spin column into a new collection tube, add 25 μl of 

Elution Buffer and centrifuge.   
   14.    Keep the column in the tube and add 75 μl of Elution Buffer. 

Incubate for 10 min at room temperature.   
   15.    Centrifuge the tube and collect the fl ow-through. Perform 

additional elutions as needed.   
   16.    Add 5× Sample Buffer to the sample to make a 1× fi nal solu-

tion (i.e., add 5 μl of 5× Sample Buffer to 20 μl of sample).   
   17.    Heat the sample at 95–100 °C for ~5 min. Analyze the eluate 

to ensure that the antigen has completely eluted.   
   18.    Analyze by western blot to reveal that the immunoprecipita-

tion of CDK5 and cyclin I has been effective. Separate the 
 co-immunoprecipitation by SDS-PAGE and transfer to a nitro-
cellulose membrane. Incubate the membrane in 5 %  nonfat 
milk powder overnight at 4 °C with primary antibodies, fol-
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lowed by incubation with appropriate horseradish peroxidase 
secondary antibodies. Visualize the signals with the ECL 
system.    

4       Notes 

     1.    All solutions and equipment must be sterile, and aseptic tech-
nique should be used accordingly.   

   2.    The door of the hypoxia incubator should remain closed for 
the incubation period of 24 h.   

   3.    It is important to leave some wells without treatment as a con-
trol for hypoxia or normoxia.   

   4.    LLC–PK1 cells were subjected to Hx–Hp/Nx conditions in 
the presence and absence of the CDK/cyclin inhibitors. In the 
vehicle control treated cells, Hx–Hp/Nx conditions induced 
cell death, which was characterized by increased caspase-3/-7 
activity. The presence of CDK/cyclin inhibitors enhanced cell 
viability under Hx–Hp/Nx conditions, together with dimin-
ished caspase-3/7 activity.   

   5.    For the determination of the caspase-3/7 activity a fl uores-
cence assay was used [ 17 ]. The caspases are cysteine-proteases 
characterized by the presence of a cysteine residue that breaks 
other proteins on an aspartic residue. In this assay, the cas-
pase-3/7 from the cell lysate hydrolyses the substrate: Acetyl-
Asp-Glu- Val- Asp -7-amino-trifluoromethyl-coumarin 
(Ac-DEVD- AFC), liberating the AFC, which is a fl uorescent 
marker. The liberation of AFC as a function of time allows for 
the evaluation of the activity of caspase-3/7 in each sample.   

   6.    For the protocol for caspase-3/7 activity determination it is 
necessary to have 2 wells per treatment to obtain a suffi cient 
quantity of protein.   

   7.    The expression of CDK5, p35/p25, cyclin I as well as phos-
phorylation levels of ERK1/2, H2A.x, and Chk1 in total cell 
extracts was analyzed by western blot in the presence of CDK 
inhibitors (TAT-NBI1 or roscovitine). The results showed that 
the treatment with CDK inhibitors restores the normoxic phe-
notype in the LLC–PK1 Hx–Hp/Nx model [ 5 ].   

   8.    The silencing of CDK5 and cyclin I hinders the protective 
action of CDK inhibitors, but, in contrast, p35 silencing had a 
protective effect itself in Hx–Hp/Nx renal tubular cell.   

   9.    Subconfl uent cells are healthy and are required for successful 
transfection experiments. It is recommended to ensure cell 
viability 1 day prior to transfection.   

   10.    Do not add antibiotics to media during transfection as this will 
cause cell death.   

CDK Inhibitors in Ischemia Reperfusion
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   11.    The siRNA and Lipofectamine calculations are made to have a 
fi nal volume of 1 ml per well.   

   12.    Prolonged serum starvation may result in unwanted cell 
detachment or death.   

   13.    Under Nx conditions, CDK5 maintains a binding equilibrium 
between both partners p35/p25 and cyclin I signaling to cell 
survival. Hx–Hp/Nx conditions would produce an increase in 
the p35 protein levels promoting cell death and under Hx–p/
Nx conditions, treatment with the CDK5 inhibitors would 
affect the CDK5/p35 complex without affecting the activity 
of the pro-survival CDK5/cyclin I complex. This differential 
inhibition would promote the degradation of p35, the stabili-
zation of the CDK5/cyclin I complex, and the engagement of 
a cell survival program that would protect cells from Hx–Hp/
Nx-induced damage.   

   14.    The Co-IP kit (Pierce Direct IP Kit #26148) is useful for the 
immunoprecipitation of a target protein whose molecular weight 
is similar to the heavy or light chain antibody fragment.   

   15.    Immunoprecipitation is achieved using less than 10 μg of anti-
body. After the antibody is coupled to the AminoLink Resin, 
the antigen sample is incubated with the immobilized antibody 
to form the immune complex. The complex is washed to 
remove non-bound material, and a low pH elution buffer is 
used to dissociate the bound antigen from the antibody.         
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