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Abstract Shock wave lithotripsy (SWL)-induced renal
damage appears to be multifactorial. Recent data indicated
that the mechanism of renal tissue damage secondary to
SWL is similar to that of ischemia reperfusion injury.
Nuclear factor-kappa B (NF�B) and its target genes, induc-
ible nitric oxide synthase (iNOS) and cyclooxygense-2
(COX-2), have been demonstrated to play a very important
role in a variety of cells or tissues ischemia reperfusion
injuries. Thus in the present study, using an in vitro model
MDCK cells, we investigated the role of NF�B and its tar-
get cytotoxic enzyme in shock wave-induced renal cellular
damage. We also examined whether inhibition this pathway
by pyrrolidine dithiocarbamate (PDTC) is contributed to
alleviate SWL-caused cell damage. Suspensions of MDCK
cells were placed in containers for shock wave exposure.
Three groups of six containers each were examined: control
group, no shock wave treatment and SWL group, which
received 100 shocks at 18 kV; 3 SWL + PDTC group.
PDTC were added to the suspensions before shock wave
exposure. After shock wave 0, 2, 4, 6 and 8 h, respectively,
the cell supernatants were detected for the level of MDA
and release of LDH. At post-shock wave 8 h, cells were
harvested to detect the nuclear translocation of NF�Bp65
by immunoXuorescence staining. Degradation of I�B-a (an
inhibitor protein of NF�B) and expression of iNOS and
COX-2 were also examined by western blotting. Our results
indicated that shock wave initiated the apparent activation
of NF�B, which in turn induced high expression of iNOS

and COX-2. Blocking degradation of I�B-a by PDTC was
contributed to decrease the expression of iNOS. And the
level of MDA and the release of LDH were also signiW-
cantly reduced by using PDTC. However, the degree of
COX-2 expression does not diVer signiWcantly between
SWL and SWL + PDTC groups. Activation of NF�B and
subsequent expression of its target cytotoxic enzyme have
been demonstrated to be a potential and crucial mechanism
in SWL-induced renal cell damage. Blocking this pathway
by PDTC is contributed to protect against cellular damage
from shock wave.
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Introduction

Shock wave lithotripsy (SWL) is currently the Wrst-line
treatment for upper urinary tract calculi. However, this
treatment is not completely free from side eVects. Firstly,
the adverse eVects of SWL are attributed to renal damage
resulting only from direct action of cavitation bubbles and
shear stress. Recently, free radicals formation and its subse-
quent oxidative stress have also been considered to be
another key element in shock wave-induced tissue damage
[1, 2]. However, our previous study showed the expression
of P-selectin, a pro-inXammatory cytokine, in the rabbit
renal interstitium with severe inXammatory cells inWltration
after shock wave treatment [3]. Apparently this phenome-
non cannot be explained completely by the eVect of mechan-
ical trauma or free radicals oxidative stress. Thus, other
potential mechanisms may be involved in shock wave-
induced renal damage. In fact, shock wave has already been
documented to induce generalized vasoconstriction in the
kidney and lead to tissue hypoxia and ischemia in several
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animal models [4, 5]. Therefore, the mechanism of kidney
damage by SWL is considered to be similar to that of ische-
mia reperfusion injury model. To our knowledge, inXam-
matory reaction with its release of several cytotoxic
enzymes such as inducible nitric oxide synthase (iNOS)
and cyclooxygense-2 (COX-2) have been demonstrated to
play a very important role in a variety of cell or tissue
ischemia reperfusion injuries [6–9].

Based on the results of our previous study, we hypothe-
sized inXammatory reaction with release of cytotoxic
enzymes to be another potential mechanism of renal dam-
age secondary to SWL. It is well known that almost all
inXammatory processes need to be regulated by transcrip-
tional factors. Nuclear factor-kappaB (NF�B) is believed to
be a predominantly transcriptional factor activated by a
variety of signals, including reactive oxygen species
(ROS), radiation, mechanical stress, ischemia/reperfusion
(I/R) and several cytokines [10–13]. Inhibiting NF�B path-
way activation has been demonstrated to alleviate diVerent
types of cells or tissues injuries via down-regulation its tar-
get cytotoxic gene expression in vivo and vitro [14–16].
Shear stress or free radicals production induced by SWL
can activate NF�B pathway, and this activation may be
playing a crucial role in initiation of inXammatory reaction
and expression of cytotoxic enzymes iNOS and COX-2,
which lead to severe renal cellular damage. In the present
study, using Madin-Darby Canine kidney (MDCK) cell
model, which is an established model to examine shock
wave-induced cellular damage and its potential mechanism,
we investigated whether NF�B and its target cytotoxic
genes iNOS and COX-2 are involved in shock wave-
induced cell damage in vitro. We also aimed to explore
whether inhibition of NF�B activation by pyrrolidine
dithiocarbamate (PDTC) can contribute to protecting
against shock wave-induced MDCK cells injury.

Materials and methods

Cell culture

MDCK cells are a cell line derived from dog kidney cortex
(American Type Culture Collection). It is also an estab-
lished in vitro model to study the mechanism of renal tubu-
lar injury induced by shock wave. Cells were grown in
culture Xasks containing Dulbecco’s modiWed eagle’s
medium (DMEM) and 10% fetal calf serum at 37°C in 5%
CO2-containing humidiWed air.

SWL of cell suspension

ConXuent cells in Xasks were trypsinized, centrifuged and
suspended in DMEM. The concentration of the cell suspen-

sion was adjusted to 106 cells/ml. For shock wave expo-
sure, the cell suspension was placed in the polyethylene
tubes, which were immersed in the custom-made water-
Wlled plastic container. The cell-containing tubes were
adjusted to the second focus of the ellipsoid by the specially
designed holder. To avoid Xuid–air interference, the tubes
were Wlled completely [17]. The shock waves were gener-
ated by the Lithotripter (Huikang, China), which has been
demonstrated to have approximately equal eYcacy and
resulting kidney injury compared with Siemens or Dornier
machines. The impulse rate was 100 shock waves at a volt-
age of 18 kV. The control group cells were handled in the
same way as those that received shock wave, except for the
absence of shock wave exposure. Three groups of Wve con-
tainers each were examined: control group, SWL group and
SWL + PDTC group. Thirty minutes before shock wave
exposure, PDTC were added to the cell suspensions at the
concentration of 100 �mol/L. The concentration of PDTC
was based on reference value from our preliminary experi-
ment.

Lipid peroxidation and cell viability analysis

After shock wave exposure 0, 2, 4, 6 and 8 h, respectively,
the cell suspensions were centrifuged and collected. The
supernatants were measured for MDA level and lactate
dehydrogenase (LDH) release by biochemical spectropho-
tometric analysis according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Biological Techniques Institute,
China). MDA is the marker of oxidative stress and LDH is
the marker of cellular damage. The spectrophotometer was
SUV 1200 (Sinco, Korea).

Measurement of NF�B activation by immunoXuorescence 
staining

At post-shock wave 8 h, the adherent MDCK cells onto
the glass microslides were Wxed in 4% paraformaldehyde
for 10 min, permeabilized in 0.2% TritonX 100 for
15 min and blocked with goat serum for 30 min. Cells
were then incubated at 37°C for 2 h with mouse anti-
human NF�Bp65 monoclonal antibody (Santa Cruz,
USA) at a dilution of 1:200. After washing three times
with PBS (5 min each), cells were incubated with Xuores-
cein isothiocyanate (FITC)-conjugated goat anti-mouse
antibody at 37°C for 1 h. The Xuorescence staining inten-
sity and intercellular location were then examined by Xuo-
rescence-inverted microscope (Olympus IX 50, Japan).
We scored with NF�B activation when the bright green
Xuorescent color (FITC) appeared in the entire nucleus of
the cell, indicating nuclear location of activated
NF�Bp65. At least 200 cells were examined for each
group.
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Western blotting to determine expression of I�B-a, COX-2 
and iNOS proteins

At post-shock wave 8 h, the cells were harvested to deter-
mine the expression of I�B-a, iNOS and COX-2 proteins.
Cytoplasmic proteins were extracted by using the NE-PER
Extraction Reagents Kit (Pierce, USA). Concentration of
extracts was measured with a BCA kit. Cytoplasmic protein
(50 �g) was separated by 12% SDS-PAGE for I�B-a, 10%
SDS-PAGE for COX-2 and 5% for iNOS, respectively.
Proteins were then transferred to nitrocellulose membranes
(Bio-Rad, USA) and blocked with 5% non-fat milk in
washing buVer (TBST) at room temperature for 1.5 h. The
membranes were then incubated for 1.5 h with a dilution of
1:500 rabbit polyclonal primary antibody for iNOS
(Upstate, USA), 1:300 for COX-2 and 1:300 for I�B-a
(Santa Cruz, USA, respectively). After washing in TBST
six times, the blot was incubated with horseradish peroxi-
dase (HRP) labeled secondary antibody (Santa Cruz, USA)
at the dilution of 1:5000. Immunodetection was performed
using the enhanced chemiluminescent (ECL) western blot
detection system (Pierce, USA). Protein loading equiva-
lence was assessed by the expression of �-actin. The inten-
sity of bands was assessed relative to their respective �-
actin bands with Bandscan software (version 4.3 Glyco).

Statistical analysis

The results of MDA-level, release of LDH, and expression
of iNOS and COX-2 were expressed as mean § SD. Statis-
tical analysis was performed using one way-ANOVA.
P < 0.05 was considered signiWcant. The results of p65
immunoXuorescence staining were analyzed using chi-
square test. P < 0.05 was considered signiWcant.

Results

Figure 1 showed that after shock wave exposure, the level
of MDA in MDCK cells supernatant was signiWcantly ele-
vated within 8 h (P < 0.05). Compared with SWL group,
PDTC pretreatment could signiWcantly decrease the level of
MDA in cells supernatants especially at post 2, 4 and 6 h,
respectively (P < 0.05). These results demonstrated that the
degree of shock wave-induced oxidative stress was signiW-
cantly inhibited by PDTC.

Shock wave signiWcantly increased the release of LDH
in MDCK cells supernatant compared to that in control
group within 8 h (P < 0.05). At post-shock wave 6 and 8 h,
the release of LDH in cell supernatants was signiWcantly
reduced by PDTC (P < 0.05, respectively) (Fig. 2). These
results demonstrated that PDTC could signiWcantly allevi-
ate shock wave-induced cellular injury.

NF�B activation measured by NF�BP65 
immunoXuorescence staining method

At post-shock wave 8 h, approximately 53% of MDCK
cells from SWL group showed nuclear location of
NF�BP65; while only 13% of cells from control group
without receiving shock wave treatment demonstrated
nuclear location. The diVerences between the two groups

Fig. 1 Change of MDA level in MDCK cell supernatants at post-
shock wave immediately (0 h), 2, 4, 6 and 8 h, respectively. *P < 0.05
indicates SWL group versus control group. **P < 0.01 indicates SWL
group versus control group. �P < 0.05 indicates SWL group versus
SWL + PDTC group

Fig. 2 Change of LDH release in MDCK cell supernatants at post-
shock wave immediately (0 h), 2, 4, 6 and 8, respectively. *P < 0.05
indicates SWL group versus control group. �P < 0.05 indicates SWL
group versus SWL + PDTC group
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were signiWcant (P < 0.05). Such Wndings indicated that
activation of NF�B was caused by shock wave exposure.
Nuclear location of P65 was detected in approximately
29% cells from SWL + PDTC group, which diVered sig-
niWcantly from that in SWL group (P < 0.05). It indicated
that PDTC could signiWcantly inhibit shock wave-induced
NF�B activation (Fig. 3).

NF�B activation measured by detecting degradation of 
I�B-a protein through western blotting method

At post-shock wave 8 h, cells were harvested to detect the
expression of the inhibitory protein I�B-a, which physically
masks the nuclear translocation sequences of NF�B and
retains NF�B in cytoplasm. The results demonstrated that
shock wave exposure could induce degradation of I�B-a
protein signiWcantly in MDCK cells cytoplasm (P < 0.05)
and PDTC pretreatment signiWcantly inhibited the degrada-
tion of I�B-a protein (P < 0.05) (Fig. 4).

The expression of iNOS and COX-2 protein measured by 
western blotting method

The results demonstrated a signiWcant increase of iNOS and
COX-2 expression in shock wave-treated MDCK cells at
post-shock wave 8 h (P < 0.05, respectively). PDTC pre-
treatment apparently decreased the expression of iNOS pro-
tein (P < 0.05); however, the expression of COX-2 protein

did not signiWcantly diVer between SWL and SWL
+ PDTC groups (Fig. 5).

Discussion

In spite of the eYcacy and relative safety, the adverse
eVects of SWL have been questioned by more and more
investigators in the last two decades. Hematuria and post-
operative pain or discomforts frequently occur in the
patients undergoing shock wave treatment. Corticomedul-
lary or interstitial hemorrhage and thrombosis of arteries or
interlobular veins have also been documented in several
animal experiments [18, 19].

Renal injury mediated by SWL appears to be compli-
cated and multifactorial. Initially the mechanism of renal
damage was believed to be mechanical trauma to renal vas-
culatures and tubules through the direct action of cavitation
bubbles or shear stress [1]. Recently free radicals formation
and the subsequent oxidative stress were considered to be
another key element in shock wave-induced renal damage
[2]. On the basis of the theory, several antioxidative agents
such as melatonin [20], selenium [21], caVeic acid phen-
ethyl ester [22], astragalosides [23] and vitamin E [24] have
been demonstrated to have protective properties against
short-term renal injury caused by SWL. However, we
found severe inXammatory cells inWltration in the rabbit
renal interstitium after shock wave treatment in our previous

Fig. 3 Determination of NF�Bp65 activation by immunoXuorescence
staining (£400) in MDCK cells at post-shock wave 8 h. a In control
group, the green Xuorescent color (FITC) was expressed in cytoplasm
of most cells, indicating NF�BP65 was not activated in these cells. b
Most of cells from SWL group showed bright green Xuorescent color
in the entire nuclear, indicating nuclear location of activated
NF�BP65. c PDTC pretreatment reduced the degree of nuclear loca-

tion of activated NF�BP65. d We scored with NF�B activation when
the bright green Xuorescent color appeared in the entire nucleus of the
cells. At least 200 cells for each group from Wve independent experi-
ments were examined. *Indicates SWL group versus control group,
Pearson chi-square = 105.54, P < 0.001; � indicates SWL + PDTC
group versus SWL group, Pearson Chi-square = 29.185, P < 0.001
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study [3]. This phenomenon could not be explained by the
eVect of mechanical trauma or free radicals oxidative stress.
Thus, other potential mechanisms are possibly involved in
shock wave-induced renal damage. It has been demon-
strated that shock wave could induce generalized vasocon-
striction in the kidney and lead to renal hypoxia and
ischemia in several animal models [4, 5]. InXammatory
reaction with the subsequent release of several cellular
toxic enzymes, including iNOS and COX-2, have been doc-
umented to play a very important role in ischemia reperfu-
sion injuries of diVerent organs [7, 8, 25, 26]. And most
inXammatory processes were regulated through NF�B sig-
nal transduction pathway. This pathway can be activated by
a variety of signals such as mechanical stress, radiation,
free radicals production and several cytokines. During or
after SWL, NF�B pathway could be activated by shear
stress or reactive free radicals. Inhibition of NF�B activa-
tion has been demonstrated to attenuate diVerent types of
tissue or cell injuries via down-regulating expression of its
target cytotoxic enzymes iNOS and COX-2 [8, 27, 28].
Therefore, activation of NF�B with its target toxic enzymes
expression may be a potential and important mechanism in
shock wave-induced renal damage.

To our knowledge, this is the Wrst report to investigate
the role of NF�B signal transduction pathway in SWL-
induced renal damage. NF�B is a ubiquitous transcrip-
tional factor involved in almost all inXammatory processes.
It consists of Wve known subunits in mammalian cells,
including p50, p52, p65 (RelA), RelB and CRel. The most
common active form is p50/p65 heterodimer and p50/p50
homodimer. NF�B protein exists as an inactive dimer in
the cytoplasm bound to the inhibitory protein I�B, which
physically masks the speciWc �B consensus sequences and
retains active dimer in the cytoplasm [29, 30]. In response
to diVerent types of activating signals, NF�B could be acti-
vated via phosphorylation of I�B (mainly I�B-�), which is
target for rapid degradation by the 26S proteasome. Degra-
dation of I�B results in NF�B translocation to the nucleus,
subsequently inducing expression of target genes [31]. In
the present study, NF�B activation was determined by
measuring NF�Bp65 nuclear translocation via immunoXu-
orescence staining and detecting I�B-a degradation by
western blotting method. The results demonstrated signiW-
cant activation of NF�B pathway after shock waves treat-
ment, and this activation could be blocked by PDTC via its

Fig. 4 Determination of I�B-aprotein in MDCK cells cytoplasm at
post-shock wave 8 h through western blotting and densitometric anal-
ysis. (A) Using rabbit polyclonal primary antibody to detect the expres-
sion of I�B-a protein by ECL western blotting detection system. Using
�-actin as the internal control to make loading equivalence. (B) The
intensity of bands was assessed relative to their respective �-actin
bands with Bandscan software (version 4.3 Glyco). Data were pre-
sented as mean § SD (n = 5). *P < 0.05 indicates SWL group versus
control group. �P < 0.05 indicates SWL group versus SWL + PDTC
group

Fig. 5 Western blotting and densitometric analysis of iNOS and
COX-2 protein in shock wave treated MDCK cells with or without
PDTC pretreatment at post-shock wave 8 h. a Western blotting analy-
sis of iNOS and COX-2 protein in each group, �-actin as the internal
control to make loading equivalence. b Densitometry analysis of band
intensity through Bandscan software 4.3. Data were presented as ratio
of iNOS or COX-2 protein to their respective �-actin protein
(mean § SD, n = 5). *P < 0.05 indicates SWL group versus control
group. �P < 0.05 indicates SWL group versus SWL + PDTC group
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ability to inhibit I�B-a degradation. How could shock
waves trigger inXammatory reaction? Shear stress or free
radicals are considered to play a key role in initiating
inXammatory process. Vascular injuries caused by the
direct action of shock waves could induce ischemia and
hypoxia in renal tissues, which becomes more susceptible
to free radical production as reperfusion occurs. Metabolic
alterations caused by ischemia with reperfusion can result
in abnormally high level of free radicals, which coupled
with shear stress could in turn make I�B-� protein phos-
phorylation and degradation, this then causing p50/p65
heterodimer to be translocated from the cytoplasm to the
nucleus. This translocation would activate a series of target
genes expression, which in turn triggers inXammatory
reaction. However, the exact mechanism remains to be illu-
minated. Our data also showed a signiWcant increase of
MDA level and a release of LDH in shock wave-treated
MDCK cells supernatants. MDA is believed to be a reli-
able marker of free radical-mediated lipid peroxidation. As
a breakdown product of cellular lipids, MDA could reXect
the degree of cellular oxidative stress [32]. The release of
LDH reXects the cell viability. Therefore, our results dem-
onstrated oxidative stress and cellular damage after shock
wave treatment, which is consistent with numerous previ-
ous reports.

Furthermore, the results also showed that PDTC pre-
treatment could signiWcantly reduce cellular oxidative dam-
age. PDTC is one of the most eVective potent NF�B
inhibitors because of its ability to transverse into the cell
and prolonged stability in solution at physiological pH and
its antioxidant ability to suppress free radicals production
[33]. PDTC have been demonstrated to play a protective
role in diVerent types of cell or tissue injuries with its anti-
oxidant properties and ability of inhibiting NF�B activation
in vitro and vivo [34–36]. For the current study the data
suggested that besides antioxidant properties, PDTC
appears to play a protective eVect against shock waves-
induced MDCK cells injury through inhibiting NF�B acti-
vation, which in turn down-regulating iNOS expression.
iNOS has been considered to be one of the important cyto-
toxic target genes regulated by NF�B. Under certain patho-
logical conditions, nitric oxide (NO) produced by iNOS
reacts with superoxide radicals to form the extremely
destructive ROS, ONOO¡ [37]. The cytotoxic processes
triggered by ONOO¡ included initiation of lipid peroxida-
tion and induction of DNA strand breaks, which causes cel-
lular damage or death [37, 38]. After shock wave treatment,
inhibiting NF�B by PDTC could decrease iNOS expression
and alleviate cells oxidative injury. Our results also exam-
ined the expression of COX-2. As a rate-limiting enzyme in
generating prostaglandins, COX-2 is regarded as one of the
crucial enzyme in supporting and sustaining the inXamma-
tory response. Blocking overexpression of COX-2 using a

speciWc inhibitor has been demonstrated to protect against
diVerent types of cell or tissue injuries [39, 40]. Our results
also showed high expression of COX-2 after shock wave
treatment. However, this overexpression could not be
inhibited by PDTC. The precise mechanism of this phe-
nomenon remains unclear. A possible explanation is that
regulation of COX-2 requires other signal pathways such as
activator protein-1 (AP-1) or hypoxia inducible factor-1
(HIF1-�) [41].

Conclusion

This is the Wrst report to investigate the role of NF�B signal
transduction pathway in shock wave-induced cellular dam-
age. Using MDCK cell model, the present study demon-
strated that NF�B activation and its target cytotoxic genes
expression (iNOS and COX-2) were involved in shock
wave-induced cells damage. Inhibiting this pathway by
using PDTC could decrease iNOS protein expression and
resultantly alleviate cells damage. The precise mechanism
is required to be illuminated by further studies.
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