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Introduction

Acrylamide is an important chemical which is
extensively used in many industries and also in labo-
ratories(1). Evidences have indicated that exposure to
acrylamide may cause hazardous effects in various
tissues and systems due to its strong electrophilic
nature in a dose- and tissue-specific manner and also
its major metabolite glycidamide is directly involved
in mutagenic and carcinogenic effects of acry-
lamide(2-4). Besides these, during metabolization via
CYP2E1, reactive oxygen species (ROS) are gener-
ated(5,6). The International Agency for Research on
Cancer(7) has classified the compound as a “probable
human carcinogen (class 2A)”. Hence, the sponta-
neous formation of acrylamide in carbohydrate rich
foods, depending on the preparation conditions, has
led to its description also as a food toxicant(8). 

Nitric oxide (NO) is a chemical mediator,
involved in the maintenance of physiological home-
ostasis due to its regulatory and protective functions.
Besides its known antioxidant property, NO which is
produced by inducible nitric oxide synthase (iNOS)
can be cytotoxic especially at higher local concentra-
tions. Also, it can react with ROS or oxygen yielding
reactive nitrogen species, which cause damage on
biological molecules such as enzymes, lipids and
DNA by oxidation, nitrosation, and nitration. NOS
activity is controlled by a number of molecules
including tetrahydrobiopterin, arginine and glu-
tathione(9,10). Recent studies have indicated that NO is
also produced by NOS-independent sources, reduc-
tion of nitrite by alternative ways, which is regulated
by pH, partial pressure of O2, nitrite and reducing
substrate concentrations(11). 
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ABSTRACT

Aim: To evaluate the effects of acrylamide treatment on the activities of rat liver, kidney arginase activities and nitric oxide lev-
els considering the possible induction of oxidative stress.

Materials and methods: Serum aminotransferase activities, blood-urea nitrogen (BUN) and creatinine concentrations and tis-
sue malondialdehyde (MDA), reduced glutathione (GSH), total nitrite concentrations and arginase activities were evaluated in
groups. Histopathological analysis was performed.

Results: Acrylamide treatment did not modulate liver and kidney serum markers. Hepatic MDA, GSH concentrations did not
change whereas they were elevated in kidney tissues of high dose treated group (p<0.05). Arginase activity in gram  liver tissue
decreased (p<0.0001), but specific activity did not alter. Total nitrite concentrations increased in high dose treated group (p<0.05).
In kidney, high dose of acrylamide treatment elevated activity and specific activity of arginase (p<0.05). No alteration was detected
in total nitrite levels. Ultrastructural alterations were detected in epithelial cells of proximal tubules in kidney sections of the rats
treated with high dose of acrylamide.

Conclusion: Liver seems to protect itself against acrylamide toxicity whereas, kidney can be considered as a probable target
tissue for acrylamide-induced oxidative stress.
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Arginase (E.C.3.5.3.1) is a hydrolytic metal-
loenzyme that catalyzes the conversion of arginine to
ornithine and urea. Hepatic arginase (Type I) is a
cytosolic enzyme which plays an essential role in
ammonia detoxification as a member of urea cycle.
On the other hand, extrahepatic arginase (Type II) is
localized in mitochondria. The physiological role of
arginase II is associated with the production of
ornithine for the synthesis of polyamines, glutamate
and proline. In the case of incomplete urea cycle,
both isozymes of arginase may also modulate the
levels of L-arginine. There is currently increasing
interest in the role of arginase in the regulation of
NO production since, L-arginine is a substrate of
both enzymes NOS and arginase(12,13). Besides its pos-
sible regulatory function on NO production arginase
may control also polyamine metabolism. Therefore,
the alteration of arginase activity may play a crucial
role by contributing to the metabolisms of NO and
polyamines.     

Experiments have revealed that arginase activi-
ty can be modulated in various physiological and
pathological situations such as aging, ischemia-
reperfusion injuries, inflammation-mediated disor-
ders and certain cancers in which oxidative stress is
one of the proposed mechanisms accompanying
these pathophysiological conditions(14-19). 
The present study was conducted to evaluate the
effects of acrylamide treatment on the activities of
arginase and NO levels in rat liver and kidney con-
sidering the possible existence of oxidative stress.
Our presented data will be the first dealing with this
concept.

Materials and methods

Chemicals
All chemicals and biochemicals were obtained

from either Sigma (MO, USA) or Merck (Darmstadt,
Germany). Nitric oxide colorimetric assay kit was
purchased from Roche Diagnostic (Mannheim,
Germany). Ultrafilter, Centrisart Cut-Off 10000 was
from Sartorius (Goettingen, Germany).

Animals and treatments
Eighteen-month-old male Wistar albino rats

weighing 220-290 g were obtained and housed in
Başkent University Medical and Surgical
Experimental Research Center (temperature 20 ±
2oC, humidity 50 ± 10% and 12h light:12h dark
cycle). Rats were supplied with standard laboratory
diet and tab water ad libitum. All experimental pro-

cedures involving animals were approved by
Başkent University Institutional Review Board and
Ethics Committee, Ankara, Turkey.  

Rats were assigned to three groups, six rats in
each group, as saline treated group (CONT), low-
dose 5mg/kg acrylamide treated group (GRP I) and
high dose 50 mg/kg acrylamide treated group (GRP
II). LD50 value of acrylamide was reported as 100-
150 mg/kg for rats(20).

All treatments were done intraperitoneally for
five days. After 48 h of last intraperitoneal (i.p) treat-
ment, rats were anesthetized (i.p.; ketamine 50
mg/kg and xylazine 10 mg/kg). Blood was immedi-
ately collected by intracardiac puncture and all the
animals were sacrificed. After excision of liver and
kidneys, wet weights of the organs were recorded.
Liver left lobe and left kidney sections were aliquot-
ed for histopathological examination and remaining
tissues and serum samples were kept at -86°C for
biochemical analysis. All biochemical studies were
performed in duplicate.

Analysis of serum biochemical parameters
Serum aspartate aminotransferase (AST), ala-

nine aminotransferase (ALT) activities and blood-
urea nitrogen (BUN), creatinine concentrations were
determined by Roche Hitachi modular system
(Mannheim, Germany) using Roche Diagnostic
reagents.

Determination of tissue malondialdehyde and
reduced glutathione concentrations

For the determination of liver and kidney mal-
ondialdehyde (MDA) and  glutathione (GSH) con-
centrations, tissue homogenates were prepared in
ice-cold 0.15 M KCl (10%, w/v) using all-glass
homogenizer.

MDA, as a marker of lipid peroxidation, was
determined according to the thiobarbituric acid reac-
tion described by Buege Aust(21). One volume of sam-
ple was combined with two volumes of the stock
reagent containing 15% trichloroacetic acid, 0.375%
thiobarbituric acid and 0.25 M HCl. The mixture was
kept in a boiling water bath for 15 min and after
cooling, centrifuged at 1000 g for 10 min. The
absorbances were measured at 535 nm against a
reagent blank (Shimadzu-1601, Japan). Quantitations
were obtained by using molar extinction coefficient
of 1.56 × 105 M-1cm-1. The results were expressed
as nmoleMDA/g tissue.

GSH levels were assayed in tissue homogenates
according to the method of Ellman(22). After depro-
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teinization of the samples, Ellman color reagent was
added onto the supernatant and the absorbance of the
generated color complex was detected immediately
at 412 nm against a reagent blank. Concentrations
were calculated by using GSH calibration curve and
results were expressed as µmole GSH/g tissue.

Determination of tissue arginase activity
Tissue samples were homogenized in ice cold

20 mM Tris-HCl buffer, pH 7.68, containing 1%
Triton X-100, 0.1 mM PMSF, 0.2 mM leupeptin
using all-glass homogenizer. After centrifugation at
15 000 g for 10 min, supernatants were used as
enzyme sources. Activity was determined by the
method of Geyer and Dabich(23) which is based on the
colorimetric estimation of urea formed. Assays were
carried out at 37°C in 70 mM Tris HCl/0.5 mM
MnCl2, pH 8.5 containing 25 mM arginine with 0.1
ml and 0.2 ml of Mn2+ enriched enzyme source of
liver and kidney respectively. After color develop-
ment, absorbance was measured at 520 nm against
sample blank. Quantitation was performed using
urea calibration curve. Activity was expressed as
µmole urea/min/g tissue (U/g). Protein concentra-
tions were determined according to the method of
Bradford(24) and specific activity was described as
U/mg protein.

Determination of tissue NO levels
Liver and kidney NO levels were evaluated

indirectly by determination of NO3-/NO2-, concen-
trations, metabolic products of NO. Tissues were
homogenized in 20 mM Tris-HCl, pH 7.5, containing
2 mM EDTA using all-glass homogenizer. After cen-
trifugation of homogenates at 2000 x g for 10 min,
concentrations of NO3-/NO2- were determined using
Nitric Oxide Colorimetric Assay Kit (Roche
Diagnostic, Mannheim, Germany) according to the
protocol supplied by the manufacturer. The
absorbance was measured at 550 nm using
microplate reader (Bio-Tek , Winooski-USA).
Quantitation was carried out by standard curve and
total NO2- concentrations were expressed as
nmole/g tissue.

Histopathological Examination
All tissues were fixed in 0.1 M phosphate

buffer, pH 7.4, containing 2.5% gluteraldehyde for  2
h. Samples were then post-fixed in 1% osmium
tetraoxide for 1h and dehydrated in a series of graded
alcohols. Propylene oxide treated specimens were
embedded in Araldyte CY 212, according to the pro-

tocol supplied by the manufacturer. Semihtin sec-
tions, stained with toluidin blue, analyzed under light
microscope. Uranyl acetate-lead citrate stained ultra-
thin sections were prepared and transmission elec-
tron microscopy (EM) was performed on a LEO
906E electron microscope (Leo Company,
Germany). 

Statistical analysis
Data were analyzed with SPSS, Version 11.5

Software. Univariate analysis of variance coupled
with Tukey’s post-hoc test was performed for para-
metric data analysis. Non-parametric data was evalu-
ated with Kruskal-Wallis and Bonferroni-Dunn test.
Data were expressed as mean ± SEM and/or median
(minimum-maximum) for parametric and non-para-
metric data respectively. p-values less than 0.05 was
considered as statistically significant. 

Results

Effect of acrylamide treatment on body weight
gain, tissue wet weights and the ratios of tissue to
body weight

Acrylamide treatment caused a decrease in
body weight gain in a dose-related manner. As seen
in Table 1, in high dose treated group, i.e. 50 mg/kg,
body weight gain reduced significantly comparing to
control and group I (p<0.05). Tissue wet weights and
the ratio of liver wet weight to body weight did not
alter by acrylamide treatment. On the other hand, the
ratio of kidney wet weight to body weight was
affected by acrylamide treatment again in a dose-
related manner. High dose acrylamide treatment, 50
mg/kg, significantly increased the ratio compared to
control and group I (p<0.05).  

Effect of acrylamide treatment on arginase activities and nitric oxide levels in rat liver and kidney 377

CONT GRP I GRP II 

Body weight gain (g) 4.5; (3-6) 6.0;((-8),(14)) -22.0*;((-34),(-16))

Liver weight (LW, g)    7.7 ± 0.57   7.8 ± 0.29 7.8 ± 0.24

Kidney weight (KW, g)  1.9 ± 0.70 1.8 ± 0.54 1.9 ± 0.56

LW/Body weight 30.3 ± 1.11 30.6 ± 1.96 31.4 ± 2.38

KW/Body weight                                     7.3 ± 0.48 7.1 ± 0.19 8.2 ± 0.29* 

Table 1: Effect of acrylamide treatment on body weight
gain, tissue wet weight and the ratio of tissue to body
weight. Intraperitoneally five doses of saline (CONT), 5
mg/kg acrylamide (GRP I) and 50 mg/kg acrylamide
(GRP II) injected groups. Treatment details are as under
Materials and methods section. The sample size of each
group is 6. Values represent median; (min-max) or mean
± SEM.
*p< 0.05, GRP II vs GRP I and CONT 



Serum biochemical parameters
The effects of acrylamide treatment on serum

biochemical parameters were given in Table 2.
Intraperitoneal administrations of acrylamide did not
significantly alter the serum AST, ALT activities and
BUN and creatinine concentrations.

Tissue malondialdehyde and reduced glu-
tathione levels

Tissue MDA concentrations were determined in
all groups as a lipid peroxidation index. Acrylamide
administration did not significantly alter liver MDA
concentrations whereas, kidney MDA concentrations
increased in a dose-related manner. As shown in
Figure 1, kidney MDA concentration significantly
increased when compared to both control and low
dose treated groups, GRP II, (p<0.05).

Tissue GSH concentrations were investigated
as one of the parameter of redox status.
Administration of applied doses of acrylamide did
not alter hepatic GSH concentrations whereas; renal
GSH concentrations were increased in a dose-related
manner. Comparing to control and 5mg/kg acry-
lamide treated groups, high dose of acrylamide treat-
ed ones showed a significant increase in renal GSH
level (p<0.0001, Figure 2). 

Tissue arginase activity and NO concentration
As shown in Table 3, acrylamide treatment

caused a decrease in liver arginase activity in both
applied doses comparing to control (p<0.0001).
However, no significant alterations were detected
between all groups in term of the specific activity. 

In kidney tissues, the effect of acrylamide on
arginase activities was dose-related. Arginase activity
and specific activity elevated significantly in high
dose acrylamide treated group comparing to control
and GRP I (p<0.05, Table 3).

The effects of acrylamide on tissue NO levels (in
terms of total nitrite concentrations) were given in
Table 3. Treatment caused an increase in hepatic total
nitrite concentration in a dose-related manner. In high
dose treated group, hepatic total nitrite level was ele-
vated significantly (p<0.05). Whereas, no significant
alteration was observed in kidney concentrations.
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CONT GRP I GRP II 

AST(U/L) 71.8 ± 6.06 77.0 ±7.43 105.0 ±13.47

ALT (U/L) 44.7 ± 4.39 40.3 ± 3.37 42.8 ± 4.22

BUN (mg/dL) 21.0 ± 0.71 17.2 ± 1.22 17.8 ± 1.07

Creatinine (mg/dL) 0.3 ± 0.02 0.2 ± 0.02 0.2 ± 0.03

Table 2: Effect of acrylamide treatment on serum bio-
chemical parameters. Treatments are described in Table
1. Values are mean± SEM. The sample size of each
group is 6. 

Fig. 1: Tissue MDA concentrations. Treatments are
described in Table 1. Values are mean ± SEM. The sam-
ple size of each group is 6. 
*p<0.05; GRP II vs GRP I and CONT 

Fig. 2: Tissue GSH concentrations. Treatments are
described in Table 1. Values are mean ± SEM. The sam-
ple size of each group is 6.
***p<0.0001; GRP II vs GRP I and CONT 

CONT GRP I GRP II 

LIVER

Arginase

Activity (U/g) 830.8 ± 10.01 720.5*** ± 19.10 693.4*** ± 12.47

Specific activity (U/mg) 3.6 ± 0.21 3.7 ± 0.16 4.1 ± 0.17

Total nitrite (nmole/g) 3.81 ± 0.219 3.68 ± 0.368 5.35* ± 0.586

KIDNEY

Arginase

Activity (U/g) 24.5 ± 1.61 26.9 ± 1.31 35.1* ± 2.47

Specific activity (U/mg) 0.14 ± 0.01 0.17 ± 0.02 0.26* ± 0.02

Total nitrite (nmole/g) 8.56 ± 0.503 10.25 ± 0.397 9.18 ± 0.466

Table 3: Tissue arginase activities and total nitrite con-
centrations. Treatments are described in Table 1.  Values
are mean ± SEM. The sample size of each group is 6.
*p<0.05, GRP II vs GRP I and CONT; ***p<0.0001, GRP II
and GRP I vs CONT



Histopathological observations
Comparative histopathological analysis of both

tissue samples from each group was performed, by
EM studies, to evaluate the effect of acrylamide
treatment. Data indicated that the ultrastructural
alterations were predominantly generated in GRP II,
high dose of acrylamide treated group. No ultrastruc-
tural changes were detected in samples of the 5
mg/kg treated group.

In liver sections, no significant changes were
detected in both acrylamide treated groups compar-
ing to control. On the other hand, ultrastructural
alterations were detected in epithelial cells of proxi-
mal tubules in kidney sections of the rats treated with
50 mg/kg acrylamide. Enhanced vacuolization and
widely distributed peroxisomes were detected in the
cytoplasm of epithelial cells (Figure 3A).
Degenerating cells with electron dense cytoplasm
and swollen mitochondria were also present (Figure
3B). 

Discussion

In our experimental model, acrylamide treat-
ment caused an oxidative stress in a tissue- and dose-
related manner. Serum hepatic and renal markers
were not significantly modulated by applied doses of

acrylamide. On the other hand, some ultrastructural
changes developed in a tissue and dose specific man-
ner. Tissue related alterations were predominantly
detected in rats treated with high dose of acrylamide,
i.e. 50 mg/kg.

In present study, body weight gains were
decreased in a dose-related manner. Body weight
gain of rats treated with high dose of acrylamide,
i.e.50mg/kg, was significantly reduced comparing to
control and low dose, i.e.5mg/kg, acrylamide treated
groups. Experiments have revealed that adverse
effect of acrylamide treatment on body weight gain
may raise due to the pathological changes of central
and peripheral nerves including neurotransmitter
metabolism and NO signaling pathway(2,5). Our data
revealed the acceptance of the validity of acrylamide
toxicity in our experimental model.

In our model, acrylamide treatment did not
modulate serum hepatic markers and  liver MDA
levels. Molecular mechanism of liver regeneration
has been investigated by several laboratories.
Experiments have indicated that liver regeneration
can be induced by any acute treatment, either surgi-
cal or chemical and the regeneration time of hepato-
cytes is reported as 24-48 h(25-27). In our experimental
model, sacrification was carried on 48 hours after the
last acrylamide treatment and data indicated that this
period was enough for liver to regenerate itself. Also
in the liver, GSH concentrations were not modulated
by the treatment indicating the efficiency of hepatic
defense system against oxidative stress. Also, no
ultrastructural alterations were present in the liver.

Contrarily, our data revealed that kidney was
more sensitive to acrylamide induced possible toxici-
ty. MDA levels and GSH concentrations  were
increased in high dose (50mg/kg) treated group  pre-
senting the existence of oxidative stress. Although
increase in GSH level may be accepted as a cellular
response against oxidative stress, significant eleva-
tion of kidney GSH level did not overcome the lipid
peroxidation in this group. Therefore, it seems that
GSH is not directly capable of protecting tissue
against acrylamide-induced oxidative stress in our
model. Also, high dose of acrylamide-induced ultra-
structural modulations were especially detected in
epithelial cells of proximal tubules in kidney. Widely
distributed vacuolization and peroxisomes in the
cytoplasm of epithelial cells of tubules were detected
as a response of cells to the treatment. Degenerating
cells with electron dense cytoplasm and swollen
mitochondria were also present. In sight of these
findings, we may propose that proximal tubules are
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Fig. 3: Transmission electron microscopic examination
of kidney tissue of rats treated with sublethal high dose
of acrylamide. (A) Section of kidney tissue (x2156). In
epithelial cells of proximal tubules, vacuolization (arrow
heads) and widely distributed peroxisomes (arrows) were
detected. (B) Degenerated cells with electron dense cyto-
plasm (*) and swollen mitochondria (M) were also
observed in these tubule epithelial cells (x2156).
Treatment and details of microscopic analysis are descri-
bed in Materials and methods section.



on the way of development of an early tissue damage
without affecting serum renal markers in the means
of organ functions. 

The importance of NO levels and arginase
activities in hepatic and renal failure/damage has
been investigated by several laboratories in different
pathological conditions. Several reports have sug-
gested that contribution of NO to hepatic injury is
very critical at the initiation step and also it can be
contributed to the progression and determination of
severity of hepatic damage(9,28, 29). However, NO
seems to play a protective role in the pathogenesis of
renal failure(30,31). On the other hand, in the case of
presence of oxidative stress, overproduction of NO,
by iNOS and maybe eNOS, may contribute to the
pathogenesis of renal damage(32). This controversy
results may arise due to different stages of the patho-
logical conditions and various factors affecting cellu-
lar activity of NO(9,28,33,34).
In present study, we have found that the NO levels,
in terms of total NO2 - concentration, altered in a
dose-related manner in the liver tissue. High dose of
acrylamide treatment enhanced NO generation, in
terms of total NO2- , significantly comparing to low
dose treated and control groups. The significant ele-
vation of hepatic total NO2 - concentration may be
accepted as a response against treatment in the liver.
While in kidney tissue, our results have revealed that
NO levels, in terms of total NO2 - concentration, did
not alter in both applied doses of acrylamide. Hence,
NO may show as either cytoprotective or cytotoxic
behaviors, acrylamide-induced NO production in the
liver should further be evaluated to clarify its exact
role. As reported previously, elevated NO level has
the ability to induce ɣ-glutamyl cycle(35), apparent
GSH concentrations in liver may include the product
of this cycle. In our experimental model, - the levels
of total NO2 - did not reduce in both tissues, this situ-
ation may be considered as a clue for the availability
of arginine. 

Experiments have revealed that under patholog-
ical conditions the isozyme of arginase other than the
predominant one is induced(36,37). Induction of
arginase, either I or II plays a crucial role in possible
downregulation of NO production by consuming
arginine besides providing ornithine for the biosyn-
thesis of polyamines, glutamate and proline.  

In the present study, acrylamide treatment
altered arginase activity and specific activity in a tis-
sue-dependent manner.  Our data have revealed that
liver arginase activity decreased in both applied
doses of acrylamide. 

The reduction of liver arginase activity in gram
tissue may indicate decreased concentration of
enzyme and/or possible acrylamide-induced
reversible/irreversible inhibition. No alterations in
specific activity may reveal either acrylamide-
induced modulation of turnover rate of the enzyme
or the possible induction of expression of arginase II.
On the other hand, acrylamide treatment altered renal
arginase activity and specific activity in a dose-relat-
ed manner. In rats treated with high dose of acry-
lamide, elevations of kidney arginase activity and
specific activity may reflect the induction of Type II
arginase activity/expression and/or expression of
Type I arginase. 

Similar situations were reported in several liver
and kidney pathologies in which modulation of
arginase activity contributed to tissue damage(36-38). 

Arginase and NOS may behave in reciprocal
manner in terms of induction of synthesis and the
regulation of activities. In our experimental model,
there was no significant difference between two
applied doses of acrylamide on arginase activities in
gram hepatic tissue. However, total nitrite level
increased only in the high dose of acrylamide treated
group comparing to other groups. Therefore, we may
conclude about the fact that there is no clear evi-
dence regarding the reciprocal regulation of arginase
and NOS activities in the liver. In kidney, renal
arginase activity and specific activity increased sig-
nificantly in high dose acrylamide applied group
whereas, in the same group NOS activity, in terms of
total NO2 -, did not change. So, there was again no
apparent reciprocal regulation between these two
renal enzymes in our experimental model. Since our
data indicate that there is no substrate restriction in
liver and kidney tissues, acrylamide-induced eleva-
tion of arginase activity in kidney tissue may supply
ornithine for polyamine biosynthesis and also for the
synthesis of glutamate and proline.

Conclusion

Our data indicated that high dose of acrylamide
treatment caused an increase in total nitrite concen-
trations in the liver. Non-altered specific activity of
arginase did not prevent the elevation of NO produc-
tion in the livers of rats treated with high dose of
acrylamide. Dose-independent modulation of hepatic
arginase activity revealed that arginase was the pri-
marily target enzyme in acrylamide-induced toxicity
which was not directly related with NO levels. On
the other hand, oxidative stress, in terms of lipid per-
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oxidation, occurred in kidney tissues of rats treated
with high dose of acrylamide.  Acrylamide-induced
oxidative stress resulted elevation of arginase activity
and specific activity accompanied with non-altered
NO production.

Acrylamide-induced toxicity may reveal cumu-
lative or subcumulative effects in target tissues(4,39).
This effect will depend on the dose of acrylamide
exposure and the response of tissue against acry-
lamide-induced toxicity which includes tissue com-
pensation and/or repairing capacity and also exis-
tence of  earlier damage of target tissue. Since, the
modulation of interested enzyme activities either
directly or indirectly affects the NO and polyamine
metabolisms, also glutamate and proline availability,
prolonged exposure by diet may create a potential
risk for a series of crucial damage especially in kid-
neys whereas liver may overcome the possible acry-
lamide-induced damage. Besides, further evaluation
including time course exposure studies should be
performed to clarify this organ specific situation.
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