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Glutamine protection in an experimental model of
acetaminophen nephrotoxicity
Marco A. Brovedan, Sara M. Molinas, Gerardo B. Pisani, Liliana A. Monasterolo, and Laura Trumper

Abstract: Acetaminophen (APAP) is a widely prescribed analgesic and antipyretic drug. In the present work, we studied the
effects of glutamine (Gln) in an in vivo model of APAP-induced nephrotoxicity in male Wistar rats. Renal function, histological
characteristics, and Na+,K+-ATPase cortical abundance and distribution were analyzed. The appearance of HSP70 and actin in
urine was also evaluated. Myeloperoxidase (MPO) activity in cortical tissue was measured as an index of the inflammatory
response. Gln administration 30 min before APAP protected from the renal functional and histological damage promoted by
APAP. Rats that received the dual treatment Gln and APAP (Gln/APAP) showed the same level of Na+,K+-ATPase cortical induction
as APAP-treated animals, but the enzyme maintained its normal basolateral localization. HSP70 abundance was increased up to
the same level in the Gln, APAP, and Gln/APAP groups. Urinary HSP70 and actin were detected only in the APAP-treated animals,
reinforcing the protection of renal tubular integrity afforded by the Gln pretreatment. Gln pretreatment also protected from the
increment in MPO activity promoted by APAP. Our results support the idea that Gln pretreatment could be a therapeutic option
to prevent APAP-induced renal injury.

Key words: kidney, acetaminophen, glutamine, HSP70, Na+;K+-ATPase, nephrotoxicity.

Résumé : L’acétaminophène (APAP) est un médicament analgésique et antipyrétique prescrit couramment. Dans les présents
travaux, nous avons étudié les effets de la glutamine (Gln) dans un modèle in vivo de néphrotoxicité engendrée par l’APAP chez
le rat Wistar mâle. Nous avons analysé la fonction rénale et les caractéristiques histologiques, ainsi que la quantité et la distribution
de Na+,K+-ATPase au sein du cortex rénal. Nous avons aussi évalué l’apparition d’HSP70 et d’actine dans l’urine. Nous avons mesuré
l’activité de la myéloperoxydase (MPO) dans le tissu cortical, comme indice de la réaction inflammatoire. L’administration de Gln
30 min avant celle de l’APAP entraînait une protection contre les dommages rénaux fonctionnels et histologiques favorisés par
l’APAP. Les rats qui étaient exposés à la Gln et à l’APAP (Gln/APAP) ont montré les mêmes taux d’induction de la Na+,K+-ATPase
dans le cortex que les animaux exposés à l’APAP seule, mais l’enzyme permettait de maintenir sa localisation basolatérale
normale. Les taux d’HSP70 augmentaient dans une même mesure dans les groupes Gln, APAP et Gln/APAP. Nous avons décelé des
HSP70 et de l’actine uniquement dans l’urine des animaux exposés à l’APAP seule, ce qui soutient la protection de l’intégrité des
tubules rénaux permise par l’exposition préalable à la Gln. L’exposition préalable à la Gln permettait aussi une protection contre
l’augmentation de l’activité de la MPO favorisée par l’APAP. Nos résultats appuient l’idée selon laquelle l’exposition préalable à
la Gln pourrait constituer une option de traitement visant à prévenir les lésions rénales engendrées par l’APAP. [Traduit par la
Rédaction]

Mots-clés : rein, acétaminophène, glutamine, HSP70, Na+;K+-ATPase, néphrotoxicité.

Introduction
Ischemia and nephrotoxins are the main causes of acute kidney

injury. Although the kidney can completely recover from an
insult that results in cell death, acute kidney injury is still a sig-
nificant clinical problem (Bonventre and Yang 2011).

Acetaminophen (APAP) is a widely prescribed analgesic and
antipyretic drug. It is considered safe in therapeutic doses, but in
overdose situations, it produced liver necrosis and renal injury in
humans and in experimental animal models (Boyer and Rouff
1971; Cobden et al. 1982; Mour et al. 2005). In a previous work, we
reported the development of APAP-induced acute renal failure
after the administration of a single toxic dose of APAP to male

Wistar rats. Sixteen hours after APAP administration, we observed
an impairment of renal hemodynamic and tubular functions. Renal
function recovered 48 h after APAP intoxication (Trumper et al.
1992). In isolated proximal tubular cells incubated with APAP, the
detachment of Na+,K+-ATPase from its membrane anchoring was
observed (Trumper et al. 2005). It is known that the 70 kDa family
of heat shock proteins (HSP70) plays a major role in cellular pro-
tection (Aufricht 2005). HSP70 has been involved in the restitution
of the Na+,K+-ATPase cytoskeletal anchorage (Aufricht et al. 1998;
Bidmon et al. 2000).We observed an increase of HSP70 abundance
in the renal cortex after APAP administration and HSP70 was
detected in urines from the intoxicated animals (Molinas et al. 2010).
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HSP70 induction has been cytoprotective to several injuries, in-
cluding oxidative stress (Donati et al. 1990), ischemia (Van Why et al.
1992; Schober et al. 1997; Wang et al. 2011), and nephrotoxicity
(Komatsuda et al. 1993; Cowley and Gudapaty 1995). Based on previ-
ous evidence, we hypothesize that HSP inducers could represent a
therapeutic tool against APAP-induced nephrotoxicity.

Glutamine (Gln) is the most abundant free amino acid in the
body and plays a central role in the promotion and maintenance
of several organ functions (Curi et al. 2005). It has been shown that
Gln can safely enhance HSP expression in in vitro and in vivo
models of injury (Hamiel et al. 2009). Moreover, it has been estab-
lished that HSP induction was necessary for the protective effects
of Gln (Morrison et al. 2006; Singleton and Wischmeyer 2007).
Actually, Gln is the only physiologically relevant inducer of the
heat shock response (Ziegler et al. 2005).

The aim of our present work was to study the effects of Gln in an
in vivo model of APAP-induced nephrotoxicity. Renal function,
histological characteristics, and Na+,K+-ATPase cortical abundance
and distribution were analyzed. The appearance of HSP70 and actin
in urine was also evaluated. Myeloperoxidase (MPO) activity in corti-
cal tissue was measured as an index of the inflammatory response.

Material and methods

Animals and treatments
Male Wistar rats (300–350 g) were used. Animals were housed in

rooms with standard laboratory conditions (regular 12 h light cycles
at 21–23 °C) and had free access to a standard diet and tap water until
used. Experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (8th ed., 2011, published by
The National Academies Press, USA) and approved by our institu-
tional ethics committee.

Rats were fasted for 17 h (5:00 p.m. to 10:00 a.m.) before the
experiments and had free access to water. They were housed in
metabolic cages (Nalgene Labware, Rochester, New York, USA) for
a 16 h urinary collection period (6:00 p.m. to 10:00 a.m.). A 2 day
acclimation time was allowed before experiments were initiated.
On the third day, four groups (n = 4–6) were studied as follows.
(1) Animals that received a single dose of APAP (Sigma Chemical
Co., St. Louis, Missouri, USA), 1000 mg/kg body mass i.p. at 0.5 mL/
100 g body mass in propylene glycol – saline (1:1), before the col-
lection period (APAP). This dose of APAP was previously described
as nephrotoxic in male Wistar rats (Trumper et al. 1992). (2) Animals
injected with Gln as alanyl glutamine (Sigma Chemical Co.),
0.75 mg/kg body mass i.p. at 0.375 mL/100 g body mass in distilled
water adjusted to pH 5.4, 30 min before the administration of
APAP (Gln/APAP). The dipeptide was used because it has a higher
solubility than Gln alone (Wischmeyer et al. 2003). (3) Animals
injected with Gln 30 min before the collection period (Gln). (4) Animals
that received the corresponding volume of vehicles (control). The
dose and timing of Gln administration were based on previous stud-
ies (Fuller et al. 2007; Singleton and Wischmeyer 2007).

At the end of the collection period, animals were anesthetized
with ketamine (100 mg/kg body mass i.p.) and xilacine (3 mg/kg
body mass i.p.). Blood was collected from the inferior vena cava
and kidneys were promptly removed. Plasma was separated imme-
diately for the measurement of creatinine and urea. Urine volume
was recorded and urinary creatinine, Na+, and K+ were determined.

Histopathological studies
Following standard procedures, the excised kidneys were pro-

cessed for light microscopic observation. The tissue was fixed in
10% formaldehyde, embedded in paraffin, and sectioned (5 �m).
The sections were stained with haematoxylin and eosin or peri-
odic acid – Schiff’s and examined under a light microscope.

Na+,K+-ATPase �1 subunit immunohistochemistry
Kidney slices were fixed in 10% (v/v) phosphate buffer (PB) –

formalin solution, pH 7.40, and embedded in low melting point

paraffin. Briefly, 4 �m paraffin sections were placed in 3% hy-
drogen peroxide in PB for 15 min to inhibit the endogenous per-
oxidase activity and heated at 96 °C in 10 mmol/L citrate buffer for
10 min. Slices were blocked for 1 h at room temperature in 1% bovine
serum albumin in PB. The sections were incubated with �1 subunit
Na+,K+-ATPase antibody (1:50 dilution; Santa Cruz Biotechnology,
Dallas, Texas, USA) at 4 °C for 24 h and subsequently incubated with
biotinylated goat anti-rabbit immunoglobulin and streptavidin-
HRP (HRP CytoSkan detection kit). Immunoreactivity was de-
tected with 2.7 mmol/L 3,3=-diaminobenzidine tetrahydrochloride in
PB with 0.03% hydrogen peroxide (w/v). The reaction was stopped by
adding distilled water. Sections were lightly counterstained with
haematoxylin. As a negative control, the primary antibody was re-
placed with normal rabbit serum in PB.

Preparation of renal cortical homogenates
After having been excised, the kidneys were decapsulated and

placed on a buffered solution (150 mmol/L NaCl, 10 mmol/L Tris,
1 mmol/L EDTA, and 1 mmol/L phenylmethanesulfonyl fluoride,
pH 7.5). All steps were performed at 4 °C. The cortex was dissected
out and minced. Cortex was homogenized in the buffer (5 mL/g of
tissue) in a motor-driven Teflon-glass Potter homogenizer (10 strokes
at 800 rpm) and then centrifuged at 680g for 10 min. The pellets
consisting of nuclei and unbroken cells were discarded. The super-
natants were stored at −70 °C until use within a few days.

Gel electrophoresis and immunoblotting
Samples of renal cortical homogenates (10 g of protein) and

urine (20 �g of protein) were run on sodium dodecyl sulfate – 8%
polyacrylamide gels (Laemmli 1970) (Bio-Rad Mini Protean 3;
Hercules, California, USA), as described previously (Trumper et al.
2000; Molinas et al. 2010). For the detection of the Na+,K+-ATPase
�1 subunit, nitrocellulose membranes were incubated for 1 h at
room temperature with 5% (w/v) nonfat dry milk in Tris-buffered
saline with 0.05% Tween 20 followed by a 1 h (room temperature)
incubation with a polyclonal antibody to Na+,K+-ATPase �1 sub-
unit (1:7000 dilution; Santa Cruz Biotechnology). After that, blots
were washed and incubated with the horseradish peroxidase con-
jugatedcorrespondingsecondaryantibody(DakoCytomation,Glostrup,
Denmark). Protein bands were detected with an enhanced chemilu-
minescence detection system (Pierce). Autoradiographs were ob-
tained by exposing the membranes to Kodak XAR films (Eastman
Kodak, Rochester, New York, USA).

In renal cortical homogenates and in urine samples, HSP70 lev-
els were detected by sodium dodecyl sulfate – 8% polyacrylamide
gels and Western blotting as described previously (Molinas et al.
2010) using an anti-HSP70 goat polyclonal antibody (1:1000 dilu-
tion; Santa Cruz Biotechnology) and an alkaline phosphatase con-
jugated anti-goat antibody. Membranes of cortical homogenates
were stripped and reprobed with a rabbit polyclonal anti-actin
antibody (1:500 dilution; Sigma-Aldrich). Protein bands were de-
tected with an enhanced chemiluminescence detection system.

To detect actin in urine samples, membranes were incubated
with primary antibody to actin (1:200 dilution; Sigma-Aldrich) and
detection was achieved by enhanced chemiluminescence detec-
tion system. Blots were digitized and densitometry analyses were
performed with the Adobe PhotoShop (6.0) computer program.

Renal MPO activity
MPO activity was measured in cortical homogenates as previ-

ously described (Pompermayer et al. 2005). To verify MPO heat
resistance, the tubes were incubated in a water bath for 2 h at
60 °C (Schierwagen et al. 1990) and then centrifuged for 15 min at
10 000g at 4 °C. MPO activity in the supernatants was assayed by
measuring the change in optical density at 652 nm. Results are
expressed as changes in optical density per gram of tissue.
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Analytical methods
Plasma and urinary creatinine were determined by a kinetic alka-

line picrate method (Jaffé reaction) with a commercial kit (Wiener
Laboratories, Rosario, Argentina). Urea was measured with com-
mercial kits (Wiener Laboratories). The volume of urine was esti-
mated gravimetrically. Sodium and potassium were measured by
flame photometry. Fractional excretion of water (urine volume
per minute glomerular filtration rate (GFR)), sodium, and potas-
sium (clearance of sodium and potassium GFR) was calculated
with the use of conventional formulae. Proteins were measured
with Coomasie brilliant blue G250 (Sedmak and Grossberg 1977).

Statistical analysis
Data are expressed as mean ± SEM. Statistics were performed

using the one-way ANOVA followed by Newman–Keuls contrasts.
The 0.05 level of probability was used as the criterion of signifi-
cance in all cases.

Results

Effect of Gln on APAP-induced renal functional alterations
Plasma creatinine and urea levels were significantly increased

and GFR was significantly decreased after the administration of a
toxic dose of APAP. Gln did not alter GFR or plasma creatinine or
urea levels compared with control values. Prior treatment with
Gln followed by APAP protected against APAP-induced diminu-
tion of GFR and the increments of plasma urea and creatinine
levels. All data are shown in Fig. 1. As shown in Table 1, urine flow
rate decreased after APAP administration. Fractional excretion of
sodium, potassium, and water was significantly increased in the
rats intoxicated with APAP. Gln prevented the alterations in uri-
nary flow and tubular parameters promoted with APAP intoxica-
tion. Gln alone had no effects on these parameters.

Effect of Gln on APAP-induced morphological alterations
Morphological alterations after APAP treatment were evaluated

by light microscopy. Figures 2a–2d show sections stained with haema-
toxylin and eosin (200×). Figures 2e–2h show sections stained with
periodic acid – Schiff’s (400×). Kidneys studied after APAP admin-

istration showed severe cortical necrosis, lumen dilatation, vacu-
olization of tubular cell cytoplasm, abundant tubular casts, some
of them with cellular detritus, and a marked diminution of the
brush border (Figs. 2b and 2f). Kidneys from rats that received Gln
(Figs. 2c and 2g) did not differ from control kidneys (Figs. 2a and
2e). Kidneys from animals that received Gln previous to APAP
(Figs. 2d and 2h) showed an important degree of preservation of
morphological structure and a preserved brush border. However,
in these kidneys, some areas of cellular tumefaction were ob-
served. This is probably a consequence of the osmotic swelling of

Fig. 1. Glutamine (Gln) protected against the acetaminophen (APAP)
induced diminution in glomerular filtration rate (GFR) and increments
in creatinine and urea levels. Rats were treated with Gln at 0.75 mg/kg
body mass i.p. or vehicle 30 min before the administration of APAP at
1000 mg/kg body mass i.p. (Gln/APAP or APAP, respectively) or vehicle
(Gln or control, respectively). Data are mean ± SEM of four to
six experiments. *p < 0.05 compared with the control, **p < 0.01
compared with the control, #p < 0.05 compared with APAP, and
##p < 0.01 compared with APAP.

Table 1. Urine flow and tubular parameters in control rats and rats
receiving acetaminophen (APAP), glutamine (Gln), and the dual
treatment Gln/APAP.

Control APAP Gln Gln/APAP

Urine flow (mL·min−1·100 g−1) 3.9±0.5 2.1±0.2* 2.8±0.2 3.1±0.3#

Fractional excretion H2O (%) 0.9±0.2 2.8±0.4* 0.5±0.1 0.6±0.1##

Fractional excretion Na+ (%) 0.2±0.05 0.6±0.1* 0.2±0.03 0.3±0.1#

Fractional excretion K+ (%) 11.8±2.8 41.4±8.6* 7.9±1.1 8.4±1.9#

Note: Each result is the mean ± SEM. *p < 0.05 compared with the control,
#p < 0.05 compared with APAP, and ##p < 0.01 compared with APAP.

Fig. 2. Effects of acetaminophen (APAP), glutamine (Gln), and the
dual treatment Gln/APAP on renal histology. Rats were treated with
Gln at 0.75 mg/kg body mass i.p. or vehicle 30 min before the
administration of APAP at 1000 mg/kg body mass i.p. (Gln/APAP or
APAP, respectively) or vehicle (Gln or control, respectively). Tissue
sections from kidneys of (a and e) control, (b and f) APAP, (c and g) Gln, and
(d and h) Gln/APAP rats are shown. Figures 4a–4d show sections
stained with haematoxylin and eosin (200×) and Figs. 4e–4h show
sections stained with periodic acid – Schiff’s (400×). The asterisk
shows desquamated tubular cells, the open arrowhead shows
vacuolization of tubular cells, the solid arrowhead shows tubular
casts, the arrow shows areas of diminished brush border, and the
hash shows areas of cellular tumefaction.
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the cells caused by the transport of Gln into the cells via a sodium-
dependent transporter (Curi et al. 2005). Glomeruli were pre-
served in all of the experimental groups studied.

Effect of Gln on APAP-induced alterations in cortical
Na+,K+-ATPase protein levels and its cellular localization

Protein levels of the Na+,K+-ATPase �1 subunit were evaluated
by Western blot analysis in cortical tissue homogenates. As we
have shown in a previous work (Trumper et al. 2000), APAP pro-
moted an increment of the Na+,K+-ATPase �1 subunit in cortical
homogenates. Gln administration did not promote any change in
protein level in cortical homogenates. Gln previous to APAP intox-
ication did not prevent the increment promoted by APAP alone. All
of these results are presented in Fig. 3.

We also analyzed the localization of Na+,K+-ATPase in the corti-
cal tissue. As shown in Fig. 4a, in control kidneys, Na+,K+-ATPase
was localized in basolateral membranes. In the APAP group (Fig. 4b),
the pattern of distribution of the enzyme was basolateral and
cytoplasmic. Gln did not modify the normal pattern of distribu-
tion (Fig. 4c). Gln pretreatment was able to prevent the redistribu-
tion of Na+,K+-ATPase promoted by APAP (Fig. 4d).

Effect of APAP, Gln, and the dual treatment Gln/APAP on
cortical HSP70 induction

As shown in Fig. 5, HSP70 was constitutively expressed in the
renal cortex from control rats. HSP70 levels were increased in
cortical tissue obtained from rats intoxicated with APAP. Gln pro-
moted the induction of HSP70. The administration of Gln previ-
ous to APAP did not modify the levels of HSP70 achieved with
APAP or Gln alone.

Urinary HSP70 and actin excretion
In urine from control rats, there was no detectable HSP70. HSP70

was detected in the urines from the APAP treated group. No HSP70
was detected in urine from rats that received Gln alone or the dual
treatment Gln/APAP (Fig. 6a), suggesting preservation of renal tubu-
lar integrity.

The appearance of actin in urine is an identified marker of
tubular damage (Coux et al. 2002; Kwon et al. 2003). As shown in
Fig. 6b, actin appeared in the urine from APAP-treated rats. Actin

Fig. 3. Glutamine (Gln) pretreatment did not prevent the increment
in Na+,K+-ATPase abundance in cortical tissue induced by acetaminophen
(APAP). Rats were treated with Gln at 0.75 mg/kg body mass i.p. or
vehicle 30 min before the administration of APAP at 1000 mg/kg
body mass i.p. (Gln/APAP or APAP, respectively) or vehicle (Gln or
control, respectively). (a) Representative Western blot showing the
immunodetectable Na+,K+-ATPase �1 subunit; (b) ratio between the
Na+,K+-ATPase �1 subunit and actin abundance in arbitrary
densitometry units. Each result is the mean ± SEM of four to six
experiments. *p < 0.05 compared with the control.

Fig. 4. Glutamine (Gln) pretreatment prevents the redistribution
Na+,K+ ATPase in cortical tissue induced by acetaminophen (APAP).
Photographs (200×) were obtained from (a) control rats, (b) rats
treated with APAP at 1000 mg/kg body mass i.p, (c) rats treated with
Gln at 0.75 mg/kg body mass i.p., and (d) rats treated with Gln at
0.75 mg/kg body mass i.p. 30 min before the administration of APAP
at 1000 mg/kg body mass i.p.

Fig. 5. HSP70 abundance in cortical tissue. Rats were treated with
glutamine (Gln) at 0.75 mg/kg body mass i.p. or vehicle 30 min
before the administration of acetaminophen (APAP) at 1000 mg/kg
body mass i.p. (Gln/APAP or APAP, respectively) or vehicle (Gln or
control, respectively). (a) Representative Western blot showing
immunodetectable HSP70; (b) ratio between HSP70 and actin
abundance in arbitrary densitometry units. Each result is the
mean ± SEM of four to six experiments. *p < 0.05 compared with
the control.
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was not detected in urines from control rats, rats that received
Gln, or rats that received the dual treatment Gln/APAP.

Effect of APAP, Gln, and the dual treatment GLN/APAP on
MPO activity in cortical tissue

Cortical MPO activity was significantly increased after APAP treat-
ment. The dual treatment Gln/APAP abolished this increment. The
results are shown in Fig. 7.

Discussion
APAP is a widely prescribed analgesic and antipyretic drug. Al-

though it is safe at therapeutic doses, it can produce hepatic and
renal damage in an overdose situation. There are several mecha-
nisms that are activated during kidney injury to compensate for
the resultant damage. One known compensatory mechanism is the
upregulation of HSPs (Aufricht 2005). HSP induction has shown a
therapeutic potential in many injury conditions (Van Why et al. 1992;
Komatsuda et al. 1993). Gln is one of the most abundant amino
acids in the bloodstream and it is known to induce the heat shock
response (Ziegler et al. 2005). In the present work, we studied the
possibility that Gln could be assayed as a therapeutic agent to
prevent APAP-induced nephrotoxicity.

Our present results show that Gln pretreatment was able to
avoid the renal functional impairment promoted by APAP. Creat-
inine and urea levels and GFR were preserved with Gln pretreat-
ment. Also, animals pretreated with Gln showed less evidence of
histological damage, with less areas of necrosis, no intratubular
casts, and preservation of the brush border. Gln treatment pro-
duced no changes in normal renal function or histology.

The proximal tubular cells are the main targets of toxic injury
to the kidney (Brady et al. 1996). The major function of renal proxi-
mal tubular cells is to maintain and regulate the unidirectional trans-
port of ions, water, and organic solutes between the glomerular
filtrate and the blood. The polar distribution of Na+,K+-ATPase to
the basolateral membrane is fundamental for adequate Na+ reab-

sorption (Jørgensen 1986; Molitoris 1992). APAP-treated animals
showed an increased abundance of Na+,K+-ATPase in cortical ho-
mogenates. This result has been reported in our previous work
(Trumper et al. 2000). In the present work, we also aimed to evaluate
the cellular localization of Na+,K+-ATPase during APAP-induced renal
damage. By Na+,K+-ATPase immunohistochemistry, we observed
the basolateral localization of the enzyme in control kidneys. In
the APAP-treated kidneys, the signal for Na+,K+-ATPase was ob-
served in the basolateral and cytoplasmic domains. These findings
are in agreement with the loss of cytoskeletal anchorage observed
in a previous work (Trumper et al. 2005). The mislocalization of
the enzyme, together with the loss of brush border observed in
the histological studies, could account for the increased Na+ ex-
cretion of the APAP-intoxicated animals. The increased delivery of
sodium and water to the distal tubules promotes the secretion of
potasium in these segments (Giebisch and Wang 2010).

Na+,K+-ATPase abundance was also increased in the cortical ho-
mogenates from rats that received the dual treatment Gln/APAP.
Nevertheless, immunohistochemical studies only detected the en-
zyme in the basolateral domain. The normal polar distribution of
Na+,K+-ATPase and the preserved brush border could account for
the normal Na+ reabsorption observed in Gln-pretreated rats.

In the kidneys from rats that received the dual treatment Gln/
APAP, some areas of cellular tumefaction were observed. Gln is
cotransported into the cells by sodium-dependent mechanisms,
which cause the influx of water and cell swelling. Although the
mechanism of Gln protection in stress and injury is still unknown,
this cell swelling mechanisms were associated with the regulation
of gene expression (Schliess et al. 2007).

On the other hand, Gln effectively increased HSP70 abundance
in cortical homogenates. As observed in a previous work, APAP in-
duced HSP70 abundance in the cortical tissue (Molinas et al. 2010).
The dual treatment Gln/APAP promoted an increase in HSP70
abundance of the same level as that observed in Gln- or APAP-
treated animals. HSP70 can exert opposed actions depending on
the location of the protein (Rodrigues-Krause et al. 2012). The
intracellular localization of HSP70 is required for its function as a
molecular chaperone and has a major role in protection against
several insults. When cells undergo necrotic death, HSP70 can be
released to the extracellular compartment and display a function
opposite to its intracellular role (Krause et al. 2015). Further stud-
ies to distinguish between the intracellular or extracellular lo-
calizarion of HSP70 in our model are needed. Nevertheless, it is
remarkable that in spite of the high levels of tissular HSP70 abun-
dance, the appearance of HSP70 was detected only in the urines
from APAP-treated animals. As suggested by Mueller et al. (2003),
the loss of tubular integrity would be an important factor that
results in the appearance of HSP70 in the urine. The loss of tubular
cell integrity was also confirmed by the appearance of actin in the
urine. Actin was detected only in the urines of APAP-treated ani-
mals. The administration of Gln previous to APAP was able to
avoid the appearance of both urinary HSP70 and actin. This fact
reinforces the observed preservation of renal integrity and func-
tion attained with Gln pretreatment. Based on the strong evi-
dence of damage to the tubular cells, it is probably that in kidneys
from APAP-intoxicated animals, HSP70 is located extracellularly.
In the Gln-pretreated kidneys, where significant less evidence of
cellular injury was detected, HSP70 may be localized intracellu-
larly where it plays a role in the maintenance of cellular integrity.

In the present work, we evaluated the inflammatory response
to APAP intoxication by measuring MPO activity. APAP-treated
animals showed an increased MPO activity in cortical tissue, sug-
gesting that inflammation could play a central role in APAP toxic
injury. Gln prevented the increment of MPO induced by APAP.
This result could be evidence of the anti-inflammatory effect of
Gln. Some authors have shown that Gln attenuation of the inflam-
matory response and tissue injury is dependent on the expression
of HSP70 (Singleton and Wischmeyer 2007). However in our pres-

Fig. 6. Glutamine (Gln) pretreatment prevents the appearance of
HSP70 and actin in urine promoted by acetaminophen (APAP).
Representative immunoblot of HSP70 and actin detection in urines.
Rats were treated with Gln at 0.75 mg/kg body mass i.p. or vehicle
30 min before the administration of APAP at 1000 mg/kg body mass
i.p. (Gln/APAP or APAP, respectively) or vehicle (Gln or control,
respectively).

Fig. 7. Glutamine (Gln) pretreatment prevented the increment in
mieloperoxidase activity (MPO) activity (optical density (OD)) in
cortical tissue induced by acetaminophen (APAP). Rats were treated
with Gln at 0.75 mg/kg body mass i.p. or vehicle 30 min before the
administration of APAP at 1000 mg/kg body mass i.p. (Gln/APAP or
APAP, respectively) or vehicle (Gln or Control, respectively). Data are
mean ± SEM of four to six experiments. ***p < 0.001 compared with
the control and ###p < 0.001 compared with APAP.
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ent work, HSP70 was increased at the same levels in the APAP and
Gln/APAP groups. On the other hand, Gln is a precursor of glutathione,
and glutathione plays an important role in the detoxification
of APAP metabolites formed in the liver, but those hepatic
glutathione-derived APAP metabolites contribute to the APAP-
induced nephrotoxicity (Trumper et al. 1996; Mazer and Perrone
2008). Another precursor of glutathione synthesis as N-acetyl
cisteine can prevent liver damage but has not shown a beneficial
effect on APAP-induced nephrotoxicity (Blakely and McDonald
1995; Mazer and Perrone 2008). The mechanism underlying the
protective effects observed for Gln remains to be determined.

In summary, the present study demonstrates the renal protective
effects of Gln in APAP-induced nephrotoxicity, supporting the idea
that Gln pretreatment could be a therapeutic option to prevent re-
nal functional and structural damage promoted by APAP.
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