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Abstract

Introduction: Acetaminophen (APAP) is an analgesic and antipyretic agent. In overdoses, it is associated with nephro-
toxicity. We examined the potential protective effects of N-acetylcysteine (NAC) and NAC + ozone therapy (OT)
combination against APAP-induced nephrotoxicity. Materials and methods: Thirty-two male Sprague-Dawley rats were
divided into four groups: sham, control (APAP), NAC, and NAC + OT. In the APAP, NAC, and NAC + OT groups, kidney
injury was induced by oral administration of 1 g/kg APAP. The NAC group received NAC (100 mg/kg/day). NAC + OT
group received NAC (100 mg/kg/day) and ozone/oxygen mixture (0.7 mg/kg/day) intraperitoneally for 5 days immediately
after APAP administration. All animals were killed at 5 days after APAP administration. Renal tissues and blood samples
were obtained for biochemical and histopathological analyses. Neopterin, tumor necrosis factor-o (TNF-¢), interleukin (IL)-
6 and IL-10 levels were measured in sera. Malondialdehyde (MDA) levels and glutathione peroxidase (GPx) activities were
determined in renal homogenates. Results: NAC and NAC + OT significantly decreased MDA and TNF-« levels and
increased IL-10 levels and GPx activities. Serum neopterin and IL-6 levels were not different among all groups. APAP
administration caused tubular necrosis in the kidney. The degrees of renal necrosis of the APAP group were higher than
the other groups. Renal injury in rats treated with combination of NAC and OT were found to be significantly less than the
other groups. Conclusions: Our results showed that NAC and OT prevented renal injury in rats and reduced inflammation.
These findings suggest that combination of NAC and OT might improve renal damages because of both oxidative stress
and inflammation.

Keywords: acetaminophen, nephrotoxicity, N-acetylcysteine, ozone therapy

INTRODUCTION accumulation of NAPQI1 and critical depletion of
GSH.? The mechanism of APAP-induced nephrotoxi-
city is not entirely known. It is thought to be due to
oxidative stress with a critical depletion of GSH and
renal inflammation.*

Neopterin, a guanosine triphosphate metabolite, is
produced and releases macrophages and monocytes in

APAP i bolized h ve derivative N response to stimulation by interferon-y and other cyto-
15 metabolized to the reactve dervative [N~ kines.> ® In addition, neopterin is known as an indicator

acetyl-p-benzquinamide (NAPQI) by cytochrome P450 for severity of some diseases.>

enzyme."? At therapeutic doses, this metabolite is effi- N-Acetylcysteine (NAC) is widely used in both chil-
ciently detoxified by being conjugated with glutathione dren and adults for treatment of acetaminophen over-

(GSH). At overdoses, however, APAP leads to dose. NAC serves as a GSH precursor, increasing its

The analgesic and antipyretic agent acetaminophen (N-
acetyl-p-aminophenol, APAP) is widely used in adults
and children. It has a safety profile when administered in
therapeutic doses.! Although highly effective, it is asso-
ciated with hepatotoxicity and nephrotoxicity in both
humans and animals if taken in overdose.!
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synthesis and refilling its pools.” Its characteristics sug-
gest that NAC is a potentially effective candidate for
renal protection against APAP-induced toxicity.
Although NAC protects against APAP hepatotoxicity, it
is unable to protect against APAP nephrotoxicity.'®
Kidneys cannot synthesize GSH and have to take from
circulation their need, while liver can synthesize GSH
from NAC.!! On the other hand, it has also been shown
to have a protective effect on the kidney in experimental
studies.’

Administration of a gas mixture comprising ozone/
oxygen (05/0,) is known as ozone therapy (OT).'? O/
O, mixture has various effects on the immune system and
antioxidant features.’!> It was previously reported that
OT increased antioxidant enzyme activities such as glu-
tathione peroxidase (GPx), superoxide dismutase
(SOD), and catalase (CAT).'* It was also demonstrated
that OT altered levels of inflammatory cytokines such as
tumor necrosis factor-a (TNF-¢) '° and interferon-y.'°

It is important to improve new treatment approaches
against APAP-induced nephrotoxicity. In this study,
we examined the potential protective effects of NAC
and NAC + OT combination against APAP-induced
nephrotoxicity.

MATERIAL AND METHODS

Animals and Study Groups

All procedures involving the use of laboratory animals
were reviewed and approved by the Animal Ethics
Committee of Gulhane Military Medical Academy.
Thirty-two male Sprague—Dawley rats (230-250 g) were
obtained from Kobay Deney Hayvanlari Laboratuvari
A.S. Yenimahalle, Ankara, Turkey. The animals were
housed in a controlled environment with room tempera-
ture and a 12-h light—dark cycle. Animals were fed with
standard rat chow and fresh water ad libitum for a week
before experiments. Rats were randomly divided into
four groups containing eight animals each: sham, control
(APAP treated only), APAP + NAC therapy (NAC), and
ozone + N-acetylcysteine (APAP + OT 4+ NACQC)
(NAC + OT) groups.

Induction of Acetaminophen Toxicity

APAP (1.0 g/kg body weight) (Ordu Ilac Fabrikasi,
Ankara, Turkey) was suspended in hot distilled water
(3 mL, at 50°C). A suspension of APAP was adminis-
tered (at 25°C) to rats in control, NAC, NAC + OT
groups at a single dose of APAP by gastric tube. Rats in
the sham group received only distilled water (at 25°C) by
gastric tube.

Treatments

Immediately after the administration of single-dose
APAP, the rats in the NAC + OT group were admini-
strated O3/O, mixture at a dose of 0.7 mg/kg (once daily)
intraperitoneally for 5 days. O3 was generated by the

© 2013 Informa Healthcare USA, Inc.
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ozone generator (OZONOSAN Photonik 1014,
Hansler GmbH, Nordring 8, Iffezheim, Germany),
allowing control of the gas flow rate and O3 concentra-
tion in real time by a built-in UV spectrometer. The O3
flow rate was kept constant at 3 L/min, representing
concentration of 60 mg/mL and gas mixture of 97%
O, + 3% Os. Tygon polymer tubes and single-use
silicon-treated polypropylene syringes (ozone resistant)
were used throughout the reaction to ensure contain-
ment of O3 and consistency of concentrations.

Immediately after the administration of single-dose
APAP, the rats in the NAC and NAC + OT groups
were administrated NAC at a dose of 100 mg/kg (once
daily) intraperitoneally for 5 days.

Sample Preparation

On day 6, after APAP treatment, all animals were killed
under light diethyl ether anesthesia. Blood samples were
collected via cardiac puncture for the measurement of
biochemical parameters before the animals were killed.
Both kidneys were harvested and cleaned. For histologi-
cal studies, renal tissue samples were stored in 10% for-
malin solution. The remaining renal tissues were
immediately frozen in liquid nitrogen and stored in a
deep freezer at —80°C until further analysis. The frozen
tissues were homogenized in phosphate buffer (pH 7.4)
by means of homogenization (Heidolph Diax 900,
Heidolph Elektro GmbH, Kelhaim, Germany) on an
ice cube. The supernatant was used for the entire assays.
The protein content of renal homogenates was measured
by the method of Lowry et al. using bovine serum albu-
min as the standard.'”

Biochemical Analysis

Serum urea and creatinine levels were measured with a
spectrophotometric technique by the Olympus AU-2700
autoanalyzer using commercial kits (Olympus,
Hamburg, Germany) and presented as milligram per
deciliter (mg/dL).

The serum TNF-a, interleukin (IL)-6 and IL-10 levels
were measured by enzyme-linked immunosorbent assay
kits (Bender MedSystems GmbH, Vienna, Austria).

GPx activity was measured using the method
described by Paglia and Valentine.'® GPx activity was
coupled with the oxidation of NADPH by GSH reduc-
tase. The oxidation of NADPH was spectrophotometri-
cally followed at 340 nm and 37°C, and the absorbance
was recorded for 5 min. The activity was the slope of the
lines as mmol of NADPH oxidized per minute. GPx
activity was presented as U/g protein.

Malondialdehyde (MDA) was determined based on
the production of thiobarbituric acid reactive substances
in the supernatant by the method described by Al-
Fawaeir et al.'® After the reaction of MDA with thiobar-
bituric acid, the reaction product was followed spectro-
photometrically at 532 nm, using tetrametoxypropane as
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a standard. The results were expressed as nmol/mg
protein.

Serum neopterin levels were measured with a high
performance liquid chromatography device (Agilent
Technologies 1200 Series System, Santa Clara, CA,
USA), using the method defined by Agilli et al.?° In
brief, to 0.1 mL serum, 0.1 mL 100% acetonitrile was
added and vortexed. The precipitated protein was
removed by centrifugation at 4°C and 10,000¢ for
10 min. Hundred microliter of the supernatant was fil-
tered through a 0.2 pm filter and then injected into the
chromatographic system. Separation of neopterin was
achieved with a 150 x 4.6 mm I.D. Hichrom ODS-3,
C18 RP column with a particle size of 5 um (Hichrom
Limited, Berks, UK) fitted with a Phenomenex C18,
5 um guard column (Phenomenex, Cheshire, UK)
using water/acetonitrile (99/1, v/v) as mobile phase (iso-
cratic elution) at a flow rate of 1.0 mL/min. The areas of
peaks detected by fluorescent detector (Ex: 353 nm; Em:
438 nm) were used for quantification. Serum neopterin
levels were expressed as nmol/L.

Histological Analysis

Examination of kidney histology was performed accord-
ing to routine histology techniques. This processing con-
sisted of specimens’ fixation in 4% buffered neutral
formalin solution for 24 h, embedding in paraffin wax,
slicing cut sections at 4-5 um of thickness, and staining
them with hematoxylin and eosin (H&E).
Histopathological examination was blindly evaluated by
a nephropathologist. All sections of kidney samples were
examined for characteristic histological changes includ-
ing glomerular, tubular, interstitial, and wvascular
alterations.

Statistical Analysis

All the statistical analyses were performed by using SPSS
15.0 software (SPSS Inc., Chicago, IL, USA).
Distributions were evaluated by using one-sample
Kolmogorov—-Smirnov test to determine whether the
continuous variables are normally distributed or not.
Then, we used Kruskal-Wallis test for the variables that
are not normally distributed. For the pairwise compar-
isons, we used Bonferroni-corrected Mann—Whitney U-
test with respect to distribution. y>-Test was used for
comparing the grades of tubular injury. The results
were expressed as median (min—-max). A p-value <0.05
was considered statistically significant for overall com-
parisons and p < 0.0083 for Bonferroni-corrected pair-
wise comparisons.

RESULTS

No deaths were observed in any groups of rats. All
laboratory parameters that belong to all experimental
groups are shown in Table 1. After treatment with
APAP, serum creatinine levels were not different

among all groups (p = 0.779). Also, there was no statis-
tically significant difference among all groups in serum
urea levels (p = 0.647). There was no difference among
all groups in terms of serum neopterin and IL-6 levels
(p = 0.451 and p = 0.747, respectively).

The concentrations of serum TNF-a in the sham
group [88 (84-99) pg/ml] were significantly different
compared with the control [159 (142-172) pg/mL],
NAC [125.5 (120-199) pg/ml] and NAC + OT
[104.5 (92-176) pg/mL] groups (p < 0.001, p = 0.004
and p = 0.037, respectively). But there was no difference
between the control and the NAC and the NAC + OT
groups (p = 0.068 and p = 0.069, respectively). On the
other hand, there was no difference between the NAC
and the NAC + OT groups (p = 0.273).

The lowest serum IL-10 concentrations [22.3 (21.0-
25.6) pg/mL] were also in the sham group. These con-
centrations were significantly different than those of the
control [28.1 (24.1-31.7) pg/mL], NAC [33.6 (29.4—
38.6) pg/mL], and NAC + OT [48.5 (33.6-102.1) pg/
mlL] groups (p < 0.001, p = 0.005 and p = 0.005, respec-
tively). In the control group, IL-10 levels were signifi-
cantly lower than in the NAC and the NAC + OT groups
(p = 0.011 and p = 0.005, respectively). In the NAC
group, serum IL.-10 concentrations were lower than in
the NAC + OT group, but it was not statistically signifi-
cant (p = 0.092).

Following administration of APAP to rats, renal MDA
levels were significantly increased in the control group.
But there was significant decrement in antioxidant GPx
enzyme activities in control group. Treatment of the rats
with NAC and NAC + OT resulted in a significant
decrease in renal MDA levels (in both, p = 0.005). But
the increment in the tissue GPx activities was not signifi-
cant compared to control groups (p = 0.691 and
p = 0.070, respectively).

All histopathologic changes were scored as described
in Table 2. Light microscopic examination of the kidneys
revealed obvious mild to moderate glomerular conges-
tion and prominent tubular injury, which consisted of
epithelial necrosis, epithelium with necrotic luminal deb-
ris, diminished brush borders, vacuolization, tubular
necrosis, moderate to severe interstitial edema, peritub-
ular capillary congestion, and inflammation in the con-
trol group (Figure 1A) compared with the sham group
(Figure 1B). The highest histopathologic scores were in
the control group. These scores were significantly differ-
ent than those in the other groups (p < 0.001, Table 2).
But there was no difference in terms of vascular changes.
Tubular injury was distinct (Figure 1A). In the NAC and
NAC + OT groups, glomerular, tubular, and interstitial
changes were better than in the control group (Figure 1C
and D). In the NAC and the NAC + OT groups, histo-
pathologic scores were significantly lower than in the
control group (in both, p < 0.001). In the NAC and
NAC + OT groups, glomerular changes were almost
similar to those in the sham group. In the NAC + OT
group, histopathologic scores were lower than in the
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Figure 1. (A) A case in the control (APAP) group demonstrates severely injured tubular and interstitial structures (epithelial necrosis,
attenuated epithelium with necrotic luminal debris, diminished brush border) and mild to moderate interstitial edema (H&E, x200). (B) All
structures of kidney show histopathologically normal kidney tissue in the sham group (H&E, x200). (C) A case in the NAC group shows mild
tubular injury (epithelial vacuolization) and minimal interstitial edema (H&E, x200). (D) In the NAC + OT group, most of tubular and

interstitial areas are normal (H&E, x200).

NAC group, but it was not statistically significant
(»=0.794).

DISCUSSION

Our study showed that administration of 1 g/lkg APAP to
rats resulted in significant histopathologic changes in
kidney. In addition, APAP caused oxidative stress in
renal tissues. After APAP administration to rats, NAC
and NAC + OT reduced histopathologic changes, oxi-
dative stress, and inflammatory parameters in this study.

In the overdoses, APAP causes hepatic and renal
injury in both human and experimental animals.%?*"??
Recent studies suggest that oxidative stress and inflam-
mation have an important pathophysiological role in
cisplatin-, ifosfamide-, APAP-induced renal toxici-
ties.!>?*27 In particular, TNF-a plays an important
role in cisplatin-induced injury.?® Many studies suggest
that pro-inflammatory cytokines have an important role
in pathogenesis of APAP-induced liver toxicity.® On the
contrary, anti-inflammatory cytokines have protective
roles against APAP toxicity.® According to our knowl-
edge, physiopathological mechanisms of APAP-induced
toxicity are well described in the liver but are clearly less
understood in the kidney. It has been demonstrated that
APAP administration leads to activation of nuclear
factor-kappa B (NF-«xB) in tubular cells and finally

© 2013 Informa Healthcare USA, Inc.

causes renal inflammation.* NF-«B regulates the expres-
sion of various genes, including IT-1/, TNF-a that plays
critical roles in inflammation.*

Lipid peroxidation may play a causative role or may
only contribute to the pathogenesis of APAP-induced
renal injury.'"'>?> Li et al. have suggested that lipid
peroxidation plays a role in APAP-induced renal
injury.?® It has been reported that intracellular GSH
plays a major role in the prevention of APAP-induced
nephrotoxicity.*'> An important decrement in renal
GSH concentrations and GPx activities are shown in
the APAP-induced nephrotoxicity.*!??! This may be
due to change of APAP to the reactive metabolite,
NAPQI.?* APAP-induced nephrotoxicity results from
NAPQI, which arylates proteins in the proximal tubule
and initiates the death of renal tubular cells. And, this is
frequently associated with acute tubular necrosis.?’ On
the other hand, accumulation of NAPQI depletes liver
GSH levels and causes mitochondrial dysfunction and
acute hepatic necrosis.' In addition, NAPQI also leads to
depletion of intracellular GSH levels in the kidney.>°
Decreased renal GSH levels allow lipid peroxidation. It
is closely related to APAP tissue damage.?® Our results
have shown that administration of 1 g/kg APAP caused
significant elevations in renal MDA levels in the control
group compared to the sham group. In our study, MDA
levels were significantly decreased in the kidneys of rats
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treated with NAC and NAC + OT. It has been suggested
that APAP-induced tissue injury is closely related to lipid
peroxidation. Our results are consistent with those of
other studies.??!>*> We demonstrated that the adminis-
tration of APAP-induced oxidative stress in the kidney.
This was demonstrated with increased lipid peroxidation
and decreased GPx enzyme activities. Increased MDA
levels in renal tissues have been shown in animal models
of APAP-induced nephrotoxicity.??>

NAC is known as a free radical scavenger’® and may
replenish decreased tissue GSH stores.?>*> NAC has
two important mechanisms to protect tissues from oxi-
dative stress. It is a precursor for GSH synthesis and a
scavenger for reactive oxygen species.?>>?> Chen et al.
demonstrated the protective effects of NAC in acute
ifosfamide-induced  nephrotoxicity.”> They have
reported that NAC protects the renal cells from depletion
of GSH, lipid peroxidation, and histopathological
changes in kidney.?> Although NAC increases intracel-
lular GSH levels, it cannot show sufficient protection
against APAP-induced renal injury. The reason for this
may be that the actual GSH producer is the liver rather
than the kidneys. Because the kidneys cannot produce,
they have to take sufficient GSH from circulation.'’
Similarly, in this study, administration of NAC and
NAC + OT also decreased MDA levels and increased
GPx activities of renal tissue. It has been reported that
OT decreased renal MDA levels and significantly
increased renal GPx enzyme activities in an APAP-
induced nephrotoxicity model.!> Our results agreed
with this study. Beneficial effect of OT may be eliminat-
ing or reducing oxidative stress occurring in APAP-
induced nephrotoxicity.

Various studies have shown that OT has different
effects on the immune system and oxidative
stress.>%!?3*37 OT decreases lipid peroxidation and
inflammation, whereas increases antioxidant enzyme
activities such as GPx, SOD, and CAT.?” Our results
have demonstrated that APAP treatment leads to inflam-
mation in the renal tissue. The control group rats had
elevated serum TNF-a levels. This is in agreement with
the study performed by Fouad et al.*® NAC and
NAC + OT also diminished serum TNF-a, a pro-
inflammatory cytokine, concentrations and increased
serum IL-10, an anti-inflammatory cytokine, concentra-
tions after APAP treatment. But NAC + OT adminis-
tration significantly decreased inflammation in the
injured kidneys through anti-inflammatory and antioxi-
dant mechanisms. In addition, NAC + OT showed a
meaningful protection against APAP-induced renal
injury. But protection of NAC was weaker. Neopterin
has become one of the useful tools to assess the intensity
of the cell-mediated immune response. Plasma or urine
neopterin concentrations reflect the activation of the
macrophage/monocyte line cells.? In this study, serum
neopterin and IL-6 levels were not significantly altered in
the APAP-treated rats compared to the sham group. On
the other hand, Cakir et al. have reported that APAP-

induced renal toxicity causes a dramatic elevation in
tissue neopterin levels.® And also, OT significantly
decreases serum neopterin levels in a renal ischemia/
reperfusion model.*”

Following the administration of APAP, we observed
that the histopathological changes of renal toxicity were
obvious evidences. These results of histopathological
examination agree with those of the other investigations
describing after-overdose APAP treatment. 284041
However, APAP-induced renal injury was not consistent
with serum creatinine and urea levels. These results may
be due to low dose of APAP. In this study, APAP caused
tubular vacuolization, tubular necrosis, interstitial
edema, and inflammation. Our results have supported
that the essential injury in APAP toxicity is tubular necro-
sis. In addition, NAC and NAC + OT prevented APAP-
induced toxicity in the renal tissues. Kandis et al. have
shown that NAC improve tubular injury in the APAP-
induced nephrotoxicity.>> Tubular changes were also
significantly less in the NAC + OT rats.

In conclusion, the physiopathologic mechanisms in
APAP-induced nephrotoxicity are complex and may
include oxidative stress and inflammation. The findings
of our study have shown that the combination of NAC
and OT might protect the kidney from APAP-induced
nephrotoxicity in a rat model. This combination might
improve renal damages owing to both oxidative stress
and inflammation.
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