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Abstract
Rhabdomyolysis is an important cause of acute renal failure (ARF) and renal vasoconstriction is the main mechanism in the pathogenesis of ARF. Lipid peroxidation due to hydroxyl radical (. OH) formation and redox cycling of
myoglobin also have a role. We investigated the disturbance in renal vascular reactivity to reveal the mechanisms
leading to ARF. Female Wistar rats (n = 7) were injected with glycerol (10 mL/kg, 50% in saline) intramuscularly
to induce rhabdomyolysis, and then the kidneys were isolated and perfused. We investigated acetylcholine (ACh)induced endothelium-dependent and papaverine (PAP)-induced endothelium-independent vasodilation responses and
renal nerve stimulation (RNS)-induced vasoconstrictions. These were also investigated both in rats which received
either . OH scavenger, dimethylthiourea (DMTU: 500 mg/kg before glycerol injection and 125 mg/kg 8 h after glycerol
injection, n = 7), or myoglobin redox cycling inhibitor, acetaminophen (ApAP: 100 mg/kg 2 h before glycerol injection
and 100 mg/kg each 4 h, and 22 h after glycerol injection, n = 7). ACh-induced responses in glycerol group were
decreased (p < 0.001), but PAP-induced vasodilation did not change. RNS-induced vasoconstriction in all kidneys
was greater (p < 0.001) in glycerol group. DMTU restored both endothelium-dependent vasodilation and RNS-induced
vasoconstriction. ApAP had no effect on vascular responses. Both DMTU and ApAP exerted a partial protective effect
in renal histology without restoring serum creatinine and blood urea nitrogen (BUN) levels or creatinine clearance.
This study showed that endothelial dysfunction and increased vasoconstriction developed during rhabdomyolysis.
. OH plays an important role in the development of these vascular responses. These findings suggest that decreased
endothelium-dependent vasodilation and augmented renal sympathetic tonus contribute to the development of renal
vasoconstriction during rhabdomyolysis-induced ARF.
Keywords: rhabdomyolysis, endothelial dysfunction, renal nerve stimulation, hydroxyl radical, dimethylthiourea,
acetaminophen

Several factors, such as nitric oxide (NO) scavenging effect of myoglobin and intravascular volume loss,
account for the development of renal vasoconstriction.3
Endothelial dysfunction, which is common in other
forms of ARF,4 is also suggested to be responsible for
the development of renal vasoconstriction.5 However,
these mechanisms are still remote from fully explaining
the development and final outcome of this pathology.
Alteration of the renal vascular tonus appears to be an
important contributor of renal physiology both in health

INTRODUCTION
Rhabdomyolysis is one of the leading causes of acute
renal failure (ARF) and accounts for 5–7% of all ARF
cases.1 Since Bywaters and Beall first described the
association between crush injury-induced rhabdomyolysis and ARF in 1941,2 several studies have been done
to elucidate the pathophysiology. These studies revealed
three main mechanisms: renal vasoconstriction, intraluminal cast formation, and toxicity of myoglobin; among
them renal vasoconstriction is the most noteworthy.3
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and in disease. Endothelium plays a crucial role in
controlling vascular tonus. There are various vasodilator and vasoconstrictor substances originating from
endothelium and normally there is a delicate balance
between them.6 In endothelial dysfunction this balance is disturbed favoring vasoconstriction.7 Endothelial dysfunction is described as impaired vasodilation
in response to endothelium-dependent vasodilators
(acetylcholine [ACh], bradykinin) and plays important roles in the pathogenesis of various diseases
(sepsis, diabetes mellitus, and hypertension) including ischemic renal failure.8–10 NO plays a key role
in endothelium-dependent vasodilation.4 It is constitutively synthesized mostly by endothelial nitric oxide
synthase (eNOS) in endothelial cells and the most
important activator of eNOS is shear stress.11 NO
is tonically released by endothelium and there is a
vasodilatory tone on the vascular system.12 During
NOS inhibition, renal blood flow (RBF), glomerular filtration rate, and urine output are decreased.13,14
These findings show that NO has a tonic role in
the control of RBF and glomerular filtration, and
the presence of endothelial dysfunction in ARF may
explain the development of renal vasoconstriction. Previous studies revealed impaired endothelium-dependent
vasodilation in intact animals and isolated aortic rings
during rhabdomyolysis-induced ARF.15 To our knowledge, endothelium-dependent vasodilation in kidneys,
in which vasoconstriction plays a key role in tissue
injury, during rhabdomyolysis-induced ARF has not
been investigated previously.
Kidneys are densely innervated by sympathetic
nerves and electrical stimulation of these nerves
leads to vasoconstriction.16,17 Development of renal
vasoconstriction during rhabdomyolysis may be due
to augmentation of vasoconstrictive responses by
renal nerve stimulation (RNS). This condition is
reported to play an important role in the pathogenesis of ischemic renal failure.4 Alterations in renal
vascular responses by RNS during rhabdomyolysisinduced ARF have not been evaluated in previous
studies.
It has been reported that rhabdomyolysis initiates
liberation of excessive amounts of myoglobin from
skeletal muscles into systemic circulation which leads
to nephrotoxicity.3 Myoglobin exerts its toxic effect
by two main mechanisms. The first mechanism is
related to liberation of free iron (Fe+2 ), leading to
the formation of toxic and reactive hydroxyl radical (. OH) by Haber–Weiss reaction.18 Dimethylthiourea (DMTU), a · OH scavenger, was reported to
prevent rhabdomyolysis-induced ARF.19 The second
mechanism is related to the entrance of heme group
of myoglobin into the redox cycle, inducing lipid
peroxidation.20 Recently, acetaminophen (ApAP) is
shown to inhibit redox cycling and prevent the development of ARF in rhabdomyolysis.21

In this study, we tested the hypothesis that
impaired renal endothelium-dependent vasodilation and enhanced vasoconstrictive responses to RNS
are responsible for the development of exaggerated
renal vasoconstriction in rhabdomyolysis-induced ARF.
Therefore, we investigated the alterations of these
vascular responses in isolated perfused kidneys in a
glycerol-induced rhabdomyolysis model of ARF in rats.
We also investigated the possible recovering effects of
DMTU and ApAP treatments on these responses to
further elucidate the pathogenesis of alterations in renal
vascular reactivity.
RESULTS
With a constant perfusion rate of 5 mL/min, the kidneys displayed basal perfusion pressures of ∼40–50
mmHg (Table 1). After the stabilization period, RNS
was applied. To investigate vasodilation responses, the
perfusion pressure was elevated with 3 μM phenylephrine (PE). The kidneys responded to PE with a rapid
elevation in perfusion pressure. Peak perfusion pressure displayed about 10% reduction and this stabilized
level was mostly maintained throughout the experiments. Maximum and stabilized elevations of perfusion
pressure in response to PE were similar among groups
(Table 1).
Vasoconstrictor Responses Induced by Renal Nerve
Stimulation

All kidneys responded to RNS by a frequencydependent increase in perfusion pressure. RNS
responses of glycerol group were ∼100% higher than
controls (Figures 1 and 2; n = 7 for each group,
p < 0.001). The kidneys obtained from glycerol +
DMTU-treated rats displayed RNS-induced vasoconstriction which was not different from controls and was
significantly lower than that of glycerol group (n = 7,
p < 0.001). DMTU alone did not appreciably alter
RNS responses (n = 7). The RNS responses of glycerol
+ ApAP group were higher than controls (n = 7,
Table 1. Basal perfusion pressure, maximum change, and stabilized change in perfusion pressure in response to 3 μM PE.
Basal PP
Control
(n = 7)
Glycerol
(n = 7)
Glycerol +
DMTU(n = 7)
Glycerol + ApAP
(n = 7)
Control +
DMTU (n = 7)

PP PEmax

PP PEplateau

42.55 ± 4.56 189.73 ± 14.14

165.71 ± 10.61

36.76 ± 2.66 202.33 ± 16.45

160.64 ± 11.88

47.28 ± 2.64 179.96 ± 7.1

165.81 ± 7.52

38.17 ± 1.76 204.63 ± 10.38

171.68 ± 6.58

47.47 ± 6.88 202.19 ± 7.25

163.76 ± 10.53

Notes: The values are expressed as mean ± SEM. DMTU,
dimethylthiourea; ApAP, acetaminophen; PP, perfusion pressure;
PE, phenylephrine.
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Figure 1. Representative traces of renal nerve stimulation (RNS)induced vasoconstriction responses in control group and glyceroltreated rats.

All kidneys responded to ACh with a dose-dependent
decrease in PE-elevated perfusion pressure. AChinduced vasodilation of glycerol group was significantly
lower than that of controls (Figures 3 and 4; n = 7
for each group, p < 0.001). After DMTU, the kidneys from glycerol-injected rats had ACh responses
which were higher than that of glycerol group (n = 7,
p < 0.001). DMTU alone had no effect on ACh
responses (n = 7). On the other hand, ApAP treatment
was not as effective as DMTU. Following ApAP treatment the ACh-induced vasodilation observed in kidneys
obtained from glycerol-injected animals was not different from glycerol-injected rats alone, but lower than that
of controls (n = 7, p < 0.001).
Following the responses elicited by ACh, we tested
the kidneys for their responsiveness to papaverine
(PAP), an endothelium-independent vasodilator. In kidneys from all groups, PAP induced a prompt decrease
which reached to about 85% of PE-induced elevation of perfusion pressure which was similar in all
groups (Figures 3 and 5). In another group of experiments endothelium denudation was performed by a
bolus injection of Triton X (0.1 mL of 0.2% solution in saline).22 Similar to kidneys of glycerol group,
endothelium-denuded kidneys did not respond to ACh,
but PAP still induced a significant vasodilation (data
not shown). These findings suggest that the vasodilation capacity of the kidneys was not impaired in
rhabdomyolysis-induced ARF and that the impaired
renal vasodilation to ACh results from disturbed
vasodilatory function of renal endothelium. Since
DMTU, but not ApAP, restored impaired endotheliumdependent vasodilation, . OH again seems to contribute
to the development of this aberrant vascular reactivity.

Histopathologic Examination

Figure 2. Renal nerve stimulation (RNS) responses of control group, glycerol-injected rats, and dimethylthiourea or
acetaminophen-treated rats. Data were presented as mmHg (A)
and percentage of 3 μM phenylephrine (PE)-induced maximum change in perfusion pressure (B). DMTU, dimethylthiourea; ApAP, acetaminophen; ns, not significant. The values are
expressed as mean ± SEM. n = 7 for each group.
Note: ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001.

p < 0.001). These results imply that RNS-induced
vasoconstriction is augmented during rhabdomyolysisinduced ARF. Restoration of these increased RNS
responses by DMTU, but not with ApAP, suggests that
. OH plays an important role in the development of this
condition.
© 2012 Informa Healthcare USA, Inc.

We examined the histological changes of kidneys and
these results are presented in Figures 6 and 7. Glycerol
injection resulted in severe necrosis (p < 0.001) (nuclear
disappearance–fragmentation, brush border loss, apical
blebbing, hyalinization, and tubular flattening) and cast
formation (n = 7, p < 0.05) in cortical tubules. Both
DMTU (n = 7, p < 0.01) and ApAP (n = 7, p < 0.001)
effectively decreased the prevalence of necrotic tubules,
but not cast formation in glycerol group.

Kidney Function Tests

Kidney function tests are presented in Figure 8. Glycerol injection caused a marked increase in serum creatinine (p < 0.001) and blood urea nitrogen (BUN) levels
(p < 0.001) and a decrease in creatinine clearance (p
< 0.001). We did not observe mortality due to glycerol
injection. Neither DMTU nor ApAP had a protective
effect on serum creatinine, BUN levels, or creatinine
clearance.
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Figure 3. Representative traces of acetylcholine and papaverine-induced vasodilation in control group (A) and glycerol-treated rats (B).
ACh, acetylcholine; PAP, papaverine; PE, phenylephrine.

DISCUSSION
In this study we have shown, for the first time, the
development of renal endothelial dysfunction during
rhabdomyolysis-induced ARF. Concomitant with this
endothelial predicament, RNS induced greater vasoconstrictor responses in the kidney vasculature. These
findings may help to explain the development of renal
vasoconstriction, which is considered to play a key
role in the pathogenesis of this disease. Restoration
of both of these responses by DMTU, but not by
ApAP, strongly suggests that . OH plays a critical role
in the development of endothelial dysfunction and
enhanced vasoconstriction in response to RNS in this
disease.

Under physiological conditions, endothelium exerts
a robust vasodilatory tone in the kidneys, which plays a
crucial role in the maintenance of RBF and glomerular
filtration.23 Disturbance of this tonus can lead to renal
vasoconstriction and impaired glomerular filtration,
since isolated perfused kidney reflects the global vascular reactivity of the renal tissue and globally decreased
vasodilation can lead to the pathologies above. Three
main factors—NO scavenging effect of myoglobin, renal
ischemia, and . OH toxicity—contribute to the development of endothelial dysfunction in ARF. Myoglobin has
NO scavenging effect and since endothelium-dependent
vasodilation strongly depends on NO, alteration in
the nitrergic tone may explain the development of
endothelial dysfunction. It has been shown that in
Renal Failure
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Figure 4. Acetylcholine-induced vasodilation responses of control group, glycerol-injected rats, and dimethylthiourea or
acetaminophen-treated rats. Data were presented percentage of
3 μM phenylephrine (PE)-induced stabilized change in perfusion pressure. DMTU, dimethylthiourea; ApAP, acetaminophen;
ACh, acetylcholine; ns, not significant. The values are expressed
as mean ± SEM. n = 7 for each group.
Note: ∗∗ p < 0.01, ∗∗∗ p < 0.001.

Figure 5. Papaverine (PAP)-induced maximum vasodilation
responses of control group, glycerol-injected rats, and dimethylthiourea or acetaminophen-treated rats. Data were presented
percentage of 3 μM phenylephrine (PE)-induced stabilized
change in perfusion pressure. DMTU, dimethylthiourea; ApAP,
acetaminophen. The values are expressed as mean ± SEM. n = 7
for each group.

patients with malaria, serum-free hemoglobin levels
are inversely correlated with endothelium-dependent
vasodilation.24 The fact that hemoglobin has NO scavenging effect akin to that of myoglobin and the fact that
both of these heme proteins induce similar toxic effects
in kidney may account for the endothelial dysfunction.
Trifillis et al.25 demonstrated prompt development of
renal ischemia at an early period after glycerol injection.
Endothelial dysfunction could also result from renal
ischemia, since ischemia was shown to cause endothelial
dysfunction in various vascular beds, including kidneys,
and in different models of ARF.26,27

Hydroxyl radical plays an important role in the development of endothelial dysfunction in various diseases.
It was shown that endothelial dysfunction develops
when coronary arteries are exposed to . OH, and
. OH
scavengers restore endothelium-dependent
vasodilation.28,29 DMTU is an effective . OH scavenger
and was also shown to restore endothelium-dependent
vasodilation in various vessels of diabetic rats,30–33
but this effect has not been investigated previously in
ARF. In this study, we showed that DMTU treatment
completely restored impaired endothelium-dependent
vasodilation in rhabdomyolysis-induced ARF. Our

Control

Glycerol

Glycerol + DMTU

Glycerol + ApAP

Figure 6. Histological appearances of kidneys from control group, glycerol-injected rats, and dimethylthiourea or acetaminophen-treated
rats. DMTU, dimethylthiourea; ApAP, acetaminophen. Hematoxylin and eosin, ×100 magnification.
© 2012 Informa Healthcare USA, Inc.
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Figure 7. Necrotic changes (A) and cast formation (B) in
renal cortical tubules of control group, glycerol-injected rats,
and dimethylthiourea or acetaminophen-treated rats. Data were
presented as percentage of total counted tubules. DMTU,
dimethylthiourea; ApAP, acetaminophen; ns, not significant. The
values are expressed as mean ± SEM. n = 7 for each group.
Note: ∗ p < 0.05, ∗∗ p< 0.01, ∗∗∗ p< 0.001.

findings strongly suggest that . OH plays an important
role in the development of renal endothelial dysfunction
in this model. Although we did not investigate the
contribution of other factors, since DMTU completely
restored endothelium-dependent vasodilation, we
concluded that . OH radical is the major contributor.
In this study, vasoconstrictor response to a submaximal concentration of PE is shown to be similar in
both control and glycerol groups. It was shown that
renal responses to noradrenaline (NA) seem unchanged
in a glycerol model.34 Therefore, enhanced vasoconstrictor response to alpha-adrenergic stimulation seems
unlikely. On the contrary, during RNS, neuropeptide Y
(NPY) and ATP are reported to be released from sympathetic nerves together with NA and these substances
lead to vasoconstriction.35,36 Enhanced vasoconstriction responses to NPY and ATP may explain our
findings, but there are no data regarding our assumption
in the literature. In a study performed in glycerol model,
renal NA and NPY immunoreactivity were shown to
be decreased, suggesting degeneration of sympathetic
nerves.37 On the contrary, we demonstrated that RNS
resulted in about a twofold increase in vasoconstrictor

Figure 8. Serum creatinine (A) level, blood urea nitrogen (BUN)
(B) level, and creatinine clearance (C) of control group, glycerolinjected rats, and dimethylthiourea or acetaminophen-treated rats.
DMTU, dimethylthiourea; ApAP, acetaminophen; ns, not significant. The values are expressed as mean ± SEM. n = 7 for each
group.
Note: ∗∗∗ p < 0.001.

responses in ARF rats. This finding strongly implies that
alteration of vascular reactivity of the ARF kidneys is
related to presynaptic release mechanisms. Among these
mechanisms, NO was shown to facilitate NA release and
NOS inhibition was shown to decrease NA release from
Renal Failure
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sympathetic nerves in rat kidneys.38 Since myoglobin
scavenges NO, increased NA release from adrenergic
nerves seems to be unlikely to explain increased vasoconstrictor response to RNS in our model. Although
NOS inhibition was reported to decrease presynaptic NA release, RNS-induced vasoconstrictor responses
were also shown to be increased in the same study.38
Additionally, endothelium denudation and guanylate
cyclase inhibition were shown to increase sympathetic
nerve stimulation-induced vasoconstriction in rabbit
carotid arteries,39 suggesting that endothelium and NO
modulate sympathetic nerve stimulation responses and
that increased RNS responses are due to endothelial
dysfunction.
Complete restoration of RNS responses by DMTU
suggests that . OH plays an important role in the pathogenesis of ARF. In a study performed on spontaneously
hypertensive rats, the levels of . OH and other reactive
oxygen metabolites were found to be increased in rostral
ventrolateral medulla (RVLM) and antioxidant tempol
was shown to reduce blood pressure and sympathetic
overactivity. Tempol had no effect on these parameters
in normotensive rats.40 We demonstrated that DMTU
treatment decreased RNS responses in glycerol-injected
rats, but not in control rats. The effect of DMTU on
glycerol-injected kidneys may be related to increased
. OH
in RVLM during rhabdomyolysis-induced
ARF.
In previous studies utilizing the glycerol model, it has
been shown that renal vasoconstriction develops a few
hours after glycerol injection and RBF returns to normal levels 24 h after glycerol injection.41–43 Our findings
that basal perfusion pressures of glycerol-treated kidneys
24 h after glycerol injection are similar to controls are
consistent with these studies. Although RBF returns to
normal levels, glomerular filtration is still impaired 24 h
after glycerol injection.42,44 Increased preglomerular
resistance and possible decreased postglomerular resistance are held responsible for this filtration failure.44–46
Thus, our findings may explain the development of renal
vasoconstriction and impaired glomerular filtration during rhabdomyolysis.
We clearly demonstrated that DMTU treatment
restored the histopathological changes induced by ARF
without appreciable improvement in kidney function.
Shah et al.19 showed that DMTU and sodium benzoate
(. OH scavengers) had protective effects both in renal
histology and in kidney function in glycerol-induced
ARF model. Shah et al. used male rats, performed
24 h dehydration before glycerol injection, and used a
lower glycerol dose (8 mL/kg). Our DMTU dosing regimen was similar to this study. Zager et al.47 showed
that sodium benzoate had no effect on renal histology or kidney function tests in glycerol model. Zager
et al. used female rats, did not perform dehydration,
and used a glycerol dose (10 mL/kg) similar to that
applied in our study. Boutaud et al.21 recently showed
that ApAP had protective effect in renal histology and
© 2012 Informa Healthcare USA, Inc.

kidney function tests in glycerol model. They used male
rats, did not perform dehydration, and used a glycerol
dose (10 mL/kg) similar to our study. These findings
suggest that . OH scavengers and ApAP are not always
effective in glycerol model and our findings could be
explained by differences in study design and/or gender
differences.
In this study, we demonstrated that endothelial
dysfunction develops in kidney vasculature due to
rhabdomyolysis-induced ARF, evidenced by reduced
responsiveness to vasodilator action of ACh and an
increased responsiveness to RNS. . OH seems to take
the major part in the pathologies underlying the development of disturbance in the renal vascular reactivity.
Recovering effects of DMTU treatment strongly suggest the critical role of . OH in the development of
endothelial dysfunction and enhanced vasoconstriction
in response to RNS in ARF. Compounds with . OHremoving properties may be considered as a novel
therapeutic approach for the treatment of crush injuryinduced ARF.
METHODS
Animals

Female Wistar rats weighing 200–270 g obtained from
the Animal Laboratory of Hacettepe University were
used in this study. Animals were housed in communal cages with food and water available ad libitum
and exposed to a 12 h light/dark cycle maintained at
21◦ C. The procedures in this study were approved
by Hacettepe University Animal Care and Use Ethics
Committee (2010/36-1).
Drugs

Glycerol was purchased from Merck KGaA
(Darmstadt, Germany); PAP hydrochloride was
purchased from Ciba-Geigy (Basel, Switzerland); and
ACh chloride, PE hydrochloride, ApAP, DMTU, and
Triton X-100 were purchased from Sigma Chemical
Company (St. Louis, MO, USA).
Study Design

Rats were randomly divided into five groups. Group 1
was assigned as the control group (n = 7) and received
i.p. saline in an equal dose to DMTU administered
in groups 3 (glycerol + DMTU) and 5 (control +
DMTU). Rhabdomyolysis was induced in groups 2
(glycerol), 3, and 4 (glycerol + ApAP).21,48 Briefly,
under diethyl ether anesthesia, 10 mL/kg glycerol (50%
vol./vol. in saline) was injected in the hind limb muscles of the rats and half of the dose was administered
in each hind limb muscle. Group 2 rats (glycerol,
n = 7) received saline solution i.p. in an equal dose
to DMTU (20 mg/mL in saline) administered in
group 3 immediately after glycerol injection. Group
3 rats (glycerol + DMTU, n = 7) received DMTU
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(i.p. 500 mg/kg), starting at the same time as the glycerol injection and an additional dose of i.p. 125 mg/kg,
8 h after glycerol injection.19 Group 4 animals (glycerol + ApAP, n = 7) received ApAP (i.p. 100 mg/kg,
10 mg/mL in saline) 2 h before glycerol injection. Rats
in this group received two additional doses of ApAP
(i.p. 100 mg/kg, each) 4 and 22 h, respectively, after
glycerol injection.21 Immediately after glycerol or saline
injections, animals were placed into metabolic cages
for 24 h urine collection with free access to food and
water. To investigate the putative effects of DMTU on
renal vascular reactivity in control rats, another group
of animals was assigned as group 5 (control + DMTU,
n = 7). They received i.p. 500 mg/kg DMTU before
and an additional dose of 125 mg/kg 8 h after placing
the rats in metabolic cages. After 24 h follow-up period,
rats were anesthetized with diethylether and laparotomy was performed by a midline abdominal incision.
Blood samples were obtained by intracardiac puncture.
Right kidneys were excised for histological examination
and left kidneys were isolated for perfusion experiments
in all groups of rats. Blood and urine samples were
centrifuged immediately (2000g for 10 min at 4◦ C).
Samples were frozen and stored at −80◦ C until assayed.
Isolated Perfused Kidney Preparation and Perfusion
Experiments

After rats were anesthetized with diethyl ether, laparotomy was performed by a midline incision. Left kidney,
renal artery, and abdominal aorta were exposed and a
22 G cannula was inserted into the left renal artery
through aorta. The kidney was flushed gently with
heparinized (100 units/mL) Krebs–Henseleit solution.
Then renal vein and ureter were cut proximally, the
renal fascia was removed, and the kidney was transferred to an open circuit perfusion system without
recirculation. The kidneys were immediately perfused
with Krebs–Henseleit solution at 37◦ C which was aerated with 95% O2 + 5% CO2 . The ionic composition
of Krebs–Henseleit solution was 118 mM NaCl, 4.7
mM KCl, 2.5 mM CaCl2 , 1.2 mM KH2 PO4 , 1.2
mM MgSO4 , 25 mM NaHCO3 , and 10 mM glucose.
A peristaltic pump (EYELA MP-3, Tokyo Rikakikai
Company, Tokyo, Japan) was used for perfusion and
the constant rate of perfusion was 5 mL/min. Perfusion pressure (in mmHg) was continuously recorded
using a Statham P23AC pressure transducer (Gould
Instrument Systems, Cleveland, OH, USA) and Grass
Model 79C Polygraph (Grass Instrument Company,
Quincy, MA, USA). Data were digitized and analyzed
by PowerLab/8SP Data Acquisition System (ADInstruments Incorporation, Colorado Springs, CO, USA) and
Chart 5 for Windows (ADInstruments Incorporation,
Colorado Springer, CO, USA), respectively. All experiments were performed following a stabilization period
of at least 20 min. Since the perfusion rate was kept
constant throughout the experiments, an increase in the
perfusion pressure was considered as a “vasoconstrictor

response” and a decrease in perfusion pressure was
considered as “vasodilation.”
Evaluation of Renal Vascular Reactivity

To evaluate the alterations in the renal vascular reactivity
of the rat kidneys, RNS was performed. Periarterial
renal nerves were stimulated by using bipolar platinum
electrodes, Grass S8800 Stimulator, and Grass SIU5
Stimulus Isolation Unit. The stimulation parameters
were 100 V, 5 s train, and 2 ms pulse duration.
Frequency–response curves were constructed using
stimulation frequencies of 5, 10, 20, 40, and 80 Hz. The
vascular responses were expressed as both “the maximum increase in perfusion pressure (mmHg) from the
baseline” and “the percentage of maximum increase in
perfusion pressure induced by 3 μM PE.”
For further evaluation of renal vascular reactivity,
ACh- and PAP-induced vasodilation responses were
recorded. To investigate vasodilation responses, the kidneys were first vasoconstricted by constant perfusion
with Krebs–Henseleit solution containing 3 μM PE
(the concentration that induces 75–80% of maximum
PE-induced increase in perfusion pressure). After 2 min
of stabilization period, ACh was injected into the rubber tubing close to renal artery in doses between
0.1 and 30 μg/0.1 mL to investigate endotheliumdependent vasodilation. After obtaining ACh-induced
vascular responses, 100 μg/0.1 mL PAP was injected
to examine the relaxation capacity of the kidney vessels. The vasodilation responses were measured as the
difference (mmHg) between the lowest level of perfusion pressure achieved after each dose and PE-induced
increased perfusion pressure. Then these responses were
expressed as the percentage of PE-induced increase in
perfusion pressure.
Renal Function

The serum and urine samples were used to assess
renal function. Serum creatinine, BUN, and urine creatinine levels were measured and creatinine clearance
was calculated. Creatinine and BUN levels were determined by a quantitative colorimetric assay (BioAssay
Systems, Hayward, CA, USA). Creatinine clearance
was calculated as mL/min.
Kidney Histology

Right kidneys were cut longitudinally and fixed in 10%
formalin. Tissues were embedded in paraffin wax, and
5 μm sections were stained with hematoxylin and eosin.
The extent of cortical tubular necrosis and that of
intraluminal cast formation for each rat were evaluated semi-quantitatively by a pathologist (SG) analyzing
the kidney sections without prior knowledge of the
treatment group. Using Olympus BX-51 microscope
(Olympus Optical Company, Tokyo, Japan) with a special ocular (U-OCMC 10/100XY, Olympus Optical
Company) at ×40 magnification, 10 different areas in
Renal Failure
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each kidney were examined and the percentages of
necrotic tubules and cast formation were calculated.

[14]

[15]

Statistical Analysis

Data were expressed as mean ± SEM. Vasoconstriction induced by RNS and vasodilation elicited by ACh
administration were analyzed with two-way analysis of
variance (ANOVA); all other measurements were analyzed with one-way ANOVA and post hoc Bonferroni
multiple comparisons test. For all data sets, p < 0.05
was accepted to be statistically significant.

[16]

[17]
[18]

[19]
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