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Abstract The purpose of this study was to determine if

pretreatment of porcine kidneys with low-energy shock

waves (SWs) prior to delivery of a clinical dose of

2,000 SWs reduces or prevents shock wave lithotripsy

(SWL)-induced acute oxidative stress and inflammation in

the treated kidney. Pigs (7–8 weeks old) received

2,000 SWs at 24 kV (120 SW/min) with or without pre-

treatment with 100 SWs at 12 kV/2 Hz to the lower pole

calyx of one kidney using the HM3. Four hours post-

treatment, selected samples of renal tissue were frozen for

analysis of cytokine, interleukin-6 (IL-6), and stress

response protein, heme oxygenase-1 (HO-1). Urine sam-

ples were taken before and after treatment for analysis

of tumor necrosis factor-a (TNF-a). Treatment with

2,000 SWs with or without pretreatment caused a statisti-

cally significant elevation of HO-1 and IL-6 in the renal

medulla localized to the focal zone of the lithotripter.

However, the increase in HO-1 and IL-6 was significantly

reduced using the pretreatment protocol compared to no

pretreatment. Urinary excretion of TNF-a increased sig-

nificantly (p \ 0.05) from baseline for pigs receiving

2,000 SWs alone; however, this effect was completely

abolished with the pretreatment protocol. We conclude that

pretreatment of the kidney with a low dose of low-energy

SWs prior to delivery of a clinical dose of SWs reduces,

but does not completely prevent, SWL-induced acute renal

oxidative stress and inflammation.
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Introduction

Shock wave lithotripsy (SWL) is the most common method

for treating uncomplicated kidney stones of B2 cm located

in the upper urinary tract [1, 2]. Although clearly effective

at breaking stones, SWs also produce acute renal injury

involving damage to small blood vessels in the renal

medulla and cortex, intraparenchymal bleeding, oxidative

stress, inflammation, and impairment of renal hemody-

namics [1]. Normal global kidney function usually is

restored within hours, but the repair of focal sites of tissue

injury results in scar formation and the loss of functional

renal tissue [1–6].

SWL is generally considered a low-risk procedure.

However, the long-term safety of SWL has been ques-

tioned in light of recent studies reporting an association of

SWL with an increased incidence of diabetes mellitus [7],

the onset of hypertension [8, 9], and the exacerbation of

stone disease after multiple SWL sessions [10–12]. Such

questions have stimulated basic research studies to better

understand the renal response to SWs and to develop

protocols to protect the kidney from the injurious effects of

SWL.

The notion that oxidative stress contributes to tissue

injury after SWL gained support from studies showing that

antioxidants decreased urinary markers of tubular damage

and reduced tissue injury in the renal cortex after SWL [13,

14]. Most studies have examined oxidative stress in the

cortex, but we recently showed that SWs induce a rapid

oxidative stress and inflammatory response in medullary

tissue located within the focal zone (F2) of the lithotripter
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[15]. In these studies, heme oxygenase-1 (HO-1) and

interleukin-6 (IL-6) were elevated in the medulla at F2,

while urinary excretion of tumor necrosis factor-a (TNF-a)

increased by 1 h after treatment. The magnitude of this

tissue response was subsequently found to be dependent on

SW number [16].

One method to reduce renal injury after SWL is to

reduce the rate at which the SWs are applied. Experiments

have shown that reducing the treatment rate from the usual

120 SW/min (2 Hz) to either 30 [17] or 60 [18] SW/min

(0.5 and 1 Hz, respectively) gave good stone comminution

and decreased both the renal vascular lesion size and the

effects on renal hemodynamics [19, 20]. However,

employing this method would extend treatment times, so

fewer patients could be treated in a day. A second method

to protect the kidney from SWs involves an adaptation of a

‘‘ramping’’ protocol: i.e., progressive increases in SW

delivery voltage [3, 20]. We have recently shown that

pretreatment of the kidney with a small number of SWs,

independent of SW voltage, followed by a brief pause

(what we have termed the ‘‘protection protocol’’) before

delivering a clinical dose of high-energy SWs attenuated

the SWL-induced decrease in renal hemodynamics and

reduced the size of the resulting lesion [19, 20]. It is not

known, however, whether reduced treatment rate or the

‘‘protection protocol’’ will ameliorate or prevent SW-

induced renal oxidative stress and inflammation. Therefore,

the purpose of this study was to determine if our protection

protocol protects the kidney from the tissue injury induced

by SWL.

Materials and methods

The experimental protocol used in this study was carried

out in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals and was

approved by the Institutional Animal Care and Use Com-

mittee of the Indiana University School of Medicine and

Methodist Hospital. Female farm pigs, 7–8 weeks of age

(10–15 kg, Hardin Farms, Danville, IN), were assigned to

receive either a pretreatment of 100 SWs at 12 kV with a

3 min interval followed by 2,000 SWs at 24 kV or a direct

treatment of 2,000 SWs at 24 kV from an HM3 lithotripter;

all SWs were delivered at 120 SWs/min. Details of the

surgical placement of the vascular and ureteral catheters,

and of the use of the lithotripter have been previously

described [15]. Prior to SWL, and at intervals of 500 SWs

during treatment, the position of the SW focus (on a lower

pole) was verified by injection of a small amount of con-

trast medium (Renografin 60%, Bracco Diagnostics,

Princeton, NJ, USA) through the ureteral catheter into the

urinary collection system of the treated kidney.

Timed plasma and urine samples were collected

throughout the experiment. Aliquots of plasma and urine

allocated for cytokine analysis were frozen on dry ice and

stored at -80�C. Four hours after treatment, the kidneys

were perfused with cold isotonic saline to remove blood

and then removed. Transverse tissue sections were cut from

the lower and upper poles of both kidneys. Cortex and

medulla isolated from each section were snap-frozen in

liquid nitrogen and stored at -80�C.

Renal homogenates for analysis of IL-6 were prepared

as previously described [15]. Briefly, frozen renal tissue

was weighed and then homogenized in two volumes of ice-

cold buffer containing 10 mM HEPES, 10 mM KCl,

0.1 mM EGTA, 1 mM dithiothreitol, and 0.25 mM phenyl

methylsulfonyl fluoride (PMSF). The homogenate was

centrifuged twice at 3,0009g for 15 min at 4�C. Protein

was assayed using the Coomassie Plus assay (Pierce,

Rockford, IL) and aliquots of the final supernatant were

stored at -80�C.

Renal microsomes were prepared for analysis of HO-1

by Western blot. Frozen kidney tissue was weighed, then

homogenized in three volumes of ice-cold 20 mM potas-

sium phosphate buffer (pH 7.4) containing 135 mM KCl,

0.1 mM EDTA, Complete Protease Inhibitor Cocktail

(Roche, Indianapolis, IN), 1 mM sodium orthovanadate,

and 0.1 mM PMSF. Following low-speed centrifugation to

remove large particles, homogenates were centrifuged at

100,0009g for 1 h at 4�C. The microsomal pellet was

resuspended in 20 mM potassium phosphate buffer (pH

7.4) containing 1 mM KCl, 10 mM EDTA, and protease

inhibitors. After assay of protein, aliquots were stored at

-80�C.

Renal microsomal protein (25 lg) prepared in sample

buffer was separated on a 10% polyacrylamide gel, fol-

lowed by electrophoretic transfer to a PVDF membrane

(Millipore). After blocking in 10 mM Tris-buffered saline

with 0.05% Tween and 5% milk, the membrane was

incubated with a rabbit polyclonal anti-HO-1 antibody

(1:4,000; Stressgen SPA-895: Assay Designs, Ann Arbor,

MI), followed by incubation with a donkey anti-rabbit

IgG–HRP conjugated antibody (1:40,000; Jackson Immu-

noresearch, West Grove, PA). Bands were detected by

enhanced chemiluminescence (Pierce, Rockford, IL).

Membranes were stripped and probed for b-actin using a

mouse monoclonal anti-b-actin-peroxidase conjugate anti-

body (1:100,000; Abcam, Piscataway, NJ). Band intensities

were quantified by densitometry (Quantity One, BioRad,

Hercules, CA).

Effective renal plasma flow was estimated by measuring

the renal clearance of para-aminohippuric acid using a

colorimetric assay as previously described [21]. TNF-a was

quantified in urine using a Quantikine Porcine TNF-a
ELISA kit (R&D Systems, Minneapolis, MN). IL-6 was

438 Urol Res (2011) 39:437–442

123



measured in renal homogenates with a Quantikine Porcine

IL-6 ELISA kit (R&D Systems, Minneapolis, MN).

For comparison, we have included data for urinary TNF-

a excretion from animals receiving sham treatment or

2,000 SWs from a recently published study on the effect of

SWL on renal oxidative stress and inflammation [15]. That

study was carried out with the same lithotripter, animals of

the same size, and the same protocol as the current

experiment. IL-6 assays and Western blots generated to

examine the effect of low-dose low-voltage SW pretreat-

ment included samples from the sham and 2,000 SW

groups used in the previous studies [15, 16], as well as

samples from other animals in these groups which had not

been analyzed.

For statistical analysis, mean HO-1 measures from the

three groups were compared by ANOVA with post hoc

comparisons between pairs of groups following a signifi-

cant overall ANOVA (p \ 0.05). Since both IL-6 and

TNF-a values were highly skewed, we used non-parametric

methods to analyze these data. The Kruskal–Wallis test

was used for deriving the overall p values when comparing

differences in means of the three groups. Following sig-

nificant overall p values, post hoc comparisons were con-

ducted using the Wilcoxon test to obtain p values. The

criterion for statistical significance was p \ 0.05.

Results

Animals from all groups had similar weights (14.2 ±

1.9 kg) and basal blood pressure (68.3 ± 1.5 mm Hg). The

group of animals treated with the protection protocol

showed a modest, but significant, elevation in basal blood

pressure compared to sham for the TNF-a measurements

(Table 1).

HO-1 in the medulla within F2 was significantly ele-

vated in the groups receiving 2,000 SWs either with

(p \ 0.004) or without (p \ 0.05) pretreatment than in the

sham group (Fig. 1). Direct treatment with 2,000 SWs

induced a larger increase of HO-1 than in the pretreatment

group (p \ 0.05).

Similarly, IL-6 levels in the medulla within F2 increased

after SW treatment above sham levels (Fig. 2). A smaller

increase in IL-6 levels was observed in pretreated kidneys

than in those receiving 2,000 SWs without pretreatment

(p \ 0.04).

Table 1 Mean (SEM; N) blood pressure by marker analyzed, for

treatment groups

Assayed Sham 100 SW/12 kV 2,000 SW

HO-1 65.2 (2.0; 6) 76.6 (4.5; 6) 72.7 (5.5; 6)

IL-6 64.7 (2.0; 10) 76.6 (4.5; 6) 73.1 (5.2; 6)

TNF-a 65.6 (1.5; 11) *76.6 (4.5; 6) 67.0 (2.6; 13)

* p \ 0.05 compared to sham

Fig. 1 HO-1 in the medulla (F2 for SWL) for sham and SWL-treated pigs

at 4 h after treatment. For each group, N = 6. *100 SW/12 kV–

2000 SW/24 kV versus sham, p \0.05. **2,000 SW versus sham,

p\ 0.004. #100 SW/12 kV–2000 SW/24 kV versus 2000 SW, p \0.05

Fig. 2 Tissue IL-6 levels in the medulla (F2 for SWL) of sham- and

SWL-treated pigs at 4 h after treatment: *100 SW/12 kV–

2000 SW/24 kV versus sham, p \ 0.01; **2000 SW versus sham,

p \ 0.001; #100 SW/12 kV–2000 SW/24 kV versus 2000 SW,

p \ 0.04
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The urinary excretion of TNF-a from the treated kidney

for the group receiving low-energy SW pretreatment prior

to the 2,000 SWs did not change from sham values at any

sample time (Fig. 3). This is in contrast to kidneys treated

with 2,000 SWs, which demonstrated a significant increase

in the urinary excretion of TNF-a by 1 h after SWL that

declined within 4 h toward baseline values [15].

Discussion

This is the first report to show that pretreatment with a low

number of low-energy SWs prevents SWL-induced oxi-

dative stress and inflammation. The elevation of tissue HO-

1 and IL-6 typically observed in the medulla within F2

after 2,000 SWs [15] was significantly reduced, but not

completely prevented, when 100 low-energy SWs (12 kV)

were administered to the kidney followed by a 3 min pause

(protection protocol) before administering 2,000 SWs at

24 kV. However, the pretreatment protocol completely

abolished the increase in urinary excretion of TNF-a after

SWL.

Abnormal cardiovascular or renal function resulting in

hypoxia/ischemia can affect systemic and tissue (e.g.,

renal) stress protein and cytokine levels [22, 23]. Thus,

confirmation of normal basal blood pressure for pigs in all

groups used in this study was necessary to permit us to

conclude that results from the pretreatment protocol are

causally related to HO-1 and IL-6 changes observed in

renal tissue after SWL. The modest, but significant, dif-

ference in blood pressure for the protection protocol group

compared to sham for the TNF-a measurements was not

in the direction associated with impairment of renal func-

tion, nor would it have affected the outcome of these

experiments.

SWL causes both direct and indirect injury to the kid-

ney. The direct injury comes from the initial effect of SWs

on small blood vessels and tubules. Blood vessels are

ruptured and tubules are disrupted. The indirect injury

consists of hypoxia/ischemia induced by renal vasocon-

striction and blood flow disruption by ruptured arterioles.

This indirect injury has been implicated in producing an

ischemia–reperfusion effect (IR) in the treated kidney [24,

25]. While hypoxia–ischemia and IR may be present, our

earlier work suggested that other factors likely make

greater contributions to the secondary injury induced by

SWs [15]. We have hypothesized that IR coupled with high

localized levels of heme and iron, released from red blood

cells, create an environment conducive to the development

of cellular oxidative stress and inflammation. Exposure of

renal tissue to ischemia, heme [26], or iron can induce

oxidative stress in several cell types associated with injury

caused by SWL [27]. These cell types include renal tubular

epithelial cells [28], vascular endothelial cells [29], and

macrophages [30]. Future studies will be required to

determine which cell types participate in the oxidative

stress and inflammatory response we have measured, and

how heme and iron contribute to renal injury after SWL.

The induction of oxidative stress in human and pig

kidneys post-SWL has been implicated from earlier reports

showing increased levels of products of lipid peroxidation

in plasma, urine, and renal dialysate [25, 31, 32]. These

lipid peroxidation products are normally indicative of free

radical activity potentially related to oxidative stress. Pre-

treatment with the antioxidant, allopurinol, prevented the

SWL-induced increase in lipid peroxidation in pigs [13].

Likewise, a calcium antagonist or antioxidants reversed

modest changes in urine levels of albumin and b-micro-

globulin in patients after SWL [14, 33]. We improved upon

these observations by reporting that renal injury after SWL

can be assessed using markers of oxidative stress (HO-1)

and inflammation (HO-1, IL-6, and TNF-a) [15]. The

SWL-induced injury was principally localized to the

medulla within the focal zone of the lithotripter (F2). We

subsequently found that the magnitude of the oxidative

stress and inflammatory response after SWL is dependent

on SW number [16]. Determination of this injury response

has become a sensitive and useful tool for us to assess the

impact of SWs on the kidney.

The heme oxygenase family of enzymes is involved in

the degradation of heme to biliverdin, carbon monoxide

(CO), and iron (Fe). Biliverdin is subsequently converted to

bilirubin. Bilirubin and CO have antioxidant and protective

properties, while Fe is injurious to cells [23]. One isozyme

Fig. 3 Urine TNF-a excretion from treated kidneys of sham- and

SWL-treated pigs. *p \ 0.001 versus sham. Values are the

mean ± SEM
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of heme oxygenase, HO-1, is induced by various agents,

such as heavy metals, free radicals, heme, statins, as well as

by conditions resulting in cellular stress (e.g., hypoxia).

Induction of HO-1 in most tissues, including the kidney,

usually results in protection of tissue from injury. Some

reports, however, indicate that under certain circumstances,

HO-1 induction may contribute to further cellular damage.

Nevertheless, experimental studies using increased HO-1

levels or delivery of its antioxidant metabolic products

appear to reduce injury and improve the prognosis in

conditions such as acute renal injury, renal inflammation,

and kidney transplantation [34]. For SWL, it is necessary to

first determine the role of HO-1 in renal injury before an

appropriate protocol can be designed to modulate the level

of this protein in a way that will reduce the effects of SWs

on the kidney.

The parameters chosen for the pretreatment protocol

employed in the present study were the minimum num-

ber of SWs with the lowest SW voltage accompanied by

a rest interval, which have been observed to provide

protection to the kidney from a clinical dose of

2,000 SWs. The ‘‘protection protocol’’ developed from a

study in which our group found that if kidneys were

pretreated with 2,000, 500, or 100 SWs, the resulting

injury from a clinical dose of 2,000 SWs was signifi-

cantly attenuated [19]. Subsequently, when the pretreat-

ment SW voltage was varied (12, 18, or 24 kV) while

the pretreatment dose remained constant at 100 SWs,

similar levels of protection were observed, indicating

that the effect was not explained solely by voltage

ramping [20]. Interestingly, the ‘‘protection protocol’’

includes a 3- to 4-min rest interval between the pre-

treatment and the clinical SW doses. Future studies are

needed to clarify the role of this time period in the

efficacy of this procedure for protecting the kidney from

SWL-induced injury.

In summary, the present studies have demonstrated the

effectiveness of the ‘‘protection protocol’’ and the sensi-

tivity of the oxidative stress and inflammatory response in

assessing SWL-induced renal injury. One potential clin-

ical benefit of this low-voltage SW pretreatment derives

from it being a non-pharmacological method to reduce

the deleterious consequences of SWL on the kidney. We

recognize, however, that since the ‘‘protection protocol’’

did not completely prevent SWL-induced tissue injury,

any long-term effect resulting from even such modest

trauma to the renal parenchyma remains as yet unidenti-

fied. Once the role of HO-1 in renal injury after SWL is

defined, pharmacologic manipulation of HO-1 prior to

SWL, alone or in combination with other strategies for

renal protection, may improve the safety of this procedure

and minimize the risk of chronic effects implicated with

this procedure.
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