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1. Introduction
Methotrexate (MTX) is a folic acid antagonist, which is 
widely used to treat a variety of disorders such as leukemia, 
lymphoma, osteosarcoma, and autoimmune diseases. 
In addition, it is the most common antirheumatic drug 
used for the treatment of rheumatoid arthritis and other 
rheumatic disorders (1). However, MTX toxicity limits its 
use. Relatively high doses of MTX have been associated 
with gastrointestinal, renal, nervous, hepatic, and bone 
marrow toxicity (2). Since more than 90% of MTX is 
excreted via the kidneys, nephrotoxicity is the most 
common toxic effect of treatment (3,4). Renal dysfunction 
induced by MTX delays its elimination and sustained 
elevation of plasma MTX can result in enhancement 
of MTX’s other toxicities (5,6). MTX-induced toxicity 
appears to be a consequence of the interaction of many 
factors: dosing schedule, length of treatment, patients’ 
risk factors, type of disease, and presence of genetic and 
molecular apoptotic factors (7). The pathogenesis of 

MTX-induced nephrotoxicity is thought to arise through 
two primary mechanisms. The first is crystal nephropathy, 
which occurs via precipitation of MTX and its metabolites 
within the renal tubules. Nephropathy initially manifests as 
an asymptomatic elevation in serum creatinine levels and 
then progresses to tubular necrosis. The second mechanism 
is due to a direct toxic effect of MTX on renal tubules by 
increasing reactive oxygen species (ROS) production 
in the kidney, with subsequent cellular injury (8). It has 
been reported that MTX increases the level of hydrogen 
peroxide and other free radicals released by stimulated 
polymorphonuclear neutrophils, leading to toxicity 
and cellular damage (9). MTX blocks the conversion 
of dihydrofolates to tetrahydrofolates by inhibiting the 
dihydrofolate reductase enzyme. Consequently, MTX 
changes the cellular folate concentration, which in turn 
affects various folate-metabolizing enzyme activities 
(10). Several studies have demonstrated that some agents, 
including vitamin E (11), nicotinamide, methionine (12), 
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melatonin (13), caffeic ester (14), and curcumin (15), can 
prevent tissue damage caused by MTX. 

Garlic (Allium sativum) and its preparations are 
common food spices and herbal medicines, which are 
used worldwide. Garlic has many pharmacological 
properties and medical applications: it lowers serum and 
hepatic cholesterol (16), inhibits bacterial growth (17), 

and reduces oxidative stress (18). The biologic effects 
attributed to garlic include the reduction of risk factors 
for cardiovascular diseases and cancer, stimulation of 
immune function, enhanced detoxification of foreign 
compounds, and hepatoprotective, antimicrobial, and 
antioxidant effects (19). Raw garlic homogenate (aqueous 
extract of garlic) is the major preparation of garlic, 
commonly used in various scientific studies. Allicin (allyl 
2-propenethiosulfinate or diallyl thiosulfinate) is the 
principal bioactive compound present in aqueous garlic 
extract. When garlic is chopped or crushed, the alliinase 
enzyme present in garlic is activated and acts on alliin 
(present in intact garlic) to produce allicin. In addition, 
allyl methyl thiosulfonate, 1-propenyl allyl thiosulfonate, 
and γ-L-glutamyl-S-alkyl-L-cysteine are important sulfur-
containing compounds present in garlic homogenate (19).

The present study was performed to elucidate the 
possible protective effect of oral administration of garlic 
against MTX-induced nephrotoxicity.

2. Materials and methods
2.1. Chemicals
MTX was obtained from Mylan Pharmaceuticals Company 
(USA). A urea (BUN) kit was purchased from Biomed 
Diagnostics (Egypt). A creatinine kit was purchased 
from Spectrum Diagnostics (Egypt). Sodium, potassium, 
calcium, phosphorus, reduced glutathione (GSH), catalase 
(CAT), malondialdehyde (MDA), adenosine deaminase 
activity (ADA), and nitric oxide (NO) were estimated 
using commercial kits (Bio-Diagnostic, Egypt). All the 
other chemicals were of the highest analytical grade and 
purchased from Sigma-Aldrich Company (USA).
2.2. Preparation of garlic extract
Garlic extract was prepared according to Suru (20). In 
brief, fresh bulbs of garlic were purchased from a local 
market in Beni-Suef, Egypt. The cloves were peeled 
and about 100 mL of chilled distilled water per 100 g of 
garlic was added, and the garlic was crushed in a mixing 
machine. The resulting slurry was squeezed and filtered 
through a fine cloth and the filtrate was frozen until use.
2.3. Animals and treatments
Forty Wistar Albino male rats (100–120 g), obtained 
from the Egyptian Organization for Biological Products 
and Vaccine, were used for the experiment. All rats were 
housed at room temperature and had free access to water 

at all times. They were fed a commercial diet during the 
experiment. All experiments were conducted according 
to the ethical standards approved by the Institutional 
Animal Ethics Committee guidelines for animal care and 
use, Beni-Suef University, Egypt. Rats were allowed to 
acclimatize for 1 week prior to treatment and were equally 
distributed into four groups. In the first (control) group, 
rats were given i.p. injections of saline. In the second 
(GE) group, rats received garlic extract orally (1 mL/100 
g body weight daily). In the third (MTX) group, rats were 
given a single i.p. dose of MTX (20 mg/kg). In the fourth 
group (GE+MTX), rats received garlic extract (1 mL/100 
g body weight, orally) daily for 7 successive days, followed 
by a single i.p injection of MTX (20 mg/kg) followed by 
garlic administration for 7 consecutive days. Dosage and 
route of MTX administration were determined from those 
described by previous authors (13,14,21–23). The dose 
of garlic extract had been shown previously to provide 
protection in other models (20).

Blood samples were collected from the orbital venous 
plexus under light anesthesia to obtain sera, which were 
stored at –20 °C for measuring blood urea nitrogen (BUN), 
creatinine, sodium, potassium, calcium, and phosphorus. 
The rats were then euthanized by cervical dislocation 
and their renal tissue was quickly removed and washed 
using cold saline solution, homogenized in 5 mL of 
phosphate buffer saline (pH 7.4), and centrifuged at 3000 
rpm for 15 min. The obtained supernatant was collected 
and stored at –20 °C for biochemical analysis, including 
GSH, CAT, MDA, ADA, and NO activities. A part of the 
kidney was fixed in 10% neutral formalin to be used for 
histopathological studies.
2.4. Laboratory analysis
2.4.1. Assessment of BUN and serum creatinine
Urea was determined as described previously (24). 
Creatinine was measured by buffered kinetic Jaffe reaction 
method as described previously (25).
2.4.2. Determination of serum sodium, potassium, 
phosphorus, and calcium
Serum sodium, phosphorous, and calcium levels were 
measured by colorimetric method (26–28). Serum 
potassium ions concentration was measured by 
turbidimetric method (29).
2.4.3. Determination of GSH, CAT, and lipid peroxidation 
in renal tissue
GSH and CAT activities were determined by 
spectrophotometric method (30,31). Lipid peroxidation 
level was measured by the thiobarbituric acid reaction 
(32).
2.4.4. Determination of renal ADA
ADA enzyme activity was measured as described 
previously (33). One unit of enzyme activity is defined as 
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the amount of enzyme that catalyzes the conversion of 1 
µmol of adenosine to inosine in 1 min at 37 °C.
2.4.5. Determination of renal NO content
NO content was measured based on the Griess reaction 

(34).
2.5. Histological and histochemical examination
Renal tissues of control and treated groups were processed 
as previously described (35). Samples were fixed in 10% 
formaldehyde and processed routinely for embedding in 
paraffin. Tissue sections of 5 mm in thickness were stained 
with hematoxylin and eosin and examined under light 
microscope. The periodic acid–Schiff technique (PAS) 
was used to stain mucopolysaccharides. The bromophenol 
blue method was used to demonstrate the total protein 
content (36). The sections were examined and observed 
under light microscope.
2.6. Statistical analysis
Statistical analysis was carried out using GraphPad 
Prism 5 (GraphPad Software, USA). Groups of data were 
compared with an analysis of variance (one-way ANOVA) 
followed by Tukey’s multiple comparison test. Values of P 
< 0.05 were regarded as significant. Results are expressed 
as mean ± SEM.

3. Results
Table 1 demonstrates the effect of MTX on renal functional 
parameters. It was evident that MTX-treated rats had 
a significant rise in BUN and serum creatinine levels in 
comparison with the control group. A complete reversal of 
renal functional changes induced by MTX was achieved by 
pretreating rats with the garlic extract.

As seen in Table 1, there was a significant decrease in 
sodium and increase in potassium levels in the MTX group 
when compared with the control group. Sodium level in 
the GE+MTX group was significantly increased compared 

with the MTX-only group. Regarding potassium, there was 
no significant change between the GE+MTX group and 
the control group. With respect to phosphorus, significant 
elevation was detected in the MTX group and in the 
GE+MTX rats compared to the control group. There was 
no significant change in calcium levels between different 
groups.

The effect of MTX, garlic extract, and their combination 
on the levels of oxidative stress biomarkers GSH, CAT, 
MDA, ADA, and NO in kidney tissues are shown in Table 
2. A single dose of MTX resulted in significant decrease 
in GSH and CAT activities and an increase in ADA, NO, 
and MDA compared to the control group. Pretreatment 
with garlic increased GSH and CAT levels in kidney tissue 
in comparison with the MTX group. The level of MDA in 
GE+MTX rats was significantly decreased compared to 
the MTX group, but it failed to return to levels similar to 
the control group. Furthermore, pretreatment with garlic 
completely reversed the increase in ADA level induced 
by MTX to control values, whereas NO levels were only 
insignificantly greater than the control. 
3.1. Histopathological findings
Microscopic examination of the control rat kidneys 
showed a normal structure of renal corpuscles and renal 
tubules. The renal corpuscle consists of a tuft of blood 
capillaries (glomerular tuft) surrounded by Bowman’s 
capsule. The latter is composed of two layers. The first 
is the outer parietal layer lined with simple squamous 
epithelial cells and the second is an inner visceral layer 
lined with podocytes. The space between the two layers 
is called the urinary space. The renal tubules consist of 
proximal convoluted tubules lined with large pyramidal 
cells with apical brush borders, distal convoluted tubules 
lined with cuboid cells, the loop of Henle, and collecting 
tubules lined with simple cuboid cells (Figure 1A).

Table 1. Effect of garlic, methotrexate, and their combination on serum urea, creatinine, and some electrolyte levels.

GE+MTXMTXGEControlParameters

4.30 ± 0.95c10.66 ± 0.34a,b5.99 ± 0.886.15 ± 0.37Urea (mmol/L)

0.25 ± 0.02c0.31 ± 0.01a,b0.23 ± 0.010.24 ± 0.01Creatinine (mg/L)

133.0 ± 1.2c122.7 ± 2.7a,b135.7 ± 1.2136.8 ± 1.3Sodium (mmol/L)

1.43 ± 0.211.61 ± 0.29a,b1.30 ± 0.021.20 ± 0.52Potassium (mmol/L)

3.63 ± 0.33a,b4.04 ± 0.32a,b2.27 ± 0.132.50 ± 0.11Phosphorus (mg/dL)

11.63 ± 0.6711.33 ± 0.8812.28 ± 0.7312.77 ± 0.02Calcium (mg/dL)

Data are expressed as means ± SD with dissimilar superscript letters (significantly differing at P < 0.05): a) significantly 
different from control value; b) significantly different from the garlic group, and c) significantly different from the 
methotrexate-treated group.
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No pronounced histological alteration was noticed in 
the examined sections of GE rat kidneys, while massive 
degenerative changes in both renal corpuscles and renal 
tubules were observed in cross-sectioned kidneys of 
the MTX group. Some of the renal corpuscles appeared 
shrunken with atrophied glomeruli and widening of the 
urinary space (Figure 1B). Moreover, marked congestion 
of glomeruli and cortical blood vessels with vacuolar 
degeneration were observed in podocytes and mesangial 
cells with pyknotic nuclei (Figures 1C and 1D). The 
most prominent feature of most examined sections was 
degeneration and complete loss of cellular architecture 
of renal tubules. The cytoplasm of most affected tubular 
epithelial cells showed vacuolar degeneration with 
pyknotic nuclei, loss of their apical brush borders with 
marked dilatation of renal tubular lumina, focal areas of 
peritubular lymphocytic infiltration (Figure 1D), and 
interstitial edema (Figure 1E). 

The lumina of most of the degenerated renal tubules 
contained exfoliated epithelial cells, cellular debris, 
and hyaline casts (Figure 1F). The renal architecture of 
GE+MTX sections was greatly improved and more or less 
similar to the controls. The structure and size of the renal 
corpuscles with their glomerular tufts appeared normal. 
Moreover, most of the epithelium of renal tubules was 
normal and contained vesicular nuclei and apical brush 
borders (Figure 1G).
3.2. Histochemical results
The examined cross-sectioned kidneys of both control 
and GE rats stained by bromophenol blue method had 
cellular cytoplasm that stained homogeneously dense 
blue, indicating normal protein content in both renal 
tubules and glomeruli (Figure 2A). A marked reduction of 
the protein content in the renal tubular cells was observed 
in the MTX rats, indicated by the faint blue coloration in 
the cytoplasm of affected cells (Figure 2B). In GE+MTX 

samples, sections showed improvement in the protein 
content in most of the renal tubular epithelium, which was 
similar to the control group (Figure 2C).

The mucopolysaccharides were stained using the 
PAS technique. Strongly PAS-positive materials were 
concentrated in the glomerular tuft, brush borders, 
and basement membrane of the renal tubules of 
control and GE rats (Figure 2D). In the MTX group, 
the mucopolysaccharides were greatly depleted in the 
glomerular tuft and the basement membrane as indicated 
by decreasing in the stain ability of PAS-positive materials 
while the affected degenerated brush borders showed a 
negative reaction (Figure 2E). Marked improvement and 
increase in the mucopolysaccharide content was noticed 
in the rat renal sections in the GE+MTX group, which 
more or less resembled the control group (Figure 2F).

4. Discussion
Nephrotoxicity is a major complication of MTX 
administration. The aim of the current study focused on 
the possible protective and curative role of garlic against 
MTX-induced renal damage using biochemical and 
oxidative determinations and histopathology of the kidney.

Our data revealed that MTX has a direct toxic effect 
upon the kidney, as indicated by increased BUN and 
serum creatinine. Creatinine concentration is more 
significant than BUN level in the earlier phases of kidney 
disease. On the other hand, BUN begins to rise only after a 
marked renal parenchymal injury (22). Elevation of BUN 
does not usually occur until the glomerular filtration rate 
(GFR) has diminished to less than 50% of normal (37). 
For assessment of renal function, sodium, potassium, 
phosphorous, and calcium ion levels were estimated. 
Our data showed electrolytic disturbance manifested by 
hyponatremia and hyperkalemia in the MTX rats. Lower 
value of serum sodium indicates the inability of the kidney 

Table 2. Effect of garlic, methotrexate, and their combination on ADA and NO levels, kidney enzymes antioxidant 
activities, and MDA (as lipid peroxidation).

GE+MTXMTXGEControlParameters

0.25 ± 0.03c0.06 ± 0.01a,b0.18 ± 0.010.19 ± 0.01GSH (mmol/g)

1.87 ± 0.02c0.97 ± 0.01a,b1.90 ± 0.021.95 ± 0.01Catalase (U/g)

31.23 ± 1.7a,b,c51.62 ± 1.6a,b16.84 ± 0.3616.47 ± 0.79MDA (nmol/g)

12.57 ± 0.34c 42.00 ± 0.56a,b12.0 ± 1.0013.9 ± 0.06ADA (U/L)

1.86 ± 0.21  2.20 ± 0.14a,b0.92 ± 0.210.89 ± 0.20NO (µmol/L)

The data are expressed as means ± SD with dissimilar superscript letters (significantly differing at P < 0.05): a) 
significantly different from control value; b) significantly different from the garlic group, and c) significantly different 
from methotrexate-treated group.
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Figure 1. A- Control rat kidney showing normal renal architecture, including renal corpuscle surrounded by the outer parietal layer lined 
by simple squamous epithelium (an arrow) containing glomerular tuft (G) lined by mesangial cells and podocytes, proximal convoluted 
tubule (P), and distal convoluted tubules (D) B- MTX group showing renal corpuscle containing atrophied glomerular tuft (an arrow) 
with wide urinary space (U). C- MTX group showing severe congestion in the glomerular tuft and cortical blood vessels (S) with vacuolar 
degeneration in podocytes and mesangial cells. D- MTX group showing massive vacuolar degeneration in most of the tubular epithelial 
cells, loss of apical brush borders, severe dilatation of cortical renal tubules (*), and focal areas of peritubular lymphocytic infiltration (F). 
E- MTX group showing an interstitial edema (*). F- MTX group showing exfoliated cells, cellular debris (arrows), and hyaline casts (c) in 
the renal tubular lumina. G- A photomicrograph of cross-sectioned kidneys of the GE+MTX group; most of the renal architecture returned 
to normal, including renal corpuscles and renal tubular epithelium with their apical brush borders (arrows). H&E. 400×.
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to conserve sodium. Tubular epithelial injury may result 
in decreased epithelial transport activity, which leads 
to a decrease of tubular sodium reabsorption. Increased 
potassium levels may be due to the reduced excretion 
of potassium aggravated by the leakage of intracellular 
potassium into the blood stream due to renal tubular 
epithelium injury (38). 

MTX may act as a direct toxin to the tubular epithelium 
or it may precipitate within the tubular lumen, leading 
to intratubular obstruction (39). The damaged renal 
tubular cells will interfere with tubular cell renewal and 
otherwise impair functions, causing a decline in the GFR. 
Furthermore, these cells could slough into the tubular 
lumen, resulting in a local slowing of the tubular fluid flow 
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Figure 2. A- A photomicrograph of control rat kidneys stained by bromophenol method showing normal protein content, indicated by 
dense blue staining. B- A photomicrograph of kidneys of the MTX group stained by bromophenol method showing a marked reduction 
in protein content, indicated by faint blue staining. C- A photomicrograph of kidneys of the GE+MTX group stained by bromophenol 
method showing great improvement in protein content. D- A photomicrograph of PAS-stained control rat kidneys showing strong 
PAS-positive reaction in glomerular tuft (G), apical brush borders (head arrows), and basement membrane of renal tubules (arrows) 
E- A photomicrograph of kidneys of the MTX group showing marked decreased PAS-positive staining. F- A photomicrograph of PAS-
stained kidneys of the GE+MTX group showing strong similarity to the PAS-positive stains of the control group. 200×.
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and aggravating MTX precipitation in those tubules. MTX 
and its metabolites are poorly soluble at acidic pH levels. An 
increase in urine pH from 6.0 to 7.0 increases the solubility 
of MTX and its metabolites by 5- to 8-fold (40). Urinary 
alkalinization may be one of the possible underlying 
mechanisms of garlic extract that reduces the risk of acute 
kidney injury induced by MTX therapy. Furthermore, it 
could explain the reduced tubular cast that was seen in 
MTX-treated rats. Alkalinization of urine only reduces 
the renal damage and does not prevent it completely, 
suggesting that other mechanisms may also be involved 
in MTX-induced renal damage (2). ROS are generally 
considered to be key mediators of MTX-induced damage 
to the kidney (22). Previous studies have demonstrated 
increased oxidative stress in the kidneys of MTX-treated 
rats (14). Furthermore, MTX has been reported to reduce 
the methionine synthesis, antioxidant enzymes such as 
CAT, glutathione peroxidase, and superoxide dismutase 
(41). The reduction in antioxidant defense system caused 
by MTX may be a reason for increased ROS.

In this study, the significant decrease in the renal 
GSH and CAT activities in the MTX group may be the 
consequence of great oxidative stress, suggested by a 
marked increase in the level of lipid peroxidation. MTX 
affects energy metabolism in mitochondria and decreases 
the availability of NADPH in cells. NADPH is used by 
GSH to maintain the reduced state of cell GSH (42). The 
enzyme level of CAT is higher in proximal tubules to 
prevent excessive oxidant stress (43). The free radicals 
may induce the inactivation and consumption of CAT 
in renal tissue in MTX-treated rats. Our data show that 
MDA, a reliable marker of oxidative damage to lipids, was 
significantly increased in renal tissue of the MTX group 
compared to the control group. Free radicals have been 
implicated in MTX-induced lipid peroxidation (9). In 
addition, depletion of renal GSH is one of the reasons for 
lipid peroxidation (42).

According to the present study, pretreatment with garlic 
extract restored the function of the kidney, as indicated 
by decreased levels of BUN and creatinine levels induced 
by MTX. This could be attributed to garlic’s antioxidant 
properties (44).

Moreover, in the GE+MTX group, administration of 
garlic led to increased renal GSH and CAT activities and 
reduced MDA levels compared with the MTX group. The 
oxidation preventive potential of garlic is possibly related 
to its high content of antioxidant sulfur compounds (45). 

The possible mechanism by which garlic augmented 
the GSH level may be dietary cysteine, a rate-limiting 
substrate in the biosynthesis of GSH that is prevalent in 
garlic (46). The antioxidant components of the garlic may 
act as sacrificial antioxidants, sparing the depletion of 
GSH and CAT caused by MTX-induced oxidative stress.    

In this study, it is pertinent to note that pretreatment 
with garlic extract significantly altered MTX-induced 
increases in MDA levels; however, MDA levels did not 
return to those of the control group. The direct cause of lipid 
peroxidation may be the formation of peroxynitrite from 
superoxide anion and nitric oxide (47). Yüncü et al. (48) 
found that an aqueous garlic extract halted MTX-induced 
MDA increases in the small intestine by preserving cellular 
integrity. Furthermore, raw garlic homogenate augmented 
the endogenous antioxidants, along with a reduction of 
lipid peroxidation in the rat heart, liver, and kidney in a 
dose-dependent manner (49). 

In this study, MTX-treated rats showed high activities 
of adenosine deaminase and nitric oxide. ADA is an 
important aminohydrolase that plays a part in purine 
metabolism. It catalyzes the conversion reactions of 
adenosine to inosine and deoxyadenosine to deoxyinosine 
(50). In agreement with the current study, Uz et al. (51) 
hypothesized that ADA and NO might play an important 
role in the pathogenesis of MTX-induced oxidative 
renal damage. High ADA activity reflects accelerated 
purine turnover and high salvage pathway activity (52). 
Mitochondrial membrane dysfunction leads to impaired 
ATP metabolism with increased production of purine 
degradation products, such as adenosine and inosine, 
which are substrates for ADA (53). Released adenosine 
may further deaminate to inosine with the action of ADA. 

Exposure of epithelial cells to oxidant stress leads to 
an elevation in NO release and nitrite production and to 
decreases in cell viability (54). NO seems to worsen renal 
injuries because of its free radical nature; through its 
reaction with the superoxide radical, it probably generates 
the very cytotoxic peroxynitrite that could damage the 
tubular cells, resulting in renal failure (55).

Garlic administration in the present study significantly 
reduced high levels of ADA activity. Several authors 
(49,56–58) attributed the protective action of garlic extract 
to its antioxidative role. 

With regard to NO, the level of NO in the GE+MTX 
rats was lower than in MTX rats. Dirsch et al. (59) 
demonstrated that allicin and ajoene, two compounds 
present in crushed garlic, can reduce nitrite accumulation 
via a reduction of the inducible form of NO synthase 
expression, an enzyme induced by an inflammatory 
environment and that promotes peroxynitrite formation. 

In this study, we observed severe histological alterations 
due to MTX toxicity, including degenerative changes in 
glomeruli and the renal tubules. Most glomeruli appeared 
shrunken and atrophied with increasing of the urinary 
space. Glomerular atrophy may be attributed to a decrease 
in the glomerular filtration of the drug as a result of 
capillary constriction (60). 
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In the present study, severe congestion appeared in 
the glomerular tufts and the renal blood capillaries, with 
interstitial edema that may be attributed to an increase 
in renal blood vessel permeability caused by a high dose 
of MTX (61). The tubular epithelium, especially the 
proximal and distal convoluted tubules, showed great 
degeneration as vacuolation accompanied by pyknosis 
and complete loss of apical brush borders. Some authors 
(61–63) presented similar findings. They stated that MTX 
has a lethal effect on the renal tubular epithelium due to its 
direct toxic damage. Dilatations of the renal tubules with 
accumulation of hyaline casts, cellular debris, and focal 
peritubular infiltration of inflammatory cells was seen in 
the present study. The increase of MTX in the body leads 
to an accumulation of MTX crystals in the nephron and 
dilatation of the renal tubules, resulting in renal toxicity 
and dysfunction (64). 

Regarding the histochemical study, our results 
clearly indicated a massive reduction in total protein 
and mucopolysaccharides in the renal tissue of the MTX 
group. The decrease in total protein may due to the 
damage that occurred in the rough endoplasmic reticulum 
and complement ribosomes (65). Toxic doses of some 
drugs lead to disruption of lysosomal membranes, leading 
to liberation of hydrolytic enzymes in the cytoplasm 
and ultimately resulting in marked lysis of cytoplasmic 
organelles (60). This result was observed by Awasthi et al. 
(66), who found that the elevation of lysosomal activities 

was accompanied by a decrease in the total protein and 
nucleic acid contents in response to organophosphorus 
insecticides. Moreover, MTX treatment resulted in a great 
reduction in mucopolysaccharides, as indicated by a weak 
PAS reaction in the affected degenerated brush borders of 
renal tubules as well as the deformed basement membranes 
of both glomeruli and renal tubules. Similar observations 
were reported in toxicants causing nephrotoxicity, such as 
carbon tetrachloride (67) and piroxicam (60). Jahovic et al. 
(68) used PAS staining for studying the effect of MTX on 
the small intestine; they reported a negligible PAS reaction 
in the surface and glandular epithelium due to damaged 
microvillar structures. Administration of garlic extract 
ameliorated the histological damages caused by MTX. 

In conclusion, according to our findings, which were in 
parallel with our histopathological evidence, MTX induced 
a significant increase in BUN and serum creatinine levels 
and a disturbance in some serum electrolyte levels as well 
as the activities of MDA, ADA, and NO in renal tissues. 
Furthermore, the resulting decrease of renal GSH and CAT 
activities suggested remarkable damage to the kidneys. 
Treatment with garlic extract restored the activities of 
GSH and CAT with concomitant reduction in MDA levels. 
Moreover, it ameliorated the glomerular and tubular 
alterations of MTX nephrotoxicity. The protective effect 
of garlic against MTX-induced renal damage is associated 
with its antioxidant and ROS-scavenging properties.  

References

1.  Jolivet J, Cowan KH, Curt GA, Clendeninn NJ, Chabner BA. 
The pharmacology and clinical use of methotrexate. N Engl J 
Med 1983; 309: 1094–1104.

2.  Kolli W, Abraham P, Isaac B, Selvakumar D. Neutrophil 
infiltration and oxidative stress may play a critical role in 
methotrexate-induced renal damage. Chemotherapy 2009; 55: 
83–90.

3.  Hempel L, Misselwitz J, Fleck C, Kentouche K, Leder C, 
Appenroth D, Rost M, Zintl F. Influence of high dose 
methotrexate therapy (HD-MTX) on glomerular and tubular 
kidney function. Med Pediatr Oncol 2003; 40: 348–354. 

4.  Izzedine H, Launay-Vacher V, Karie S, Caramella C, de Person 
F, Deray G. Is low-dose methotrexate nephrotoxic? Case report 
and review of the literature. Clin Nephrol 2005; 64: 315–319.

5.  Djerassi I. High-dose methotrexate (NSC-740) and citrovorum 
factor (NSC-3590) rescue: background and rationale. Cancer 
Chemother Rep 1975; 6: 3–6.

6.  Frei E, Blum RH, Pitman SW, Kirkwood JM, Henderson IC, 
Skarin AT, Mayer RM, Bast RC, Garnick MB, Parker LM et al. 
High dose methotrexate with leucovorin rescue: rationale and 
spectrum of antitumor activity. Am J Med 1980; 68: 370–376.

7.  Neuman MG, Cameron RG, Haber JA, Katz GG, Malkiewicz 
IM, Shear NH. Inducers of cytochrome P450 2E1 enhance 
methotrexate-induced hepatocytotoxicity. Clin Biochem 1999; 
32: 519–536.

8.  Perazella MA, Moeckel GW. Nephrotoxicity from 
chemotherapeutic agents: clinical manifestations, pathobiology, 
and prevention/therapy. Semin Nephrol 2010; 30: 570–581.

9.  Gressier B, Lebegue S, Brunet C, Luyckx M, Dine T, Cazin M, 
Cazin JC. Pro-oxidant properties of methotrexate: evaluation 
and prevention by an anti-oxidant drug. Die Pharmazie 1994; 
49: 679–681.

10.  Aggarwal P, Naik S, Mishra K, Aggarwal A, Misra R. 
Correlation between methotrexate efficacy & toxicity with 
C677T polymorphism of the methylenetetrahydrofolate gene 
in rheumatoid arthritis patients on folate supplementation. 
Indian J Med Res 2006; 124: 521–526.

11.  Capel I, Leach D, Dorrell H. Vitamin E retards the 
lipoperoxidation resulting from anticancer drug 
administration. Anticancer Res 1982; 3: 59–62.

12.  Kröger H, Hauschild A, Ohde M, Bache K, Voigt W, Thefeldt 
W, Krüger D. Nicotinamide and methionine reduce the liver 
toxic effect of methotrexate. Gen Pharmacol 1999; 33: 203–206.

http://dx.doi.org/10.1056/NEJM198311033091805
http://dx.doi.org/10.1056/NEJM198311033091805
http://dx.doi.org/10.1056/NEJM198311033091805
http://dx.doi.org/10.1159/000192391
http://dx.doi.org/10.1159/000192391
http://dx.doi.org/10.1159/000192391
http://dx.doi.org/10.1159/000192391
http://dx.doi.org/10.1002/mpo.10293
http://dx.doi.org/10.1002/mpo.10293
http://dx.doi.org/10.1002/mpo.10293
http://dx.doi.org/10.1002/mpo.10293
http://dx.doi.org/10.5414/CNP64315
http://dx.doi.org/10.5414/CNP64315
http://dx.doi.org/10.5414/CNP64315
http://dx.doi.org/10.1016/0002-9343(80)90105-9
http://dx.doi.org/10.1016/0002-9343(80)90105-9
http://dx.doi.org/10.1016/0002-9343(80)90105-9
http://dx.doi.org/10.1016/0002-9343(80)90105-9
http://dx.doi.org/10.1016/S0009-9120(99)00052-1
http://dx.doi.org/10.1016/S0009-9120(99)00052-1
http://dx.doi.org/10.1016/S0009-9120(99)00052-1
http://dx.doi.org/10.1016/S0009-9120(99)00052-1
http://dx.doi.org/10.1016/j.semnephrol.2010.09.005
http://dx.doi.org/10.1016/j.semnephrol.2010.09.005
http://dx.doi.org/10.1016/j.semnephrol.2010.09.005
http://dx.doi.org/10.1016/S0306-3623(98)00232-8
http://dx.doi.org/10.1016/S0306-3623(98)00232-8
http://dx.doi.org/10.1016/S0306-3623(98)00232-8


515

AHMED et al. / Turk J Med Sci

13.  Jahovic N, Çevik H, Şehirli AÖ, Yeğen BÇ, Şener G. Melatonin 
prevents methotrexate-induced hepatorenal oxidative injury in 
rats. J Pineal Res 2003; 34: 282–287.

14.  Öktem F, Yilmaz HR, Ozguner F, Olgar S, Ayata A, Uzar E, Uz 
E. Methotrexate-induced renal oxidative stress in rats: the role 
of a novel antioxidant caffeic acid phenethyl ester. Toxicol Ind 
Health 2006; 22: 241–247.

15.  Morsy MA, Ibrahim SA, Amin EF, Kamel MY, Rifaai RA, 
Hassan MK. Curcumin ameliorates methotrexate-induced 
nephrotoxicity in rats. Adv Pharmacol Sci 2013; 2013: 1–7.

16.  Kamanna V, Chandrasekhara N. Hypocholesteremic activity of 
different fractions of garlic. Indian J Med Res 1984; 79: 580–
583.

17.  Belguith H, Kthiri F, Ben Ammar A, Jaafoura H, Ben Hamida 
J, Landoulsi A. Morphological and biochemical changes of 
Salmonella hadar exposed to aqueous garlic extract. Int J 
Morphol 2009; 27: 705–713. 

18.  Horie T, Awazu S, Itakura Y, Fuwa T. Identified diallyl 
polysulfides from an aged garlic extract which protects the 
membranes from lipid peroxidation. Planta Med 1992; 58: 
468–469.

19.  Banerjee SK, Maulik SK. Effect of garlic on cardiovascular 
disorders: a review. Nutr J 2002; 1: 4.

20.  Suru SM. Onion and garlic extracts lessen cadmium-induced 
nephrotoxicity in rats. Biometals 2008; 21: 623–633.

21.  Çakir T, Özkan E, Dulundu E, Topaloğlu Ü, Şehirli AÖ, Ercan 
F, Şener E, Şener G. Caffeic acid phenethyl ester (CAPE) 
prevents methotrexate-induced hepatorenal oxidative injury in 
rats. J Pharm Pharmacol 2011; 63: 1566–1571.

22.  Vardi N, Parlakpinar H, Ates B, Cetin A, Otlu A. The protective 
effects of Prunus armeniaca L (apricot) against methotrexate-
induced oxidative damage and apoptosis in rat kidney. J Physiol 
Biochem 2013; 69: 371–381.

23.  Akacha A, Rebai T, Amri M, Zourgui L. Preventive role 
of cactus (Opuntia ficus-indica) cladodes on methotrexate 
induced biochemical, hematological and oxidative damage in 
rat liver. Acta Hort 2013; 995: 285–296.

24.  Patton CJ, Crouch S. Spectrophotometric and kinetics 
investigation of the Berthelot reaction for the determination of 
ammonia. Anal Chem 1977; 49: 464–469.

25.  Bowers LD, Wong ET. Kinetic serum creatinine assays. II. A 
critical evaluation and review. Clin Chem 1980; 26: 555–561.

26.  Trinder P. A rapid method for the determination of sodium in 
serum. Analyst 1951; 76: 596–599.

27.  Daly JA, Ertingshausen G. Direct method for determining 
inorganic phosphate in serum with the “CentrifiChem”. Clin 
Chem 1972; 18: 263–265.

28.  Gindler E, King J. Rapid colorimetric determination of calcium 
in biologic fluids with methylthymol blue. Am J Clin Pathol 
1972; 58: 376–382.

29.  Sunderman F Jr, Sunderman F. A rapid reliable method for 
serum potassium using tetraphenylboron. Am J Clin Pathol 
1958; 29: 95–103.

30.  Beutler G, Duron O, Kelly M. Improved method for 
determination of blood glutathione. J Lab Clin Med 1963; 61: 
882–888.

31.  Aebi H. Catalase in vitro. Methods Enzymol 1984; 105: 121–
126.

32.  Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in 
animal tissues by thiobarbituric acid reaction. Anal Biochem 
1979; 95: 351–358.

33.  Hopkinson D, Cook P, Harris H. Further data on the adenosine 
deaminase (ADA) polymorphism and a report of a new 
phenotype. Ann Hum Genet 1969; 32: 361–367.

34.  Montgomery H, Dymock J. The determination of nitrite in 
water. Analyst 1961; 86: 414–416.

35.  Bancroft JD, Stevens A, Turner D. Theory and Practice of 
Histological Techniques. New York, NY, USA: Churchill 
Livingstone; 1996.

36.  Bancroft JD, Gamble M. Theory and Practice of Histological 
Techniques. 5th ed. London, UK: Churchill Livingstone; 2002.

37.  Condit PT, Chanes RE, Joel W. Renal toxicity of methotrexate. 
Cancer 1969; 23: 126–131.

38.  Aly NH. Reno-protective efficiency of coenzyme Q10 on 
adriamycin-induced nephrotoxicity in rats. Journal of Applied 
Sciences Research 2012; 8: 589–597.

39.  Deray G, Khayat D, Cacoub P, Bourbouze R, Musset L, 
Baumelou A, Jacquillat C, Jacobs C. The effects of diltiazem 
on methotrexate-induced nephrotoxicity. Eur J Clinical 
Pharmacol 1989; 37: 337–340.

40.  Widemann BC, Adamson PC. Understanding and managing 
methotrexate nephrotoxicity. Oncologist 2006; 11: 694–703.

41.  Coleshowers C, Oguntibeju O, Ukpong M, Truter E. Effects of 
methotrexate on antioxidant enzyme status in a rodent model: 
peer reviewed original article. Medical Technology SA 2010; 
24: 4–9.

42.  Lee S, Koh H, Park D, Song B, Huh T, Park J. Cytosolic NADP+-
dependent isocitrate dehydrogenase status modulates oxidative 
damage to cells. Free Radic Biol Med 2002; 32: 1185–1196.

43.  Öktem F, Arslan MK, Ozguner F, Candir Ö, Yilmaz HR, Ciris 
M, Uz E. In vivo evidences suggesting the role of oxidative 
stress in pathogenesis of vancomycin-induced nephrotoxicity: 
protection by erdosteine. Toxicology 2005; 215: 227–233.

44.  Pedraza-Chaverrí J, Maldonado PD, Medina-Campos ON, 
Olivares-Corichi IM, Granados-Silvestre MAAN, Hernandez-
Pando R, Ibarra-Rubio M. Garlic ameliorates gentamicin 
nephrotoxicity: relation to antioxidant enzymes. Free Radic 
Biol Med 2000; 29: 602–611.

45.  Prasad K, Laxdal VA, Yu M, Raney BL. Antioxidant activity 
of allicin, an active principle in garlic. Mol Cellular Biochem 
1995; 148: 183–189.

46.  Sen CK. Nutritional biochemistry of cellular glutathione. J 
Nutr Biochem 1997; 8: 660–672.

47.  Numagami Y, Sato S, Ohnishi ST. Attenuation of rat ischemic 
brain damage by aged garlic extracts: a possible protecting 
mechanism as antioxidants. Neurochem Int 1996; 29: 135–143.

http://dx.doi.org/10.1034/j.1600-079X.2003.00043.x
http://dx.doi.org/10.1034/j.1600-079X.2003.00043.x
http://dx.doi.org/10.1034/j.1600-079X.2003.00043.x
http://dx.doi.org/10.1191/0748233706th265oa
http://dx.doi.org/10.1191/0748233706th265oa
http://dx.doi.org/10.1191/0748233706th265oa
http://dx.doi.org/10.1191/0748233706th265oa
http://dx.doi.org/10.1055/s-2006-961517
http://dx.doi.org/10.1055/s-2006-961517
http://dx.doi.org/10.1055/s-2006-961517
http://dx.doi.org/10.1055/s-2006-961517
http://dx.doi.org/10.1186/1475-2891-1-4
http://dx.doi.org/10.1186/1475-2891-1-4
http://dx.doi.org/10.1007/s10534-008-9148-5
http://dx.doi.org/10.1007/s10534-008-9148-5
http://dx.doi.org/10.1111/j.2042-7158.2011.01359.x
http://dx.doi.org/10.1111/j.2042-7158.2011.01359.x
http://dx.doi.org/10.1111/j.2042-7158.2011.01359.x
http://dx.doi.org/10.1111/j.2042-7158.2011.01359.x
http://dx.doi.org/10.1007/s13105-012-0219-2
http://dx.doi.org/10.1007/s13105-012-0219-2
http://dx.doi.org/10.1007/s13105-012-0219-2
http://dx.doi.org/10.1007/s13105-012-0219-2
http://dx.doi.org/10.1021/ac50011a034
http://dx.doi.org/10.1021/ac50011a034
http://dx.doi.org/10.1021/ac50011a034
http://dx.doi.org/10.1039/an9517600596
http://dx.doi.org/10.1039/an9517600596
http://dx.doi.org/10.1016/0003-2697(79)90738-3
http://dx.doi.org/10.1016/0003-2697(79)90738-3
http://dx.doi.org/10.1016/0003-2697(79)90738-3
http://dx.doi.org/10.1111/j.1469-1809.1969.tb00087.x
http://dx.doi.org/10.1111/j.1469-1809.1969.tb00087.x
http://dx.doi.org/10.1111/j.1469-1809.1969.tb00087.x
http://dx.doi.org/10.1002/1097-0142(196901)23:1&lt;126::AID-CNCR2820230115&gt;3.0.CO;2-#
http://dx.doi.org/10.1002/1097-0142(196901)23:1&lt;126::AID-CNCR2820230115&gt;3.0.CO;2-#
http://dx.doi.org/10.1007/BF00558496
http://dx.doi.org/10.1007/BF00558496
http://dx.doi.org/10.1007/BF00558496
http://dx.doi.org/10.1007/BF00558496
http://dx.doi.org/10.1634/theoncologist.11-6-694
http://dx.doi.org/10.1634/theoncologist.11-6-694
http://dx.doi.org/10.1016/S0891-5849(02)00815-8
http://dx.doi.org/10.1016/S0891-5849(02)00815-8
http://dx.doi.org/10.1016/S0891-5849(02)00815-8
http://dx.doi.org/10.1016/j.tox.2005.07.009
http://dx.doi.org/10.1016/j.tox.2005.07.009
http://dx.doi.org/10.1016/j.tox.2005.07.009
http://dx.doi.org/10.1016/j.tox.2005.07.009
http://dx.doi.org/10.1016/S0891-5849(00)00354-3
http://dx.doi.org/10.1016/S0891-5849(00)00354-3
http://dx.doi.org/10.1016/S0891-5849(00)00354-3
http://dx.doi.org/10.1016/S0891-5849(00)00354-3
http://dx.doi.org/10.1016/S0891-5849(00)00354-3
http://dx.doi.org/10.1007/BF00928155
http://dx.doi.org/10.1007/BF00928155
http://dx.doi.org/10.1007/BF00928155
http://dx.doi.org/10.1016/S0955-2863(97)00113-7
http://dx.doi.org/10.1016/S0955-2863(97)00113-7
http://dx.doi.org/10.1016/0197-0186(95)00117-4
http://dx.doi.org/10.1016/0197-0186(95)00117-4
http://dx.doi.org/10.1016/0197-0186(95)00117-4


516

AHMED et al. / Turk J Med Sci

48.  Yüncü M, Eralp A, Celõk A. Effect of aged garlic extract against 
methotrexate-induced damage to the small intestine in rats. 
Phytother Res 2006; 20: 504–510.

49.  Banerjee S, Mukherjee PK, Maulik S. Garlic as an antioxidant: 
the good, the bad and the ugly. Phytother Res 2003; 17: 97–106.

50.  Cristalli G, Costanzi S, Lambertucci C, Lupidi G, Vittori S, 
Volpini R, Camaion E. Adenosine deaminase: functional 
implications and different classes of inhibitors. Med Res Rev 
2001; 21: 105–128.

51.  Uz E, Öktem F, Yılmaz HR, Uzar E, Özgüner F. The activities of 
purine-catabolizing enzymes and the level of nitric oxide in rat 
kidneys subjected to methotrexate: Protective effect of caffeic 
acid phenethyl ester. Mol Cell Biochem 2005; 277: 165–170.

52.  Güleç M, Akın H, Ergin E, Elyas H, Yalçın O, Akyol Ö. 
Adenosine deaminase and xanthine oxidase activities in 
bladder washing fluid from patients with bladder cancer: a 
preliminary study. Clin Biochem 2003; 36: 193–196.

53.  Fadillioglu E, Yilmaz HR, Erdogan H, Sogut S. The activities 
of tissue xanthine oxidase and adenosine deaminase and the 
levels of hydroxyproline and nitric oxide in rat hearts subjected 
to doxorubicin: protective effect of erdosteine. Toxicology 
2003; 191: 153–158.

54.  Peresleni T, Noiri E, Bahou WF, Goligorsky MS. Antisense 
oligodeoxynucleotides to inducible NO synthase rescue 
epithelial cells from oxidative stress injury. Am J Physiol Renal 
Physiol 1996; 270: 971–977.

55.  Christo JS, Rodrigues AM, Mouro MG, Cenedeze MA, Simões 
MDJ, Schor N, Higa EMS. Nitric oxide (NO) is associated with 
gentamicin (GENTA) nephrotoxicity and the renal function 
recovery after suspension of GENTA treatment in rats. Nitric 
Oxide 2011; 24: 77–83.

56.  Agarwal KC. Therapeutic actions of garlic constituents. Med 
Res Rev 1996; 16: 111–124.

57.  Bozin B, Mimica-Dukic N, Samojlik I, Goran A, Igic R. 
Phenolics as antioxidants in garlic (Allium sativum L., 
Alliaceae). Food Chem 2008; 111: 925–929.

58.  Denre M, Pal S, Mazumdar D, Chakravarty A, Bhattacharya 
A. Variation in antioxidants and antioxidant activity in garlic 
cultivars. International Journal of Vegetable Science 2013; 19: 
374–383.

59.  Dirsch VM, Kiemer AK, Wagner H, Vollmar AM. Effect of 
allicin and ajoene, two compounds of garlic, on inducible nitric 
oxide synthase. Atherosclerosis 1998; 139: 333–339.

60.  Ebaid H, Dkhil MA, Danfour MA, Tohamy A, Gabry MS. 
Piroxicam-induced hepatic and renal histopathological 
changes in mice. Libyan J Med 2007; 2: 82–89.

61.  Al-Nailey AGR. Protective effect of captopril against 
methotrexate-induced nephrotoxicity in mice. Kufa Journal 
for Veterinary Medical Sciences 2010; 1: 38–47.

62.  Chelab K, Majeed SK. Methotrexate-induced histopathological 
changes in the kidneys of mice. Iraqi Journal of Veterinary 
Sciences 2009; 23: 219–222.

63.  Grönroos M, Chen M, Jahnukainen T, Capitanio A, Celsi 
RG. Methotrexate induces cell swelling and necrosis in renal 
tubular cells. Pediatr Blood Cancer 2006; 46: 624–629.

64.  Ritter JM, Lewis LD, Mant TGK. Chemotherapy. In: A 
Textbook of Clinical Pharmacology. 4th ed. London, UK: 
Hodder Headline Group; 2000. pp. 555–558.

65.  Elewa FH, Gabry MS, Ibrahim MA. Ultrastructural changes 
produced by diclofenac sodium in the liver and duodenal 
epithelial cell of the guinea pig. Egypt J Zool 1999; 33: 133–165.

66.  Awasthi M, Shah P, Dubale M, Gadhia P. Metabolic changes 
induced by organophosphates in the piscine organs. Environ 
Res 1984; 35: 320–325.

67.  Youssef EA. Expression of PCNA and P16 in rat kidney 
intoxicated with INK4a CCl4 and the antagonistic effect of 
silymarin. Global Journal of Pharmacology 2014; 8: 347–368.

68.  Jahovic N, Şener GK, Çevik H, Ersoy Y, Arbak S, Yeğen B. 
Amelioration of methotrexate-induced enteritis by melatonin 
in rats. Cell Biochem Funct 2004; 22: 169–178.

http://dx.doi.org/10.1002/ptr.1896
http://dx.doi.org/10.1002/ptr.1896
http://dx.doi.org/10.1002/ptr.1896
http://dx.doi.org/10.1002/ptr.1281
http://dx.doi.org/10.1002/ptr.1281
http://dx.doi.org/10.1002/1098-1128(200103)21:2&lt;105::AID-MED1002&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/1098-1128(200103)21:2&lt;105::AID-MED1002&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/1098-1128(200103)21:2&lt;105::AID-MED1002&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/1098-1128(200103)21:2&lt;105::AID-MED1002&gt;3.0.CO;2-U
http://dx.doi.org/10.1007/s11010-005-5875-x
http://dx.doi.org/10.1007/s11010-005-5875-x
http://dx.doi.org/10.1007/s11010-005-5875-x
http://dx.doi.org/10.1007/s11010-005-5875-x
http://dx.doi.org/10.1016/S0009-9120(02)00452-6
http://dx.doi.org/10.1016/S0009-9120(02)00452-6
http://dx.doi.org/10.1016/S0009-9120(02)00452-6
http://dx.doi.org/10.1016/S0009-9120(02)00452-6
http://dx.doi.org/10.1016/S0300-483X(03)00258-0
http://dx.doi.org/10.1016/S0300-483X(03)00258-0
http://dx.doi.org/10.1016/S0300-483X(03)00258-0
http://dx.doi.org/10.1016/S0300-483X(03)00258-0
http://dx.doi.org/10.1016/S0300-483X(03)00258-0
http://dx.doi.org/10.1016/j.niox.2010.12.001
http://dx.doi.org/10.1016/j.niox.2010.12.001
http://dx.doi.org/10.1016/j.niox.2010.12.001
http://dx.doi.org/10.1016/j.niox.2010.12.001
http://dx.doi.org/10.1016/j.niox.2010.12.001
http://dx.doi.org/10.1002/(SICI)1098-1128(199601)16:1&lt;111::AID-MED4&gt;3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1098-1128(199601)16:1&lt;111::AID-MED4&gt;3.0.CO;2-5
http://dx.doi.org/10.1016/j.foodchem.2008.04.071
http://dx.doi.org/10.1016/j.foodchem.2008.04.071
http://dx.doi.org/10.1016/j.foodchem.2008.04.071
http://dx.doi.org/10.1080/19315260.2012.737895
http://dx.doi.org/10.1080/19315260.2012.737895
http://dx.doi.org/10.1080/19315260.2012.737895
http://dx.doi.org/10.1080/19315260.2012.737895
http://dx.doi.org/10.1016/S0021-9150(98)00094-X
http://dx.doi.org/10.1016/S0021-9150(98)00094-X
http://dx.doi.org/10.1016/S0021-9150(98)00094-X
http://dx.doi.org/10.4176/070130
http://dx.doi.org/10.4176/070130
http://dx.doi.org/10.4176/070130
http://dx.doi.org/10.1002/pbc.20471
http://dx.doi.org/10.1002/pbc.20471
http://dx.doi.org/10.1002/pbc.20471
http://dx.doi.org/10.1016/0013-9351(84)90138-5
http://dx.doi.org/10.1016/0013-9351(84)90138-5
http://dx.doi.org/10.1016/0013-9351(84)90138-5
http://dx.doi.org/10.1002/cbf.1071
http://dx.doi.org/10.1002/cbf.1071
http://dx.doi.org/10.1002/cbf.1071

