Clinical and Experimental Pharmacology and Physiology (2006) 33, 119-124
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SUMMARY

1. Muscle injury (rhabdomyolysis) is one of the causes of
acute renal failure (ARF). Iron, free radicals and nitric oxide
(NO) play a critical role in the pathogenesis of glycerol-induced
myoglobinuric ARF. L-Carnitine is an anti-oxidant and prevents
the accumulation of end-products of lipid peroxidation. There-
fore, the aim of the present study was to investigate the effects
of L-carnitine on myoglobinuric ARF induced by intramuscular
(i.m.) hypertonic glycerol injection.

2. Sprague-Dawley rats were divided into three groups. Rats
in group 1 (n = 8) were given saline, whereas those in groups 2
(n=10) and 3 (n =10) were injected with glycerol (10 mL/kg,
i.m.). Concomitant with and 24 h after glycerol injection, L-
carnitine (200 mg/kg, i.p.) was administered to group 3 rats.
Forty-eight hours after glycerol injection, blood samples and
kidney tissues were taken from anaesthetised rats.

3. Plasma creatine kinase (CK) activity, urea, creatinine and
NO levels, as well as kidney tissue superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx) enzyme activ-
ity and malondialdehyde (MDA) and glutathione (GSH) levels,
were determined. In the kidney tissue, histopathological changes
and iron accumulation in the tubular epithelium were also
investigated.

4. Glycerol treatment caused severe ARF: a marked renal oxi-
dative stress, significantly increased CK activity, urea and cre-
atinine levels and decreased plasma NO levels. Histopathological
findings in group 2 rats confirmed that there was renal
impairment by cast formation and tubular necrosis and a
marked increase in iron accumulation in the tubular epithelium.
All these factors were significantly improved by L-carnitine
supplementation.

5. These results may indicate that L-carnitine treatment pro-
tects against functional, biochemical and morphological damage
and iron accumulation in glycerol-induced myoglobinuric
AREF in rats. In this model, the protective effect of L-carnitine
treatment may provide a new insight into the treatment of
rhabdomyolysis-related ARF.

Key words: acute renal failure, anti-oxidant enzymes, L-
carnitine, iron, lipid peroxidation, nitric oxide.

Correspondence: Dr Nurettin Aydogdu, Trakya Universitesi, Tip Fakultesi,
Fizyoloji AD, 22030 Edirne, Turkey. Email: naydogdu@hotmail.com

Received 22 November 2004; revision 25 July 2005; accepted 9 October
2005.

© 2006 Blackwell Publishing Asia Pty Ltd

INTRODUCTION

The term ‘rhabdomyolysis’ refers to the disintegration of skeletal
muscle, which results in the release of muscular cell constituents into
the extracellular fluids and the circulation.! Rhabdomyolysis is asso-
ciated with both traumatic (natural disasters such as earthquakes, car
accidents and mine collapse) and non-traumatic (hyperthermia, mus-
cle ischaemia, exposure to toxins, such as alcohol or drug overdose,
etc.) cases.”* Rhabdomyolysis is one of the causes of acute renal
failure (ARF). The occurrence of ARF following untreated rhab-
domyolysis has been put at between 17 and 33% of cases and
accounts for between 3 and 15% of all cases of ARF.

The most common iz vivo model of myoglobinuric ARF is pro-
duced by intramuscular (i.m.) injection of hypertonic glycerol,
which causes myolysis, haemolysis and intravascular volume deple-
tion and exposes the kidney to a large burden of heme proteins,
myoglobin and haemoglobin. It has been suggested that heme pro-
teins or their degradation products (including haematin and iron)
display tubular nephrotoxic properties, partially mediated by the
generation of free oxygen radicals, and induce vasoconstriction,
further enhancing ischaemic damage.”™ Because iron is a transition
metal that readily accepts and donates electrons, it greatly facilitates
free radical production and may itself become a free radical. The
results of these processes are massive lipid peroxidation and, ulti-
mately, cell death.? Nitric oxide (NO) scavenging induced by heme
proteins could directly contribute to renal hypoperfusion and tissue
injury in the setting of thabdomyolysis. Myoglobinuric renal injury
is largely secondary to the ischaemic, as well as toxic, renal insults
induced by heme proteins.? The role of free oxygen radicals in renal
failure induced by muscle injury has been examined using the gly-
cerol model. In this model, the administration of anti-oxidants and
iron chelation therapy have been shown to provide partiall protection
against renal failure.”*%7

Carnitine is a vitamin-like substance that is structurally similar
to amino acids. Carnitine is obtained mostly from the diet. It can
also be synthesised endogenously by skeletal muscle, heart, liver,
kidney and brain from the essential amino acids lysine and methio-
nine.® The major role of L-carnitine is in the transport of long-chain
fatty acids into the mitochondrial matrix for 3-oxidation and the pro-
vision of energy in the form of ATP. L-Carnitine is an anti-oxidant
that prevents the accumulation of end-products of lipid peroxida-
tion.” It has been used successfully in the treatment of a variety of
diseases. The protective effect of L-carnitine on kidney tissue has
been proven in various models, such as cisplatin-induced injury of
the kidney and small intestine, gentamycin-induced nephrotoxicity,
ischaemia-reperfusion injury of the kidney and chronic renal
failure.'®™* Carnitine can also act as a chelator by decreasing the



120 N Aydogdu et al.

concentration of cytosolic iron, which plays a very important role
in free radical chemistry.”*

In light of the findings described above, the present study exam-
ined the effects of exogenous L-carnitine supplementation on renal
function, anti-oxidant status, lipid peroxidation production, NO,
histopathological changes of the kidney and iron accumulation in
glycerol-induced ARF.

METHODS

Induction of ARF and L-carnitine treatment

Female Sprague-Dawley rats (160—210 g) were housed in an air-conditioned
room with 12 h light-dark cycles, where the temperature (21 + 2°C) and rel-
ative humidity (60—65%) were kept constant. All animal experiments were
approved by Trakya University School of Medicine Animal Care and Use
Committee. Rats were allowed free access to standard rat chow, but were
deprived of water for 16 h prior to the study. Rats were randomly divided
into three groups. The first group (» = 8; sham) served as a sham control
and was administered 10 mL/kg, i.m., saline; the second group (n = 10; ARF)
served as the ARF control; and the third group (n = 10; ARF-LC) was admin-
istered 10 mL/kg, i.m., glycerol (50% v/v in sterile saline). Concomitantly,
in the sham and ARF groups, saline was administered i.p., whereas in the
ARF-LC group, L-carnitine (200 mg/kg, i.p.; Carnitene”; Sigma-Tau, Rome,
Italy) were administered. The i.p. injections were repeated after 24 h. All
groups received the same volume of injection. All i.m. injection volumes
were divided equally into two and were injected into each hindlimbs; this
was performed under the light ether anaesthesia. Rats were followed up for
48 h without any diet or water restriction. Animals were killed after the fol-
low-up period. At the time of death, rats were anaesthetized with 10 mg/kg
xylazine and 50 mg/kg ketamine. Blood samples were collected by cardiac
puncture and bilateral nephrectomy was performed. Blood samples were cen-
trifuged immediately (1500 g for 10 min at 4°C) and plasma samples were
stored at —85°C until assayed. Renal tissue samples were also stored at —85°C.

Renal function and creatine kinase activity assays

Plasma urea and creatinine levels were measured using standard diagnostic
kits (Chema Diagnostica, Jesi, Italy). Plasma creatine kinase (CK) activity,
which is an indicator of muscle damage or myopathy, was determined using
a Synchron LX20 analyser (Beckman, Fullerton, CA, USA).

Malondialdehyde and glutathione assays

Kidney tissue samples were homogenized with 150 mmol/L ice-cold KCl
for the determination of malondialdehyde (MDA) and glutathione levels.
Homogenates were centrifuged at 2600 g for 10 min at 4°C. The MDA con-
centrations in renal tissue, an indicator of lipid peroxidation, were assayed
in the form of thiobarbituric acid-reacting substances.'® Supernatant (200 p.L)
was added to 0.2 mL of 8.1% sodium dodecyl sulphate (SDS), 1.5 mL 20%
acetic acid (pH 3.5), 1.5 mL of 0.8% thiobarbituric acid and 0.6 mL distilled
water. This mixture was heated to 95°C for 60 min. After cooling with tap
water, 1.0 mL distilled water and 5.0 mL of a mixture of n-butanol : pyridine
(15: 1, v/v) was added and the mixture was shaken vigorously and centri-
fuged at 2600 g for 10 min at 25°C. The absorbance of the organic layer was
read at 532 nm. Malondialdehyde was quantified using an extinction coeffi-
cient of 1.56 x 10° L/mol per cm and is expressed as nmol MDA/mg tissue.

The glutathione (GSH) level was determined according to the method of
Ellman.'® The concentration of GSH was monitored spectrophotometrically
at 412 nm. Results are expressed as pmol/g tissue.

Enzyme assays

All enzyme activities were determined after renal tissue homogenization with
phosphate-buffered saline (PBS) at pH 7.4. Total (Cu/Zn and Mn) superoxide

dismutase (SOD) activity was determined according to the method of Sun
et al."’ This is based on the inhibition of nitroblue tetrazolium (NBT) reduc-
tion by the xanthine—xanthine oxidase system as a superoxide generator. One
unit of SOD was defined as the amount of enzyme causing 50% inhibition
in the NBT reduction rate. Specific activity is expressed in units/mg protein.
Catalase (CAT) activity was measured according to the method of Aebi."
This procedure is based on the determination of the rate constant (k; /s) of
the hydrogen peroxide decomposition rate at 240 nm. Results are expressed
as the rate constant/mg homogenate protein. Glutathione peroxidase (GPx)
activity was measured according to the methods of Lawrence and Burk'® by
monitoring the oxidation of reduced NADPH at 340 nm. Enzyme units were
defined as the number of wmol NADPH oxidized/min and calculated using
the extinction coefficient of NADPH at 340 nm (6.22 x 10° L/mol per cm).
Results are reported as units/mg protein. The protein content of tissue sam-
ples was determined according to the method of Lowry et al.?®

Nitrite and nitrate assay

Nitrite and nitrate are the primary oxidation products of NO subsequent to
its reaction with oxygen and, therefore, the nitrite/nitrate concentration in
plasma was used as indicator of NO synthesis. Quantification of nitrate and
nitrite was based on the Griess reaction, in which a chromophore with a
strong absorbance at 545 nm is formed by the reaction of nitrite with a
mixture of naphthylethylenediamine and sulphanilamide.”’ Samples were
deproteinized with Somogyi reagent. The nitrate was reduced to nitrite by
copper-coated cadmium in glycine buffer (pH 9.7). The total nitrite/nitrate
concentration was calculated using sodium nitrate standard solution. Results
are expressed as wmol/L.

Kidney histology

Right kidneys were cut longitudinally and fixed in 10% formalin solution.
Tissues were embedded in paraffin wax and 4 m sections were stained with
haematoxylin and eosin (HE). The extent of histological renal tubular necro-
sis and tubular cast formation for each animal were evaluated semiquantita-
tively by a pathologist (OY) analysing the kidney sections without prior
knowledge of the treatment group. The extent of tubular injury was evaluated
in terms of the percentage area of sections showing a particular level of his-
tological damage. In addition, 4 m sections of parafin-embedded tissues
stained with iron stain (Procedure No. HT 20; Sigma Diagnostics, St Louis,
MO, USA). The percentage iron accumulation for each group was calculated
after semiquantitative evaluation of the granular blue-coloured areas. In the
present study, a special ocular (Nikon, Tokyo, Japan), which has 400 cells,
was used to detect the percentage of casts, necrosis and iron accumulation.

Statistical analysis

Results are expressed as the meantSD. The Kruskal-Wallis test was used to
compare the three groups. In two-group comparisons, the Mann-Whitney U-
test was used. P <0.05 was considered statistically significant.

RESULTS

In the present study, all animals were water restricted for 16 h prior
to glycerol injection and, later on, had free access to food and water.
The rats in the ARF group lost an average of 8-12% of their
bodyweight during the study period. The ARF-LC group also lost
an average of 5—7% of bodyweight. The bodyweight of rats in the
sham group did not change significantly. One rat died in the ARF
group and was not included in the analysis.

As shown in Table 1, plasma CK activity, urea and creatinine con-
centrations were significantly increased in the ARF group compared
with the sham group. Treatment with L-carnitine (ARF-LC group)
significantly decreased plasma CK activity, creatinine and urea levels.

© 2006 Blackwell Publishing Asia Pty Ltd
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Table 1 Biochemical results of experimental groups

Table 2 Histological findings in control and treated rats

Sham ARF
(n=298) n=9)

ARF-LC
(n=10)

Sham ARF
(n=8) (n=9)

ARF-LC
(n=10)

Plasma

Urea (mg/dL) 4173+ 6.02 617.56 £ 32.40% 487.99 + 21.09*

Creatinin (mg/dL)  0.68 £ 0.08 7.33+£0.67* 4.67+0.61*

CK (U/L) 375.50 £ 86.96 975.88 £ 167.89* 685.70 + 246.45"

NO (wmol/L) 2850+£2.62 1342+ 1.78% 2649+ 421
Kidney tissue

MDA 0.43+0.02 0.92 £0.15% 0.63 + 0.08*

(nmol/mg tissue)

GSH 3.47+0.36 1.80 £ 0.32* 3.14 £ 0.36

(pmol/g tissue)

SOD 9.44+0.39 6.90 £ 0.41* 9.70 + 0.63*

(U/mg protein)

CAT 0.62+0.08 0.17 £ 0.03* 0.43 £ 0.09*

(k/mg protein)

GPx 2.17£0.21 1.08 £ 0.05* 1.65 + 0.46*

(U/mg protein)

Data are the meantSD. *P <0.001 compared with sham control;
P <0.05, P < 0.001 compared with the acute renal failure group treated
with saline (ARF).

All parameters were determined in the rats that were killed at 48 h.

ARF-LC, ARF rats treated with L-carnitine (200 mg/kg, i.p.); CK, creatine
kinase; NO, nitric oxide; MDA, malondialdehyde; GSH, glutathione; SOD,
superoxide dismutase, CAT, catalase; GPx, glutathione peroxidase.

Plasma NO concentrations were significantly decreased in the
ARF group compared with the sham group. The NO level was signific-
antly improved in the ARF-LC group compared with the ARF group.

In the ARF group, kidney tissue MDA levels were significantly
increased compared with those in the sham group. In the ARF-LC
group, there was a significant reduction in MDA levels when they
were compared with levels in the ARF group.

The ARF group had significantly decreased enzyme activities
(SOD, CAT and GPx) compared with the sham group. This reduction
in enzyme activity was significantly improved by treatment with L-
carnitine. The tissue levels of GSH in the ARF group were decreased
compared with those in the sham group. The GSH levels were sig-
nificantly increased by L-carnitine treatment.

The histological changes in all groups were examined and results
are given in Table 2. The sham group did not show any histopatho-
logical changes (Fig. 1). In contrast, in the ARF group, the basic his-
tological abnormalities were tubular necrosis and cast formation.
Necrosis was most severe in the cortical segments of the proximal
tubules and less extensive changes were observed in medullar seg-
ments of the kidney. Moreover, blue granular deposits showed iron
accumulation in the tubular epithelium of the kidney (Fig. 1). Tubu-
lar cell necrosis cast formation and iron accumulation significantly
decreased with L-carnitine treatment (Fig. 1). In the kidney, iron
deposits were observed in the cytoplasm of tubular epithelial cells
and cast formation was observed in the tubular lumina. In the ARF
group, the deposition of iron was more excessive in intraluminal cast
formations (82.80%) than in the cytoplasm of tubular epithelial cells
(17.20%). Conversely, in the ARF-LC group, iron deposition in the
intraluminal cast formations was decreased (59.31%; P <0.01) but
increased in the cytoplasm of tubular epithelial cells (40.69%;
P<0.01).

3277+ 6.47 19.30 + 6.45%*
50.77 £ 3.83 38.30 £ 5.39**

Necrosis (%) 0
0
0 25.08 £ 5.38 14.87 + 8.10*
0
0

Cast formation (%)

Iron accumulation (%)

Tron accumulation in cast (%)

Tron accumulation in cytoplasm (%)

82.80+£7.70 59.31 £+ 14.15%
17.20 £ 7.70 40.69 *+ 14.15*

Data are the mean£SD. *P < 0.01, **P < 0.001 compared with the acute
renal failure group treated with saline (ARF).

All parameters were determined in the rats that were killed at 48 h. Renal
histology is expressed as the percentage area examined for the particular
findings. Iron accumulation is expressed as the percentage of the granular
blue-coloured area. Histopathological analysis of the kidney showed neither
necrosis and cast formation nor iron accumulation in the sham control group.

ARF-LC, ARF rats treated with L-carnitine (200 mg/kg, i.p.).

DISCUSSION

The pathophysiology of myoglobinuric acute ARF has been studied
extensively in the animal model of glycerol-induced ARF**%7 At
the kidney level, the main pathophysiological mechanisms in the
genesis of myoglobinuric ARF have been identified as intense renal
vasoconstriction, tubular obstruction by intraluminal cast formation
and direct heme-protein induced cytotoxicity.”

In the present study, we observed increased plasma CK activity,
urea and creatinine levels in the ARF group. This group also had
increased kidney tissue lipid peroxidation products, elevated MDA
levels and decreased SOD, CAT and GPx enzyme activities and GSH
levels. In addition, NO, which is an important mediator in the patho-
physiology of the glycerol-induced ARF model, was also decreased
in the same group. Histopathological findings of this group con-
firmed renal impairment by cast formation and tubular necrosis and
distinct granular deposits showing iron accumulation in the tubular
epithelium. These findings were similar to those of previous studies
performed using the same model 7%

Interestingly, the present findings demonstrated that L-carnitine
treatment produced a significant reduction in CK activity, urea and
creatinine levels, inhibited MDA production and reversed the deple-
tion of GSH and NO levels, as well as SOD, CAT and GPx activities.
In addition, we observed a marked reduction in both tubular necrosis
and cast formation and granular deposits of iron accumulation in
the morphological findings of the carnitine-supplemented group.

In previous studies, L-carnitine has been shown to have anti-
oxidant and protective effects against oxidative damage in different
organs or tissues, including the kidney.”'"'*!*** It has been demon-
strated that L-carnitine administration inhibits both serum and
kidney tissue MDA formation in response to renal ischaemia—
reperfusion injury.'' Kalaiselvi and Panneerselvam’ showed that car-
nitine supplementation enhances the activities of anti-oxidant
enzymes, such as SOD, CAT and GPx, and GSH levels and decreases
the MDA concentration in kidney tissues of 24-month-old rats. Sener
et al.”® have shown that L-carnitine administration prevents MDA
formation and enhances GSH levels in the kidney, heart, aorta and
corpus cavernosum and decreases plasma urea and creatinine levels
in rats with chronic renal failure. In the present study, we have shown
that L-carnitine treatment restores reduced plasma SOD, CAT and

© 2006 Blackwell Publishing Asia Pty Ltd
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Fig.1 Histological appearance of the healthy kidney in the sham control group. (a) A haematoxylin—eosin (HE)-stained section shows neither necrosis of
the tubular epithelium nor cast formation in the tubular lumina (HE; original magnification x50). (b) There are no granular deposits in the iron stained section
(iron stain; original magnification x200). (c) In the acute renal failure (ARF) group treated with saline, note the distinct tubular necrosis and the distinct cast
formation in the HE-stained section (HE; original magnification x50). (d) Note the distinct granular deposits showing iron accumulation (arrows) in intraluminal
cast formations and a slight accumulation in the cytoplasm of epithelial cells in myoglobinuric ARF (iron stain; original magnification x200). (e) In the ARF
group administered L-carnitine, the level of tubular necrosis and cast formation is decreased compared with the saline-treated ARF group (HE; original
magnification x50). (f) Note also the decrease in granular deposits (arrows) compared with the saline-treated ARF group (iron stain; original magnification
%200). Although the iron that was present in the intraluminal cast formations decreased, it increased in the cytoplasm of tubular epithelial cells.

© 2006 Blackwell Publishing Asia Pty Ltd
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GPx activities as well as GSH levels and decreases MDA levels in
the chronic renal failure group. In the present study, the effects of
L-carnitine on the anti-oxidant enzymes, MDA and GSH levels were
found to agree with reports published previously.

Nitric oxide is synthesised by different NO synthases (NOS):
endothelial (¢) NOS, neuronal (n) NOS and inducible (i) NOS. Nitric
oxide plays an important role in modulating tissue injury and renal
blood flow in the healthy kidney, as well as in several pathological
kidney conditions. The contribution of NO in the pathogenesis of
ARF has been unclear; however, several in vivo and in vitro studies
have demonstrated that inhibition of iNOS activity or expression can
ameliorate or prevent NO-mediated injury, suggesting that NO
generated by iNOS contributes to renal I/R injury. Furthermore,
eNOS-derived NO is believed to be responsible for maintaining
physiological renal haemodynamics and function.”” The NO system
has been studied in renal impairment associated with heme protein.
One of these studies showed that the administration of arginine pro-
tected against renal dysfunction, whereas the administration of an
inhibitor of NOS worsened renal function in the glycerol model of
ARF* We have reported previously that the decreasing effect of
glycerol-induced ARF on NO production may play an important role
in the impairment of renal function.”?* In these studies, both caffeic
acid phenethyl ester and melatonin inhibited NO production and,
therefore, no protective effect was demonstrated for glycerol-
induced ARF*? In the present study, L-carnitine treatment
enhanced NO levels significantly, most probably from endothelial
cells, and this increase may lead to a reduction in the intensity of
the ischaemia in the kidney tissue. Arslan et al.?® reported that L-
carnitine treatment significantly enhanced the levels of NO in plasma
and this evaluation may have provided enhanced protection against
ischaemia in the flap. This supports our finding that plasma NO
levels were elevated with L-carnitine treatment.

Cells acquire iron from carrier proteins (transferrin) or from cell
surface iron transporters. Intracellular iron is controlled by the
actions of the iron-responsive proteins, the ferritin complex and
heme oxygenase-1.>! Recently, a protein was identified called neu-
trophil gelatinase-associated lipocalin (Ngal) or lipocalin 2, also
known as siderocalin, which forms a complex with iron-binding
siderophores (Ngal : siderophore : Fe).*> This complex is more likely
to transfer iron to proximal tubule cells and could chelate iron.*'*?
In rhabdomyolysis, the cytotoxic iron moiety is derived from heme,
a product of myoglobin metabolism. Intracellular iron is an impor-
tant mediator of tissue damage. The iron that is derived from renal
tubules catalyses the free radicals reaction, which is associated with
lipid peroxidation and renal injury.** In glycerol-induced ARF, there
is enhanced generation of hydrogen peroxide, which is a substrate
for hydroxyl radical formation via the iron-catalysed Fenton and
Haber—Weiss reactions.* Paller® has shown that iron chelator (defer-
oxamine) therapy mitigated the model of glycerol-induced ARF.
Moreover, it has been demonstrated that an iron chelator (deferox-
amine) and hydroxyl radical scavengers each protected against the
glycerol-induced ARF model.”

In the present study, in the kidney of glycerol-induced ARF, iron
deposits were observed. In contrast, L-carnitine treatment significantly
decreased the total iron content in the kidney tissue. In addition,
although the iron that was present in intraluminal cast formations
decreased, iron increased in the cytoplasm of tubular epithelial cells
in kidney tissue. These effects of L-carnitine on iron homeostasis,
in addition to its chelating property,”'* may be dependent on the

modulatory role of the substances responsible for the transport, storage
or metabolism of iron. The net effect of L-carnitine on iron home-
ostasis in the kidney tissue needs to be elucidated in future studies.

Plasma or serum CK activity correlates with the degree of muscle
injury and is a valid gross indicator of the extent of muscle damage.’
In the present study, the finding of decreased CK activity may be a
result of less muscle damage following treatment with L-carnitine.
Therefore, L-carnitine presumably has a protective role against mus-
cle damage in addition to its ameliorating effects on kidney tissue.
Akar et al.* reported that the administration of L-carnitine was effec-
tive in reducing reperfusion injury in rabbit skeletal muscle. This
finding supports our approach.

In conclusion, the present study may indicate that free radicals,
lipid peroxidation, iron accumulation in the kidney, depletion of the
anti-oxidant status, glomerular dysfunction, decreased NO levels
and impaired renal morphology may be involved in the pathophys-
iological mechanisms of glycerol-induced ARF. Although our data
do not reveal the mechanism of the action of L-carnitine, the pre-
vention of lipid peroxidation, the scavenging of reactive oxygen
species and/or a reduction in anti-oxidant depletion, enhancing
NO levels and decreasing iron accumulation may be the putative
mechanisms in this model.
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